Four Quadrant Chopper or Type
E Chopper or Class E Chopper

In this topic, you study Four Quadrant Chopper or Type-E Chopper
or Class E Chopper v-i plane, working principle, quadrant operation,
and Circuit diagrams.

Type E chopper is a four-quadrant chopper.

Vo—ip plane

The Type E chopper operates in the four quadrants of vo - ip plane as
shown in Figure 2. Here vais the output voltage, Viais the average output
voltage, ipis the output current and Iois the average output current of
Type E chopper circuit.
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Figure 1 Type E chopper vg-ip plane

Circuit Diagram

The Type E chopper circuit diagram as shown in Figure 1. Here the
motor load is assumed, R, and L; armature resistance and inductance of
the motor respectively. Ep is the back emf of the motor.

Figure 2 Circuit diagram of Type E chopper



Quadrant I operation when Switch §; turned on

The Type E chopper equivalent circuit diagram for Quadrant I is shown
in Figure 3. Here switch $; operated, Switches §; and 5; conduct, output
voltage vpand the output current iy both are positives, power flows
from source to load and inductor stores energy, the motor rotates in the
forward direction hence called forward motoring.

‘ """" h'
Iy
I
il T
= T
A
: D,
o

Figure 3 Equivalent ciromt dimpram | of Tyvpe E chopper



Quadrant I operation when Switch §; turned off

The Type E chopper equivalent circuit diagram for Quadrant I is shown
in Figure 4. Switch §; turned off but switch 5; and diode D, conducts,
output current iy is positive and the output voltage vy becomes zero,
inductor release energy and freewheeling action using diode D, takes
place, the motor rotates in the forward direction hence called Forward

motoring.
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Figure 4 Forward Motonng Fquivalent eircuit diagram 11 of Type E chopper



Quadrant II operation when Switch §; turned on

The Type E chopper equivalent circuit diagram for Quadrant II is shown
in Figure 5. Let us assume that the motor is running in the forward
direction. Here switch S, operated, Switch 5> and diode D, conducts,
output voltage vpis zero and Ep is responsible for the negative output
current i;, machine behave as generator and inductor stores energy.

Figure 5 Forward Brakmg Equivalent cireuit dingram [11 of Type E chopper

The Type E chopper equivalent circuit diagram for Quadrant II is shown
in Figure 6. Switch S; turned off, diode D, and diode D; conducts, output
voltage vy becomes positive and the output current i, is negative,
inductor release energy using diodes D, and Dy, power flows from load
to source and hence called as reverse braking.
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Figure & Forward Braking Equivalent circut diagram IV of Type E chapper



Quadrant IIT operation when Switch S3 turned on

The Type E chopper equivalent circuit diagram for Quadrant III is shown
in Figure 7. The polarity of back emf E; must be reversed. Here switch 55
operated, Switches 55 and 5; conducts, output voltage vgand the output
current ip both are negatives, power flows from source to load and
inductor stores energy, the motor rotates in the reverse direction hence
called as reverse motoring.
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Figure T Fouivalent eircuil diagram V of Type E chopper



Quadrant ITI operation when Switch S; turned off

The Type E chopper equivalent circuit diagram for Quadrant III is shown
in Figure &. The polarity of back emf E; must be reversed. Switch 55
turned off but switch §; and diode D, conducts, output current i is
negative and the output voltage v, becomes zero, inductor release
energy and freewheeling action using diode D, takes place, the motor
rotates in the reverse direction hence called as Reverse motoring.
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Figure 8 Reverse Motoning Equrvalent circoit disgram V1 of Type E chopper



Quadrant IV operation when Switch §; turned on

The Type E chopper equivalent circuit diagram for Quadrant IV is shown
in Figure 9. The polarity of back emf E, must be reversed. Let us assume
that the motor is running in the reverse direction. Here switch Sy
operated, Switches 5, and diode D, conducts, output voltage v is zero
and Ep is responsible for the positive output current ip, machine behave
as generator and inductor stores energy.
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Figure 8 Reverse Broking Equrvalent areuit diagram VII of Type E chopper



Quadrant IV operation when Switch §; turned off

The Type E chopper equivalent circuit diagram for Quadrant IV is shown
in Figure 10. The polarity of back emf E, must be reversed. Switch S,
turned off, diode D> and diode D5 conducts, output voltage v, becomes
negative and output current i is positive, inductor release energy using
diodes D; and D3, power flows from load to source and hence called as
reverse braking.
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Figure 10 Reverse Braking Equrvalent circuit dingram V111 of Type E chopper



Type —E chopper or the Fourth-Quadrant Chopper

Type E or the fourth quadrant chopper consists of four semiconductor switches and four
diodes arranged in antiparallel. The 4 choppers are numbered according to which quadrant
they belong. Their operation will be in each quadrant and the corresponding chopper only be

active in its quadrant.

E-type Chopper Circuit Diagram With Load emf E and E Reversed
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E-type Chopper Circuit diagram with load emf E and E Reversed

e First Quadrant

During the first quadrant operation the chopper CH4 will be on . Chopper CH3 will be off and
CH1 will be operated. AS the CH1 and CH4 is on the load voltage vp will be equal to the
source voltage Vs and the load current ig will begin to flow . vo and ip will be positive as the
first quadrant operation is taking place. As soon as the chopper CH1 is turned off, the positive
current freewheels through CH4 and the diode D2 . The type E chopper acts as a step- down

chopperin the first quadrant.

s Second Quadrant

In this case the chopper CH2 will be operational and the other three are kept off. As CH2 is
on negative current will starts flowing through the inductor L . CH2 ,E and D4. Energy is
stored in the inductor L as the chopper CH2 is on. When CH2 is off the current will be fed
back to the source through the diodes D1 and D4. Here (E+L.di/dt) will be more than the
source voltage Vs . In second quadrant the chopper will act as a step-up chopper as the

power is fed back from load to source



¢ Third Quadrant

In third quadrant operation CH1 will be kept off , CH2 will be on and CH3 is operated. For
this quadrant working the polarity of the load should be reversed. As the chopper CH3 is on,
the load gets connected to the source Vs and wg and ig will be negative and the third

quadrant operation will takes place. This chopper acts as a step-down chopper

+ Fourth Quadrant

CHA will be operated and CH1, CH2 and CH3 will be off. When the chopper CH4 is turned on
positive current starts to flow through CH4, D2 ,E and the inductor L will store energy. As the
CH4 is turned off the current is feedback to the source through the diodes D2 and D3, the
operation will be in fourth quadrant as the load voltage is negative but the load current is

positive. The chopper acts as a step up chopper as the power is fed back from load to source.

FOUR QUADRANT CHOPPER, OR TYPE E CHOPPER
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FIRST QUADRANT:

CH4 is kept ON

CH3 is off

CH1 is operarted

Vo=Vs

ig= positive

when CH1 is off positive current free wheels through CH4,D2

so Vg and I3 is in first quadrant.



SECOND QUADRANT:

CH1,CH3,CH4 are off.

CH2 is operated.

Reverse current flows and | is negative through L CH2 D4 and E.
When CH2 off D1 and D4 is ON and current id fed back to source. S0

,E+.-Lﬂ

dt is more than source voltage V.,
As iy is negative and V; is positive, so second quadrant operation.

THIRD QUADRANT:

CH1 OFF, CH2 ON
CH3 operated. So both V; and iy is negative.
When CH3 turned off negative current freewheels through CH2 and D4.

FOURTH QUADRANT:

CH4 is operated other are off.
Positive current flows through CH4 E L D2.

Inductance L stores energy when current fed to source through D3 and D2.V; is negative.

1.2.8 Four-Quadrant Chopper



The four-quadrant chopper is shown in Figure 1.6c. The input voltage is positive, and the
output voltage can be either positive or negative. The switches and diode status for the
operation are shown in Table 1.1. The output voltage can be calculated by the formula

kV; QI _operation
(1-kWV; QII _operation
2 . (1.7)
-kV, QIII _operation
—(1-k)V, QIV _operation

TABLE 1.1
Switches and Diodes” Status for Four-Quadrant Operation

Switch or Diode Quadrant]l QuadrantIl QuadrantIIl QuadrantIV

S, Works Idle Idle Works
D, Idle Works Works Idle

S, Idle Works Works Idle
D, Works Idle Idle Works
S, [dle Idle On Idle
D, Idle Idle Idle On

S, On Idle Idle Idle
D, Idle On Idle Idle
Output A Vi ly Vo, 1, Voo kg,

2.12.4 Four quadrant Chopper or Tvpe E Chopper

)

Fig (2.12.4) Four quadrant Chopper or Type E Chopper



Forward Motoring Mode

For first quadrant operation of fisure CH4% is kept on, Cl-13 1s kept off and CHI1 1s
operated. when CHI and CI-I4 are on, load voltage is equal to supply voltage i,e, Va =
Vs and load current ia begins to flow. Here both output voltage va and load current ia
are positive giving first quadrant operation. When CH4 is turned off positive current
freewheels through CH-4,D2 in this way, both output voltage va, load current ia can

be controlled in the first quadrant. First quadrant operation gives the forward
motoring mode.

Forward Braking Mode

Here CH2 is operated and CH1, CH3 and CH4 are kept off. With CH2 on, reverse (or
negative) current flows through L, CH2, D4 and E. During the on time of CHZ2 the
inductor L stores energy. When CH2 is turned off current is fedback to source through
diodes D1, D4 note that there [E+L di/dt] is greater than the source voltage Vs. As the
load voltage Va is positive and load current ia is negative, it indicates the second

quadrant operation of chopper. Also power flows from load to source, second quadrant
operation gives forward braking mode.

Reverse Motoring Mode

For third quadrant operation of figure, CHI is kept off, CH2 is kept on and CH3 is
operated. Polarity of load emf E-must be reversed for this quadrant operation. With
CH3 on, load gets connected to source Vs so that both output voltage Va and load
current ia are negative. it gives third quadrant operation. It is also known as reverse
motoring mode. When CH3 is turned off, negative current freewheels through CH2,
D4. In this way, output voltage Va and load current ia can be controlled in the third
quadrant.
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Reverse Brakine Mode

Here CH4 is operated and other devices are kept offLoad emf E must have its polarity
reversed, it'is shown in figure . With CH4 on, positive current flows through CH4, D2,
L and E. During the on time of CH4, the inductor L stores energy.

When CH4 is turned off; current is feedback to source through diodes D2, D3. Here
load voltage is negative, but load current is positive leading to the chopper operation
in the fourth quadrant.

Also power is flows from load to source. The fourth quadrant operation gives reverse

braking mode.

2.13 Braking

In braking, the motor works as a generator developing a negative torque which
oppose the motion. It is of three types

1. Regenerative braking
2. Plugging or Reverse voltage braking
3. Dynamic braking or Rheostatic braking

2.13.1Regenerative braking

In regenerative braking, generated energy is supplied to the source,for this to happen
following condition should be satisfied

E > V and negative Ia

Field flux cannot be increased substantially beyond rated because of saturation, therefore
according to equation ,for a source of fixed voltage of rated value regenerative braking is
possible only for speeds higher than rated and with a variable voltage source it is also
possible below rated speeds .

The speed —torque characteristics shown in fig. for a separately excited motor.
In series motor as speed increases, armature current, and therefore flux decreases

Condition of equation cannot be achieved .Thus regenerative braking is not possible
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2.13.2 Plugging

The supply voltage of a separately excited motor is reversed so that it assists
the emf in forcing armature current in reverse direction .A resistance Rp is also
connected in series with armature to limit the current.For plugging of a series
motor armature is reversed.

A particular case of plugging for motor rotation in reverse direction arises
.when a motor connected for forward motoring,is driven by an active load in the
reverse direction.Here again back emf and applied voltage act in the same
direction.However the direction of torque remains positive.

This type of situation arises in crane and the braking is then called counter —
torque braking.

Plugging gives fast braking due to high average torque.even with one section
of braking resistance RB.Since torque ia not zero speed,when used for stopping a
load,the supply must be disconnected when close to zero speed.

Centifugal switches are employed to disconnect the supply.Plugging is
highly inefficient because in addition to the generated power,the power supplied by
the source is also wasted in resistances.
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2.13.3 Dynamic braking

In dynamic braking .the motor is made to act as a generator,the armature is

disconnected from the supply .but it continues to rotate and generate a
voltage.The polarity of the generated voltage remains unchanged if the
direction if field excitation is unaltered.

But if a resistance is connected across the coasting motor,the direction of the
armature current is reversed .because the armature represents a source of
power rather than a load.

Thus a braking torque i1s developed .exactly as in the generator,tending to
oppose the motion.

The braking torque can be controlled by the field excitation and armature
current.

3.3.3 Four-quadrant Chopper

The circuit of a four-quadrant chopper is shown in Fig. 3.15 in which the inductor
L is assumed to be composed of the armature inductance and an external inductor.
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Fig. 3.15 Circuit of a four-quadrant chopper

Three methods of control are possible for the operation of this chopper as

elaborated below.




Method 1 The circuit is operated as a two-quadrant chopper to obtain (a) first-
and second-quadrant operation as well as (b) third- and fourth-quadrant operation.

Sequence ! To obtain mode (a), Chy is permanently kept on; terminals a and b
are always kept shorted by ensuring conduction by either Chy or Dy and terminals
a and ¢ are always kept open. The choppers Ch; and Ch; are controlled as per
the following four steps.

(a)

(b)

(©)
(d)

If Chy and Chy are turned on at { = 0, the battery voltage E will be applied to
the load circuit and current will flow from X to ¥ as shown in Fig. 3.16(a):
this direction is the positive one. Thus the load voltage during this interval
is kept at +E.

When Ch; is turned off at tow, the current due to the stored (1 JE}LF
energy of the inductor L drives the current through D> and Chy as shown in
Fig. 3.16(b). Ch;. which is turned on at Toy, does not conduct because it is
shorted by D5.

Ch,, which is on, conducts the current when it reverses, as shown in
Fig. 3.16(c).

Finally, when Ch; is turned off at r, current flows through the path consisting
of the negative of the battery, D4, the motor, L, )|, and the positive of the
battery as shown in Fig. 3.16(d). If the machine were to be operated as
a generator, this circuit facilitates regenerative braking. The zero crossing
instants of the current waveform depend upon the values of E, Ej, L, and the
armature resistance R, of the motor. It is seen that Ch; does not conduct till
fjg becomes positive and Ch; does not conduct till ijy lows in the negative
direction. Also, D4 conducts the reverse current and applies a reverse bias
against Chy. The devices that conduct during each of the intervals are shown
in Fig. 3.17(a), which gives the waveforms of this mode.
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Fig. 3.16 Circuit conditions of a four-guadrant chopper with method |: (&) Ch, and
Chy wermed on; (b) Chy urned off, Che remaining on; (c) Cha turned on,
Chy shorted by Ds; (d) Che turned off, Che, shorted by Dy

Sequence 2 For the circuit to provide third- and fourth-quadrant operation, Ch; is
permanently kept on. Terminals @ and ¢ remain shorted due to conduction by either
Chz or Ds;terminals @ and b remain open throughout. The relevant waveforms are
shown in Fig. 3.17(b) (in the figure, [g denotes the current through the battery).
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Fig. 3.17(a)

(a) Chyistriggered on at f = 0 but starts conduction only when a reverse current
Aows through the path consisting of the positive of the battery, Chs, the
motor, L, Chs, and the negative of the battery. A voltage equal to —E is
applied at the load terminals.

it} When Cha is turned off at toy. the inductor continues to drive the current in
the reverse direction through the path consisting of Chz, the motor, L, and
. The load voltage then becomes zero.

(c) Chy is triggered at 1,y but starts conduction only when the current flows in
the positive direction, lowing through the closed circuit consisting of Chy,
L, the motor, and Ds.

(d) When Ch is turned off at T, a negative battery voltage is applied to the load
but positive current flows through the negative terminal of the battery, D,
L. the motor, Ds, and back to the positive terminal of the battery.



It is seen that either Ch, or Chy conducts current when iy, becomes positive
or negative, respectively. This is because, even though their control signals are
present prior to the zero crossing of the load current, the conducting diodes D
and D apply a reverse bias, respectively, across Chy and Ch;. The devices that
conduct during each interval are given in Fig. 3.17(b).

This circuit suffers from the disadvantage that either Chs or Chy are kept on for
a long time, which may lead to commutation problems. An imporiant precaution
to be taken is that the choppers Ch; and Ch; should not conduct simultaneously,

as otherwise the source gets shorted through them. To ensure this, a small interval
of time has to be provided between the turn-off of Ch; and the turn-on of Ch; and
vice versa; this feature, however, limits the maximum chopper frequency.
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Figs 3.18(a) and (b)

Method 2 1n this method, the four-quadrant chopper provides first- and fourth-
quadrant operation similar to method 2 of the two-quadrant type-B chopper. Thus
the chopper pair Chy, Chy and the diode pair 2, D5 conduct alternately; the other
chopper pair is permanently kept off. Accordingly the waveforms will be identical
to those of Figs 3.13(a) and (b), respectively. Likewise, for obtaining second- and



third-quadrant operation, the chopper pair Chz, Chz and the diode pair Dy, Dy
of Fig. 3.15 conduct in alternate intervals with the chopper pair Ch,, Chs always
kept off. The waveforms in this case will be similar to those of Figs 3.13(a) and (b)
except for the fact that the instantaneous current in both cases is always negative.
Thus the operating point will be in either the second or the third quadrant.

Method 3 This method consists of operating the same combinations of chopper
pairs, as in method 2, to provide four-quadrant operation. However, the chopper
pairs are controlled in such a way that if one of them conducts during some
interval. the other pair is off. The waveforms for the first. fourth, second, and
third quadrants are given, respectively, in Figs 3.18(a), (b), {c), and (d).
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Fig. 3.18 ‘Waveforms for four-quadrant chopper operation (method 3): (a) first-
quadrant operation, (b} fourth-gquadrant operation, (¢} second-quadrant
operation, (d) third-quadrant operation
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Fig. 3.17 Four-quadrant chopper: (a) waveforms for sequence |—first- and
second-quadrant operation, (b) waveforms for sequence 2—third- and
fourth-quadrant operation

Example 4.23 The armature voltage of a separately excited dc motor is controlled
by a one-quadrant chopper with chopping frequency of 200 pulses per second from a
300V dc source. The motor runs at a speed of 800 rpm when the chopper’s time ratio
is 0.8. Assume that the armature circuit resistance and inductance are 0.08 2 and
15 mH, respectively, and that the motor develops a torque of 2.72 N-m per ampere
of armature current.

Find the mode of operation of the chopper, the output torque, and horsepower
under the specified conditions.

Solution From the problem specifications at 800 rpm, using Eq. (4.201), we get,

E, = (2.12)%(300) ~2279V

E. = Kigyo (4.201)



o Vi R T,
L Kis (Kigy)

(4.202)

In the continuous mode of operation, with f,, > 1, we have #, = T. As a result
Eq. (4.202) reduces to

— (lonfT}VE - (Rafxl ¢',|']Tu
w = %d,) (4.203)

The armature circuit time constant is obtained as

L, 15x1073 3
R 7.
T R, 0.08 187.5 x 10775

The chopping period is given by

l -3
T—ﬁ—SXIU s

We obtain the critical on-time using Eq. (4.197) as
. - 2279
i, = 187.5x 107 In|1 +Wtesmn -1
=38x107%

We know that o, = 0.8 x 5 x 1073 = 4 x 1073, As a result, we conclude that the
chopper output current is continuous.



To obtain the torque output, we use Eq. (4.203) rearranged as

= 'KI ¢f lgn
=54 (20 - ko)
Thus we obtain
2.72
To = 0.08 [0.8(300) — 227.9]
=4]11.4N-m

The power output is obtained as

P, = (411.4)%(300) =345 x 100 W

To illustrate the principle of field control, we have the following example.



Example 4.24  Assume for the motor of Example 4.23 that field chopper control is
employed to run the motor at a speed of 1500 rpm while delivering the same power
output as obtained at 800 rpm and drawing the same armature current.

Solution  Although we can use Eq. (4.205), we use basic formulas instead,

P, 34.5x10°
== = 2279V
E. L, 151.3 221.9

This is the same back EMF. Recall that
E. = Kipyw

Thus the required field flux is obtained as

wy 8
¢ =ty = 15%

where the subscript n denotes the present case, and the subscript 0 denotes the field
flux for Example 4.23. Assume that ¢, corresponds to full applied field flux; then

Op _ Vi _15
¢, Vo 8
The required chopped output voltage is V,. Now we have
Yo _ton
Vi T
Thus
fon _ 8
T 15

Assuming that T = 5 x 107 s, we get

lon = 2.67 x 10735



Example 4.1

The speed of a separately excited dc motor is controlled by a chopper as

shown in Fig. 4.8a. The dc supply voltage is 120 V, armature circuit resistance

is R, = 0.5 {2, armature circuit inductance is L, = 20 mH, and motor constant

is K, ® = 0.05 V/rpm. The motor drives a constant-torque load requiring an

average armature current of 20 A. Assume that motor current is continuous.
Determine:

1 the range of speed control;
2 the range of the duty cycle a.

Solution

Minimum speed is zero at which E_ = 0. Therefore from equation 2.17

E,=I,LR,=20x05=10V

From equation 4.1

Maximum speed corresponds to a= 1 at which E, = E= 120 V.
Therefore

E,=E,- IR,
= 120 — (20 X 0.5)
=110V

From equation 2.13

E, 110
N=Kke~005"

2200 rpm

The range of speed is 0 < N < 2200 rpm, and the range of the duty cycle is
1/12<a<.



12. A 300-V, 100-A, separately excited dc motor operating at 600 rpm has an
armature resistance and inductance of 0.25 €2 and 16 mH. respectively. It is
controlled by a four-quadrant chopper with a chopper frequency of 1 kHz. (a) If
the motor is to operate in the second quadrant at 4/5 times the rated current,
at 450 rpm, calculate the duty ratio. (b) Compute the duty ratio if the motor is
working in the third quadrant at 500 rpm and at 60% of the rated torque.
Solution

(a) E, — IR, =300 — 100 =% 0.25 = 275 V. Back emf constant k = E,/N =
275/600 = 0.458. Operation in the second quadrant implies that the motor works
as a generator. Hence the motor terminal voltage V, is written as

V, = E(1—23)

New current
4
I, = 3 = 100 = B0 A

Hence,
Exr=V, + IR,
EN=E(1-8) 4+ IR,

Substitution of values gives

0.458 % 450 = 300(1 —4) + 80 x 0.25

This yields 8 = 0.38.
(b) In the third quadrant. the machine works in the motoring mode but with reverse
voltage and reverse current. The voltage equation relevant in this case is

E,=V,—I,R,
where
E,=kN = 0.458 x 500
V,=E§ = 3004
and

I,=0.6x100=60A
By substituting numerical values, the equation becomes
0.458 x 500 = 300 x 8 — 60 x0.25
This gives § = 0.813.



6.5. THE FOUR-QUADRANT CHOPPER

A dc. bmush notor with separate excitation 1s fed through a four-quadrant chopper (Table 6.1e). Show the waveforns of
voltage and cumrent m the third and fourth quadrants .

Solution:
The basic cucurt of a four-quadrant chopper 1s shown m Figure 6.9.

o Ao

R T4 \\Dsz-

_ J

Figure 6.9. D.c. brush motor fed through a four-quadrant chopper

+

Cy

If T4 1s on all the tme, T;-Dy and T2-D2 provide first- and (respectvely) second-quadrant operations as shown m
previous paragraphs. With T, on all the time and T3-Dy and. respectively. T4-Dy the third- and fourth-quadrant operations is
obtamed (Figure 6.10). So. mn fact, we have 2 two-quadrant choppers acting i tums.

However. only 2 out of 4 mam switches are tumed on and off with the frequency fig while the third mam switch 1s kept on
all the time and the fourth one 15 off all the tune.

If T4 is on all the tme. Ty-D; and T2-D2 provide first- and (respectively) second-quadrant operations as shown m
previous paragraphs. With T5 on all the time and T5-D5 and. respectively. T4-Dy the third- and fourth-quadrant operations is
obtamed (Figure 6.10). So. m fact, we have 2 two-quadrant choppers acting in tums.

However. only 2 out of 4 main switches are tumed on and off with the frequency fy, while the third main switch is kept on
all the time and the fourth one 15 off all the time.

—
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Figure 6.10. Four-quadrant chopper supplymga
d.c. brush motor

a.) Third quadrant- 1av=0, Vav=0; b.) Fourth quadrant: iav=0, Vav=0.

Four-quadrant operation 1s required for fast response reversible vanable speed drves.
As expected, discontnuous cumrent mode 15 also possible but 1t should be avoided by mereasing the switchng frequency

fop oradding an mductance in senies with the motor.

Let us assume that:

A dc. brush nwotor, fed through a four-quadrant chopper, works as a notor in the third quadrant (reverse motion). The

mamn data are V= 120V, R; =050 T, =2 5mH rated cument I, = 20A; rated speed n, = 3000 ;pmx separate excitation.

a.

b.

d.

Calculate the rated e.mf. g and rated electromagnetic torque. T,.

Forn=-1200 rpmand rated average cument (1, =—I;,) detenmne the average voltage V. te / T = Upp. and maxnmm and

mmmm valies of motor cumrent L ., and L ;,, for IkHz switching frequency.

Solotion:

The motor voltage equation for steady state 1s:



V=R +e,
for rated values V,,, =Vp =120V, 1, =1, =20A_ thus
ep=KA n, =V —-R.i, =120-20.05=110y;

K, =20 oy
a0 TTw

b. The motor equation in the third quadrant is
V=R, +¢,=05-(-200+22-(-20)= -54 y,

the conductmg time t, for Ty (Figure 6.10a) 15

b Ve 54
T -%, -120
1 1 2
t,=T045= —045= —5 045=04510"s
N 10

Form ((6.400-(6.41)) the motor current vanation (Figure 6.10a) 1s described by

V,'-e -
i,=—L4h.e ™ D<tst,

R,

€ ()2
ifj=——L+ae M, t <tsT

(6.54)

(6.55)

(6.56)

(6.57)

(6.58)

(6.59)

(6.60)

(6.61)



The current contmuity condition (1,(t.) = 1;'(t.)) provides

L
ty=——2-In
RI.

[.ﬂ.'— v_,J m}
Ry (6.62)

The second condition is obtamed fromthe average current expression

K ‘
=2 [idt+ [irat|=
i T[!l' +;|:1l ]

L L,
o -1, = -[r-t, )2
1—'—8'1;,—3(T—t,3+]" [l—e I"}%+.*—E'[1—e "-]
T| R, R, R,
(6.63)
From (6.62) and (6.63) we obtam:
. b
[ﬂ'— ?—'] fh=e &
RI.
Vp'=-Vy e,=KA,n=22(-20)=-44V
~120 _pengpa B2
[ﬁ'+(—)J fh=e I o4
- = IDI{MHM 10 E8)g 55107
05 0s
-1 a2 B3 o B3
+ 2510 [{1_ E—u.u-u ﬁ']h+ﬁ'[l— E—um ﬁ,]]}
= (6.69)
-20=-20+043A+ 052054" (6.66)
0434+ 052054'=0 (6.67)
A240 = 09144 (6.68)
A =137 62, A'= -113.92 (6.69)
Now we may calculate L;, =1,(0)
Vo'- ~120 - (- 44
[ =A+— L3797 Mattiel s/ BT

R, 0.3 A (6.70)

Also Lax =1 (1)

R, 05 A (6.71)
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Figure 14.21. Four-quadrant dc chopper circuit, showing first quadrant i, and v, references.
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Conducting devices
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Figure 14.22. Four-quadrant dc chopper circuit waveforms:

muftilevel (three-level) output voltage (a) with 77 > 0 an_d IL>0;(b)withT <0 ani;!' I < 0;
bipolar (two-level) output voltage (c) with 7. > 0and I, = 0; (d) with T, <« 0and I, < 0.

Example 14.6:  Asymmetrical, half H-bridge, dc chopper

The asymmetrical half H-bridge, dc-to-dc chopper in figure 14.18 feeds an inductive load of 10 O
resistance, 50mH inductance, and back emf of 55V dc, from a 340V dc voltage source. The chopper
output current is controlled in a hysteresis mode within a current band between limits 54 and 10A.
Determine the peried of the current shape shown in the figure 14.20:

i. when only £V; loops are used and
ii. when a zero volt loop is used to maintain tracking within the 54 band.

In each case calculate the switching frequency if the current were to be maintained within the hysteresis
band for a prolonged period.



How do the on-state losses compare between the two control approaches?

Solution

The main circuit and operating parameters are

« E=55Vand V; =340V

¢ load time constant 7 = L/R = 0.05mH/M00Q = 5ms

+ ["=10AandI =5A
Examination of the figure 14.20 shows that only one period of the cycle differs, namely the second
period, 5, where the current is required to fall to the lower hysteresis band level, -5A. The period of the
other three regions (f;, {3, and {4) are common and independent of the period of the second region, fs.

ty: The first period, the initial rise time, f* = t; is given by equation (14.102), where I'=10A and I=0A.

. [ v-E-IR |
tT=7n ——
I —-E-I'R

\ J
340V - 55V - 0A=100
340V - 55V - 10A=100
t3: In the third period, the current nises from the lower hysteresis band limit of 5A to the upper band limit

10A. The duration of the current increase is given by equation (14.102) again, but with 7= I" = 5A.

P

thatis ;=5nmx£n[

R
|=21&m
A

P

T =rin r-E-IR
F-E-I'R

. 340V - 55V - 5A=10Q )
thatis = Smxfn[ =1.20ms
340V - 55V - 10A=108 )




= s T=Esms

tyz The fourth and final period is a ﬁegative voltage loop where the current falls from the upper band
limit of 10A to I~ which equals zero. From equation (14.106) with I ="=10A and I = 0A

PR

_ [E’+E+IR
it ='If?1 _
F+E+I'R

N A

. F340V + 55V + 10A%10Q )
thatis = 5ms><£n[ = 1.13ms

340V + 35V + 0A=108

The current pulse pericd is given by
T =i+, +1+t,

=216ms+ 1+ 1.20ms + 1.13ms
=4.49ms + 1,
.tz  When only -V; paths are used to decrease the current, the time £; is given by equation (14.106),
with I"=5A and =104,
- [ F+E+ I R
r=rin 4———

n
V+E+I'R
\ A

™

: 340V + 55V + 104108
thatis r.=3msxin
: 30V + 35V + 5A=100
The total period, Tp, of the chopped current pulse when a OV loop is not used, is
T =t +t,+1, +18,
=216ms + 0.55ms + 1.20ms + 1.13ms = 5.02ms

ii. &z When a zero voltage loop is used to maintain the current within the hysteresis band, the current
decays slowly, and the period time tz is given by equation (14.104), with I = 5A and T =10A,

J = 0.53ms

t“=r1rifn ﬂ

E+I'R
55V + 10A=108
e — l =1.95ms
S5V + 3Ax100 )
The total period, Tp, of the chopped current pulse when a 0V loop is used, is

T =t +t,+1, +8,
=216ms + 1.95ms + 1.20ms + 1.13ms = 6.44ms

thatis .|‘_.=5n.15:-<£n[



Conducting devices
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Figure 14.20. Example 14.6. Circuit waveforms.

The current falls significantly faster within the hysteresis band if negative voltage loops are employed
rather that zero voltage loops, 0.53ms versus 1.95ms.

The switching frequency within the current bounds has a period {:+ {3, and each case is summarized
in the following table. For longer current chopping, > and {; dominate the switching frequency.

Using zero voltage current loops (alternated) reduces the switching frequency of the H-bridge
switches by a factor of over three, for a given peak-to-peak npple current.

If the on-state voltage drop of the switches and the diodes are similar for the same current level, then
the on-state losses are similar, and evenly distributed for both control methods. The on-state losses
are similar because each of the three states always involves the same current vanation flowing
through two semiconductors. The principal difference is in the significant increase in switching losses
when only £V loops are used (1:3.42).

Tahle Example 14 6. Switching losses.

Yoltage s Current ripple Switch Switch loss
loops z frequency frequency ratio
Y 0.53ms+1.20ms =1.73ms 578Hz 578Hz =342
+W and zero | 1.95ms+1.20ms = 3.15ms 317Hz 169Hz 1

-



Example 14.7: Four-quadrant dc chopper

The H-bridge, de-to-de chopper in figure 14.21 feeds an inductive load of 10 O resistance, 50mH
inductance, and back emf of 55V dc, from a 340V dc source. [f the chopper is operated with a 200Hz
multilevel carrier as in figure 14.22 a and b, with a modulation depth of & = %4, determine:

i.  the average output voltage and switch Ty on-time

i, the rms output voltage and ac ripple voltage, hence voltage ripple and form factors
i.  the average output current, hence quadrant of operation
iv.  the electromagnetic power being extracted from the back emf E.

If the mean load current is to be halved, what is
v.  the modulation depth, &, requirement
vi. the average output voltage and the corresponding switch Ty on-time
vil.  the electromagnetic power being extracted from the back emf E?

Solution

The main circuit and operating parameters are

modulation depth & = Y4

o penod Teamer = 1foamier= 1/200HZ = 5ms

o E=558Y and V;=340V dc

s |oad time constant 7 = L/R = 0.05mH/M100 = bms

i. The average output voltage is given by equation (14.116), and for § < %4,

o

i =f%‘—1'}rf, —(25-1)7,
| ]

= 340V=(2x% - 1) =-170V
where
t=25T= 2!’;1*('/23*511:5} =1.25ms
Figure 14.22 reveals that the carmer frequency is half the switching frequency, thus the 5ms in the

above equation has been halved. The switches T, and Ts are tumed on for 1.25ms, while Tz and T3
are subsequently turmed on for 3.75ms.

ii. The rms load voltage, from equation (14.120), is

V. =+1-26 I
= 340V=y/1 - 2% = 240V rms

From equation (14.121), the output ac ripple voltage, hence voltage ripple factor, are

V. =\21,/5(1-25)
=2 x340V, [t (1 - 2x14) = 170V ac

v
RF =2 YOV, F=JRF r1=2-141
v,

ii. The average output current is given by equation (14.119)
7 V.-E (26-1)V -E
" R R
_ 340Vx(2xt - 1) - 55V
106
Since both the average output current and voltage are negative (-170V and -22 5A) the chopper
with a medulation depth of & = ¥4, is operating in the third quadrant.

= -225A




iv. The electromagnetic power developed by the back emf E is given by
P, =EI =55Vx(-22.5A) =-1237.5W

v. The average output current is given by

;I —E% _((25-1y7, —E%

when the mean current is -11.25A, & = 0.415, as denved in part vi.

vi. Then, if the average current is halved to -11.254A
V. =E+LR
=55V - 11.25A>10Q = 575V
The average output voltage rearranged in terms of the modulation depth & gives

%)
&=t 1+=
r

575V
1+
T340V

= Lim

] =0.415

The switch on-time when & < 2 is given by
t, = 28T=2x0.415%(¥%x5ms) = 2.07ms

From figure 14.22b both T4 and T4 are turned on for 2.07ms, although, from table 14.3B, for negative
load current, 7, =-11.254, the parqllel connected freewheel diodes D> and Ds conduct alternately,
rather than the switches (assuming I, <0 ). The switches Ty and T. are turned on for 1.25ms, while T
and T3 are subsequently turmed on for 2.93ms.

wvii. The electromagnetic power developed by the back emf E is halved and is given by
E =EI = 551’1(-11.2515.} =-618.75W

Four quadrant| ] i i $4on & S3 off 51 & X2
chopper - - (o h 3 operated
= ‘]‘—J—"'""“--\'ﬂ'u- + Va=0 ia - reversible
"]\"T 'T\'T Pa| S2 on & S off §3 & 4
) operated

Va1 1a - reversible

Example 4.5
The motor of example 4.3 is fed by a four-quadrant chopper controlled by method |l]
The source voltage is 230 V and the frequency of operation is 400 Hz.

1. If the motor operation is required in the second quadrant at the rated torque
and 300 rpm, calculate the duty ratio.

2. What should be the value of the duty ratio if the motor is working in the third
quadrant at 400 rpm and half of the rated torque?



Solution: At the rated conditions of operation
E,=230-90x0.115=219.7 V
1. Equation (4.39), which is applicable to method Il is reproduced here:
_2\:’!6—0.51—[3
. R,
The motor is working in the second quadrant, therefore,
I,=-90A

300 300
B EKE, ﬁxzw.?- 1318V

Substituting in equation (4.39), gives

2x230(6 - 0.5) - 131.8 ¥
0.115

(4.39)

=00 =

121
=03+ ——m= 1§,
460

2. At half the rated torque and in the third quadrant
I,=—45A
400
E= -ﬁx 219.7=-175.7V
Substituting in equation (4.39), gives

2 x 230(5 — 0.5) + 175.7
0.115

181
6=05-—=0.11.
460



4.3 FOUR-QUADRANT CHOPPER CIRCUIT

A four-quadrant chopper with transistor switches is shown in Figure 4.2. Each tran-
sistor has a freewheeling diode across it and a snubber circuit to limit the rate of rise
of the voltage. The snubber circuit is not shown in the figure.

The load consists of a resistance, an inductance. and an induced emf. The
source is dc, and a capacitor is connected across it to maintain a constant voltage.
The base drive circuits of the transistors are isolated. and they reproduce and
amplify the control signals at the output. For the sake of simplicity. it is assumed that
the switches are ideal and hence, the base drive signals can be used to draw the load
voltage.

First-quadrant operation corresponds to a positive output voltage and current. This
is obtained by triggering T, and T, together, as is shown in Figure 4.3: then the load
voltage is equal to the source voltage. To obtain zero load voltage, either T, or T, can
be turned off. Assume that T, is turned off; then the current will decrease in the
power switch and inductance. As the current tries to decrease in the inductance. it
will have a voltage induced across it in proportion to the rate of fall of current with a
polarity opposite to the load-induced emf, thus forward-biasing diode D,. D, pro-
vides the path for armature current continuity during this time. Because of this, the
circuit configuration changes as shown in Figure 4.4. The load is short-circuited.
reducing its voltage to zero. The current and voltage waveforms for continuous and

L P

T, D, T, D,

Figure 4.2 A four-quadrant chopper circuit
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Figure 4.4 First-quadrant operation with zero voltage across the load
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discontinuous current conduction are shown in Figure 4.5. Note that. in the discon-
tinuous current-conduction mode; the induced emf of the load appears across the
load when the current is zero. The load voltage, therefore, is a stepped waveform.
The operation discussed here corresponds to motoring in the clockwise direction. or
forward motoring. It can be observed that the average output voltage will vary from
0 to V_; the duty cycle can be varied only from 0 to 1.

The output voltage can also be varied by another switching strategv. Armature
current 1s assumed continuous. Instead of providing zero voltage during turn-off
time to the load, consider that T1 and T2 are simultaneously turned off. to enable
conduction by diodes D3 and D4. The voltage applied across the load then is equal
to the negative source voltage, resulting in a reduction of the average output volt-
age. The disadvantages of this switching strategy are as follows:

(i) Switching losses double, because two power devices are turned off instead of
one only.

(i)) The rate of change of voltage across the load is twice that of the other strat-
egy. If the load is a dc machine, then it has the deleterious effect of causing

higher dielectric losses in the insulation and therefore reduced hife. Note that
the dielectric is a capacitor with a resistor in series.

(iii) The rate of change of load current is high, contributing to vibration of the
armature in the case of the dc machine.

(iv) Since a part of the energy is being circulated between the load and source in
every switching cycle, the switching harmonic current is high, resulting in addi-
tional losses in the load and in the cables connecting the source and converter.

Therefore, this switching strategy is not considered any further in this chapter.

4.3.2 Second-Quadrant Operation

Second-quadrant operation corresponds to a positive current with a negative voltage
across the load terminals. Assume that the load's emf is negative. Consider that T, or
T, is conducting at a given time. The conducting transistor is turned off. The current in
the inductive load has to continue to flow until the energy in it is depleted to zero.
Hence, the diodes D, and D, will take over, maintaining the load current in the same
direction, but the load voltage is negative in the new circuit configuration, as is shown
in Figure 4.6, The voltage and current waveforms are shown in Figure 4.7. When
diodes D, and D, are conducting. the source receives power from the load. If the



source cannot absorb this power, provision has to be made to consume the power. In
that case, the overcharge on the filter capacitor is periodically dumped into a resistor
connected across the source by controlling the on-time of a transistor in series with a
resistor. This form of recovering energy from the load is known as regenerative brak-
ing and is common in low-HP motor drives, where the saving in energy might not be
considerable or cost-effective. When the current in the load is decreasing, T, is turned
on. This allows the short-circuiting of the load through T, and D, resulting in an
increase in the load current. Turning off T, results in a pulse of current flowing into the
source via D, and D. This operation allows the priming up of the current and a build-
ing up of the energy in the inductor from the load’s emf. thus enabling the transfer of
energy from the load to the source. Note that it is possible to transfer energy from load
to source even when E is lower in magnitude than V_. This particular operational fea-
ture is sometimes referred to as boost aperation in de-to-de power supplies. Priming up
the load current can also be achieved alternatively, by using T, instead of T..

-+

Figure 4.6 Second-quadrant operation, with negative load voltage and positive curreni
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Figure 4.7 Sccond-gquadrant aperation of the chopper

4.3.3 Third-Quadrant Operation

Third-quadrant operation provides the load with negative current and voltage. A neg-
ative emf source, — E. is assumed in the load. Switching on T, and T, increases the cur-
rent in the load. and turning off one of the transistors short-circuits the load.
decreasing the load current. That way, the load current can be controlled within the
externally set limits. The circuit configurations for the switching instants are shown in
Figure 4.8. The voltage and current waveforms under continuous and discontinuous

current-conduction modes are shown in Figure 4.9. Note the similarity between first-
and third-quadrant operation.



(1) Increasing load current
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(it} Decreasing load current

Fipure 4.8 Maodes of operation in the third guadram
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4.3.4 Fourth-Quadrant Operation

Fourth-quadrant operation corresponds to a positive voltage and a negative current

in the load. A positive load-emf source

E is assumed. To send energy to the dc

source from the load, note that the armature current has to be established to flow
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Figure 4,10 Fourth-quadrant operation of the chopper

from the right side to the left side as seen in Figure 4.2. By the convention adopted
in this book, that direction of current is negative. Assume that the machine has been
operating in quadrant I with a positive current in the armature. When a brake com-
mand is received, the torque and armature current command goes negative. The
armature current can be driven negative from its positive value through zero.
Opening T, and T, will enable D, and D, to allow current via the source. reducing
the current magnitude rapidly to zero. To establish a negative current, T, is turned
on. That will short-circuit the load, making the emf source build a current through T,
and D,. When the current has reached a desired peak. T, is turned off. That forces D,
to become forward-biased and to carry the load current to the dc input source via
D, and the load. When the current falls below a lower limit, T, is again turned on, to
build up the current for subsequent transfer to the source. The voltage and current
waveforms are shown in Figure 4.10. The average voltage across the load is positive,
and the average load current is negative. indicating that power is transferred from
the load to the source. The source power is the product of average source current
and average source voltage, and it is negative, as is shown in Figure 4.10.
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Figure 4.15 Class E four-quadrant chopper.

#.7.3 Four-Quadrant Control

The four-quadrant operation can be obtained by using the class E chopper shown in
4.15. The chopper can be controlled using the following methods.

Method I. If S, is kept closed continuously and S; and S, are controlled, one
gets a two-quadrant chopper as shown in figure 4.12a. This provides a variable posi-
tive terminal voltage and the armature current in either direction, giving the motor
control in quadrants I and II.

Now if S; is kept closed continuously and S, and S, are controlled, a two-
quadrant chopper is obtained, which can supply a variable negative terminal voltage
and the armature current in either direction, giving motor control in quadrants III
and IV. S

For the changeover from forward motoring to reverse motoring, the following
sequence of steps is followed.

" In the first quadrant S, is on continuously, and S, and S, are being controlled.
For the changeover, 8 is reduced to its minimum value. The motor current reverses
[equation (4.33)] and reaches the maximum permissible value. The current control



loop restricts it from exceeding the maximum permissible value. The motor deceler-
ates at the maximum torque and reaches zero speed. Now S, is opened, S; is continy-
ously closed and & for the pair S;, S, is adjusted corresponding to the desired speed.
The motor now accelerates at the maximum torque in the reverse direction and its
current is regulated by the current-control loop. Finally it settles at the desired speed.

This method of control has the following features: The utilization factor of the
switches is low due to the asymmetry in the circuit operation. Switches S; and §,
should remain on for a long period. This can create commutation problems when the
switches are realized using thyristors. The minimum output voltage depends directly
on the minimum time for which the switch can be closed. Since there is always a re-
striction on the minimum time for which the switch can be closed, particularly in
thyristor choppers, the minimum available output voltage, and, therefore, the mini-
mum available motor speed, is restricted.

To ensure that the switches S, and S,, and S, and S, are not on at the same
time, some fixed time interval must elapse between the turn-off of one switch and
the turn-on of another switch. This restricts the maximum permissible frequency of
operation. It also requires two switching operations during a cycle of the output
voltage.

Method II.  Switches S, and S, with diodes D, and D, provide a circuit iden-
tical to the chopper of figure 4.13. This chopper can provide a positive current and a
variable voltage in either direction, thus allowing motor control in quadrants [ and
IV. Switches S; and S; with diodes D; and D, form another chopper, which can
provide a negative current and a variable voltage in either direction, thus allowing
the motor control in quadrants II and III.

The switch-over from quadrant | to quadrant III can be carried out using the
following sequence of steps. In quadrant I, the switches S, and S, are controlled
with 0.5 <8 < 1.0. The armature current has the direction shown in figure 4.15. For
the changeover, 5, and S, are turned off. The armature current now flows through
diode D, source V, and diode D,, and quickly falls to zero.. The motor back emf has
the polarity with the left terminal positive. Now the switches S, and S, are controlled
with § in the range 0 <8 << 0.5, but approaching 0.5. The motor current flows in the
reverse direction and reaches the maximum value [equation (4.39)]. The current-
control loop regulates & to keep the current from exceeding the maximum permis-
sible value. The motor decelerates at the maximum torque and reaches zero speed.
Now & is set according to the desired speed (0.5 <8 < |). The motor accelerates at
the maximum torque, with its current regulated by the current-control loop and set-
tles at the desired steady-state speed in the reverse direction.

This method of control has the following features compared to method I: At
near-zero output voltage, each switch should be on for a period of nearly T sec., un-
like in method I where it should be on for a period approaching zero. Thus, there is
no limitation on the minimum output voltage and the minimum motor speed. There
1s no need for a delay between the turn-off of one switch and the turn-on of another
switch. Consequently, the frequency of operation can be higher. The switching loss
is less because of only one switching per cycle of the output voltage compared to
two in method I. Due to the symmetrical operation, the switches have a better uti-
lization factor.



Method I1I. This method is a modification of method II. In method II,
switches 8, and S, with diodes D, and D, form one chopper, which allows motor
control in quadrants I and IV. The second chopper, providing operation in quad-
rants II and III is formed by switches S; and S,, and diodes D; and D,. In method [I,
these choppers are controlled separately. In the present method, these choppers are
controlled simultaneously as follows.”

The control signals for the switches $,—S, are denoted by i, i, i, and 1.4,
respectively. As with the convention adopted, a switch conducts if its control signal
is present and it is forward biased; otherwise it remains open. The control signal i,
10 ic4, and the waveform of v,, i,, and i, for forward motoring and forward regenera-
tion are shown in figure 4. 16a and b, respectively. Switches S, and S, are given con-
trol signals with a phase difference of T secs. Switch S, receives a control signal
from t =0 to t = 28T, where 8 =t,,/2T. The control signal for switch S, is present
fromt=T to t=T + 28T. Switches 5, and 8,, and 5, and S§; form complementary
pairs in the sense that the switches of the same pair receive control signals alter-
nately. Usually some interval must elapse between the turn-off of one switch and the
turn-on of another switch of the same pair to ensure that they are not on at the same
time. This interval has been neglected in drawing the waveforms of figure 4.16.

In a duration of 2T seconds, which is also the time period of each switch, the
chopper operates in four intervals, which are marked as I, II, III, and IV in
figures 4.16a and b. The devices under conduction during these intervals are also
shown. The operation of the machine in quadrant I can be explained as follows.

In interval I, switches S, and S, are conducting. The motor is subjected to a
positive voltage equal to the source voltage and the armature current increases. At
the end of interval I, S, is turned off. In interval II, switches S, and S; receive con-
trol signals. Since the motor is carrying a positive current, it flows through a path
consisting of D; and S,. Now v, is zero and i, is decreasing. Switch S; remains off
as it 1s reverse biased by the voltage drop of the conducting diode D,. At the begin-
ning of interval III, S, is turned on again. Now v, =V and i, is increasing. At the
end of interval III, switch S, is turned off. In interval IV, switches S, and S, receive
control signals. The positive motor current flows through S; and D,, and S, does not
conduct due to the reverse bias applied by the drop of diode D,.

Note that the output voltage waveform is identical to that of figure 4.14a.
Hence, equations (4.38) and (4.39) are applicable.

The forward motoring operation is obtained when I, is positive. The operation
can be transferred from forward motoring to forward regeneration by decreasing & or
increasing E to make V, <E or I, negative [equation (4.39)]. The waveforms for
forward regeneration are shown in figure 4.16b. The devices in conduction in the
four intervals of the chopper cycle are also shown. The operation of the chopper is
explained as follows.

In interval I, switches 5, and S, are receiving control signals. The positive
back emf forces a negative armature current through diode D; and switch S;. During
this interval, |i,| increases, increasing the energy stored in the armature circuit induc-
tance. Switch 5; does not conduct due to the reverse bias provided by the drop of the
conducting diode D;. Switch S, is opened at the end of interval I. The armature cur-
rent is forced through diode D5, source V, and diode D,, and the energy is fed to the



source. Although switches S, and S, are receiving the control signals, they remain
open due to the reverse bias provided by the voltage drops of diodes D; and D,. The
motor terminal voltage is now V and |i,| is decreasing. S, is turned on in interval III.
The armature current now flows through switch S, and diode D,. Switch S, also re-
ceives a control signal; however, it does not conduct due to the reverse bias applied
by diode D4. The armature current magnitude again builds up. Sy is turned off at the

end of interval III. The armature current is forced again through diode D, the
source, and diode D, and the energy is fed to the source.

The motoring and regenerative braking operations in the reverse direction are
obtained when 0<8& < 0.5, for which V, is negative. Reverse motoring is obtained
by setting & such that [V,| > |E| and reverse regeneration is realized when [E| > |V,].

This method has a simpler control circuit compared to methods [ and II. Since
some time must elapse between the tum-off of one switch and the turn-on of another
switch of each of the complementary pairs formed by S,, 'S4 and 5, 5i, the maxi-
mum permissible frequency of operation must be lower compared to that of
method I1.
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Example 4.5
The motor of example 4.3 is fed by a four-quadrant chopper controlled by method III,
The source voltage is 230 V and the frequency of operation is 400 Hz.

1. If the motor operation is required in the second guadrant at the rated torque
and 300 rpm, calculate the duty ratio.

2. What should be the value of the duty ratio if the motor is working in the third
quadrant at 400 rpm and half of the rated torque?

Solution: At the rated conditions of operation
E.=230-90x0.115=2197V
1. Equation (4.39), which is applicable to method III is reproduced here:

_2V(5-05)—E

I
3 R

(4.39)

The motor is working in the second quadrant, therefore,

I,=-90 A
300 ano
_ﬁxEr-ﬁx 219.7=1318V

Substituting in equation (4.39), gives

_2X230(6 - 0.5)—131.8 ¢
0.115

—90

121
6=05+—=.76.
460

2. At half the rated torque and in the third quadrant

I,=—-45 A
400
= —— S =- 5
E 500 219.7 1753V

Substituting in equation (4.39), gives

2 x 230(8 — 0.5) + 175.7
D.115

-45=

or

181
ﬁ—ﬂ.i—m——ﬂ.ll_



Four-quadrant Operation with Field Control

When field control is required for getting speeds higher than base speed and the tran-
sient response need not be fast, the four-quadrant operation is obtained by a combi-
nation of field and armature controls as shown in figure 4.17. Both armature and
field are supplied by the class D two-quadrant choppers of figure 4.13. The reversal
switch RS is employed for the field reversal. The armature chopper provides opera-
tion in the first and the fourth quadrant with a positive field current and operation in
the second and the third quadrant with a negative field current. When the field con-
nection is to be reversed, first the field current should be reduced to zero. The use of
the class D two-quadrant chopper allows a reversal of the field terminal voltage,
which forces the field current to become zero fast. The main advantage of this circuit
is the lower cost compared to the class E four-quadrant chopper of figure 4.13, be-
cause of the lower current ratings of the components of the field chopper.

Ss

(a) (b)

Figure 5.12 (a) Two-quadrant and (b) four-quadrant dc voltage converters.



5.4.2 Four-quadrant converter

The rotation of a dc electrical machine may be reversed by means of a
four-quadrant dc converter (Figure 5.12b).

The converter may operate in four modes.

Quadrant 1. The electrical machine operates in the motor mode, with
forward rotation. An output-voltage pulse is formed at the motor input
when transistors VI1 and VT2 are switched on simultaneously, and
u,, = E. To create an inactive interval, it is sufficient to switch off one of
the transistors—say, VI2. Then the motor current flows through VT1 and
diode VD3; U, =0 and iy = 0. In this quadrant, the converter resembles a
step-down dc/dc converter: U, = VE.

Quadrant II. The motor turns in the same direction, but with recupera-
tive braking. Consequently, the machine operates in the generative mode,
and the current i, is reversed. Two modes alternate in the converter.

¢ Aninterval of length ¥T,, in which all the transistors are on; current
passes through diodes VD1 and VD2; and the motor current flows
through source E, to which energy is returned.

¢ An interval of length (1 —y)T_,, in which transistor VI3 is on; the

load current passes through the circuit VI3-VDI1, bypassing the

source; and 7y = 0. The same results may be obtained by switching on
VT4, which forms a circuit with diode VD2.

In the second quadrant, the converter resembles a step-up dc/dc con-
verter, in which the energy source is the emf E .



Quadrant III. The direction of rotation is reversed; the directions of
the voltages and currents in the electrical machine are the opposite to
those shown in Figure 5.12b. When transistors VI3 and VT4 are switched
on simultaneously, u,,, = -E; energy is sent from the source to the motor.
When one of those transistors is switched off, current flows through the
circuit consisting of a transistor and a diode, bypassing the source: 1, = 0;
ip=0; and u,, =—YE.

Quadrant IV. Recuperative braking occurs. When all the transistors
are switched off, the current in the electrical machine, whose direction is
as in Figure 5.12b, passes through the circuit VD3-VD4, returning energy
to source E. When transistor VT1 is turned on, current 7, flows through
diode VD3, bypassing the source. The same result may be obtained by
switching on transistor V12, which forms a circuit with diode VD4.

We may note the similarities between multiquadrant voltage convert-
ers and voltage source inverters (Section 6.1). The circuit in Figure 5.12a
corresponds to a half-bridge voltage inverter with asymmetric connection
of the load and the circuit in Figure 5.12b to a single-phase bridge inverter.

54.1 Two-quadrant converter

In Figure 5.12a, we show the circuit diagram of a two-quadrant dc con-
verter. The load considered is a dc motor, which is replaced by an equiva-
lent circuit consisting of the motor’s counteremf E , its resistance R, and
its inductance L,,,.

When an electrical machine operates in the motor mode, only transis-
tor VT1 operates in the converter, and transistor VI2 is always off. When
transistor VT1 is turned on, it connects source E to the motor; motor cur-
rent i, = ip passes through VT1. When transistor VT1 is turned off, the
motor current passes through diode VD2, and the voltage applied to the
motor is zero. It is readily evident that the conducting section of the circuit
corresponds to a step-down dc/dc converter (Section 5.2.1). In that case,
neglecting the losses, we write the output voltage in the form

T
Uow = E—L= = yE. (5.32)

W

In recuperative braking, the motor continues to turn, and the polar-
ity E,, is unchanged. However, on switching to the generator mode, the
polarity of current i, will be the opposite of that in Figure 5.12a. In this

out



mode, no control pulses are sent to transistor VI1. When transistor VI2is
off, current flows through diode VDI, the polarity of current 7y is reversed,
and the motor energy is recuperated to source E. When transistor VT2 is
turned on, it transmits the currenti_ . Operation in the recuperation mode
corresponds to a step-up dc/dc converter (Section 5.2.2), if we assume that
the energy source is the motor’s counteremf E,,..

Braking

y 2 ¥
Ay F, 0

Separately excited motor Separately excited motor

lr"]nrl.l

Motoring

0 T

Braking

(b) Series motor Series motor



6.5. THE FOUR-QUADRANT CHOPPER

A d.c. brush motor with separate excitation 1s fed through a four-quadrant chopper (Table 6.1e). Show the waveforms of
voltage and current m the thud and fourth quadrants.

Solution:

The basic circuit of a four-quadrant chopper 1s shown m Figure 6.9.

T2 \\r.u: b~ T4 l.\nsx.

o |

Figure 6.9. D.c. brush motor fed through a four-quadrant chopper

If Ty 15 on all the tme, Ti{-Dy and T2-D2 provide first- and (respectwely) second-quadrant operations as shown m
previous paragraphs. With T, on all the tme and T3-D3 and. respectwvely, T4-Dy the thwrd- and fourth-quadrant operations 1s

obtamed (Figure 6.10). So, n fact, we have 2 two-quadrant choppers acting m tums.
However, only 2 out of 4 main switches are turmned on and off with the frequency f, while the third main switch is kept on

all the time and the fourth one is off all the time_

! L
=

-+ g *

L - |

e

Figure 6.10. Four-quadrant chopper supplyiga

d.c. brush motor
a.) Third quadrant: sav="0, Vav=0; b_) Fourth quadrant: 1av>=0, Vav=10.

Four-quadrant operation 1s required for fast response reversible vanable speed drives.
As expected, discontinuous cumrent mode is also possible but it should be avoided by increasing the switching frequency

foy oradding an mductance m senes with the motor.

Let us assume that:
A d.c. brush motor, fed through a four-quadrant chopper, works as a motor m the third gquadrant (reverse motion). The

main data are Vi = 120V, By =050 L, =2 5mH_rated cument I, = 20A; rated speed ny, = 3000 rpmy separate excitation.

a. (Calculate the rated emf_e o and rated electromagnetic torque. T,.

b. Forn=-1200rpmand rated average cument (1, = —I;,) determme the average voltage Vi tc / T = 05y, and maxmmm and
mmimumvahies of motor curmrent Ly, and L ;,, for 1kHz switchmg frequency.

Sohation:
a. The motor voltage equation for steady state 1s:



Vo= Ryl +g,
for rated values V,, =V, =120V, 1, =1, =20A. thus

=K, =V, ~R,i, =120-20-05=110

[22]

e 110
KhApy=—=—+-=1212
n, 30 Wb
b. The motor equation i the third quadrant is
Vo= Raiy +e,=05-(-20)+22-(-20)=-54 y;

the conductmg tome t. for Ty (Figure 6.10a) 15

1 1 B
t,=T045= —.045= —-045=04510""s
fa 10

Form ((6.40)+(6.41)) the motor current vanation (Figure 6.10a) 1s descnbed by

V. '-e Y
i,=——2L4+he ™ 0D<tgt,

R,

g -['-"d]&
1.'-—R—'+ﬂ'e bt <tsT

'I;'il' |
[A'— —'J IA}
Rl
The second condition 15 obtamed fromthe average current expression
1% ‘
== |1, dt+ |4, dt|=
JISRE
RI

From (6.62) and (6.63) we obtam:

1 —f‘h
[ﬂ'—v—'] fh=e ™
R

Vy'=-Vy, e, =KA,n=22(-20)=-44V

-120 PP L
[ﬂ'+%}fﬁ= & N 0914

A, .
V. '-e e -1, = (-1, 1=
L Mt,——'(T-t.hh[[l—e = ]A +."31'[1—e e

(6.54)

(6.55)

(6.56)

(6.57)

(6.58)

(6.59)

(6.60)

(6.61)

(6.62)

(6.63)

(6.64)



-0= m'{mum 1071 - %ﬂ_ﬁ 1071

-1 4 B3 _maaypa A4
+2.5-1D [[1_ B—nmu WJA+A'[1- . ga310 ﬁ']}
05

-20=-20+0434A + 052054'
0434+ 05205A'=0
A4240 =0.9144

A =137 62, A'= 113 92

Now we may caleulate I;, =1,(0)

Vy'me ~120 - (- 44)
lm=4 L = 13702 o ————— = 1508
R, 05 A
Also Ly, =1,(t)
By '[' 44)
g = &-—==-11392 4+ ——= = -2502
R, 05 A

7.4 4-Quadrant Chopper

The circuit diagram to facilitate 4-quadrant operation is given in Fig. 75{a). This circuit
contains four controlled switches and four diodes. Here, v, and i, are indicated with refer-
ence to motor terminals A and AA. The controlled switches are realized using IGBTs in
this chapter. This circuit is capable of providing motoring, regenerative braking, operation
of the motor in the reverse speed and regenerative braking in that direction corresponding
to the four quadrants of V-I diagram, which is shown in Fig. 75(b). The following section
explains the converter fed drive characteristics in four different quadrants.

(6.65)
(6.66)
(6.67)
(6.68)

(6.69)

(6.70)

(6.71)
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FIGURE 7.5
{a) 4-quadrant chopper circuit. (b) V-1 diagram.

7.4.1 Motoring in the Forward Direction

Fig. 7.6(a) shows the devices conducting during the motoring of the drive in the forward
direction. During the period T, of the converter, the IGETs T, and T; are simultaneously
gated so that v, = V. and the armature current i, is positive. During the OFF period of
the dc/dc converter, T, alone is switched OFF, such that the armature current i, now free-
wheels through T; and D,, making the motor terminal voltage zero. The motor terminal
voltage and current waveforms for continuous mode are shown in Fig. 76(b). As seen in
this figure, the average values of voltage and current are positive, thus the average output
power is always positive, leading to first-quadrant operation as indicated in Fig. 7.6(c). It
may be noted that freewheeling of the armature current is also possible through D, and T,
which is indicated by a dotted line.
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FIGURE 7.6

First-quadrant circuit. {a) Equivalent circuit. (b) Motor voltage and current waveforms. (c) ¥-1 diagram.

7.4.2 Regenerative Braking after Forward Rotation

When regenerative braking is required, the IGBT T, is switched OFF. For the regenera-
tive braking to take place, the electromagnetic torque (T.) must be made negative. Because
T. = (d],), reversal of polarity of T. is possible by changing the polarity of either &, or [,.
We consider the case of reversal of I, alone because reversal of &_ requires more time due
to the increased field time constant.

Consider Fig. 77(a). Assume that freewheeling was taking place through T and D, and
that the regenerative braking command has come during the freewheeling action. To initi-
ate the armature current reversal process during regenerative braking, T, is triggered and
the gating signal to T; is continued till armature current goes to zero. Although T, is gated,
the forward voltage drop across D; prevents T, from conducting and, as such, T--D; contin-
ues to cause freewheeling armature current. When this current drops to zero, the back-emf
E; causes reversal of armature current through T, and D.. Armature current, i, now flows
from A to AA and is in the negative direction as shown in Fig. 77(b). This current rises
exponentially, and when T, is turned OFE the armature current maintains its direction
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FIGURE 7.7
Second-guadrant operation. {a) Circult during transition. (b) Circult during regenentine braking. () Motor voli-

age and curnent waveforms. id) V.l diagram.

through Dy-Dy flowing to the source leading to regenerative braking. Pulse-width modula-
tion of T, results in uniform braking. Armature voltage and current during regeneration
are sketched in Fig. 77(c). This is a second-quadrant operation in the V-I diagram and is
given in Fig. 77d). It may be noted that free-wheeling of motor current can also take place

through Dy-Ty.

7.4.3 Motoring in the Reverse Direction/Third-Quadrant Operation

Mow the motor should be accelerated in the reverse direction. To achieve this, IGBTs T,
and T, are switched ON, and both v, and i, get reversed. The product of v, and i, is posi-
tive, indicating that the process is in the motoring operation. Because i, is reversed, the
direction of electromagnetic torque is also reversed, so the motor is accelerated in the
opposite direction. Freewheeling of the armature current can take place either through
T,-I; or Dh-T,. The power circuit, steady-state voltage, current waveforms, and V-1 dia-

gram are given in Fig. 78
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Motoring in reverse-braking,. ia) Equivalent circuit. (b) Motor voltage and current waveforms. () V-1 diagram.

7.4.4 Regenerative Braking after Speed Reversal

A process similar to that for second-quadrant operation takes place for the regenerative
braking mode. Referring to Fig. 7.%(a), DT, is the path of freewheeling, and when T, is
triggered for regenerative braking, Ty is prevented from conducting because of the for-
ward voltage drop across Dy, The devices Dy-T; stop conducting when the armature cur-
rent becomes zero, and the back-emf now drives the armature current through O and T,
MNow armature current i, flows from A to AA and hence is positive. When T, is turned OFF,
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Fourth-quadant operation. () Circuit during transiton. (b Circuit during regenerative braking. (¢} Motor
voltage and current waveforms. (d) V-1 diagram.

regeneration takes place through D,-D; and leads to fourth-quadrant operation. The power
circuit, typical steady-stabe waveforms, and V-1 diagram are given in Fig. 79.



7.4.5. Four-quadrant Chopper, or Type-E Chopper _ .
ircuit di - rant chopper is shown in Fig. 7.10 (). It consists
of foﬁgﬁczgzﬁifwﬁfgﬁalfmﬁﬁd four diodes D1 to D4 in antiparallel. Workin~
of this chopper in the four guadrants is explgined as under : . o3 i
First quadrant : For first-quadrant operation of Fig. 7.10 {(a), CH4 is kep:r ;1:;5& e
kept off and CHI is operated. With CH1, CH4 on, load-v‘ultmf. ve=V, (an:rdroe g
load current i, begins to flow. Here both v, and i, are positive giving first qu ' ant ope hotl;
When CH1 is turned off, positive current freewheels through CH4, D2. In this manner,
V,, Ip can be controlled in the first quadrant. , —
Second quadrant : Here CHZ is operated and CHI, CH3 and CH4 are kept off. W1

i d E. Inductance L stores
o {or negative) current flows through L, CHZ, D4 and E.
Sn}gg:rn:ifin?thg O3 is on. When CH? is turned off, current is fed back to source

di ), ltage V, As load
thr?ugh diodes D1, D4. Note that here | E + L 2|18 more than the source voltage v,

voltage V, is positive and I, is negative, it is second quadrant operation of chopper. Also,
ower is fed back from load to source. . ‘
’ Third quadrant : For third-quadrant operation of Fig. ".-'.;.0 (a), CH::LI 1:0 :?;11: :zugﬁi;z
: 3 is operated. Polarity of load emf E must be reverse _ :
ﬁgii::;.a‘;idthCCHS on,pl’:ad gets connected to source V so that both v, iy are negat:I\ratl:admﬁ
to third quadrant operation. When CH3 is turned °fF~ negat:'n_re current freewheels throug
Cﬁz, D4. In this manner, v, and iy can be controlled in the third quadrant.

Fourth quadrant : Here CH{ is operated and gther devices are kEpt: Oﬂ‘.inL':E: F::lli;ti
must have its polarity reversed to that shown in Fig. 7.10 (a) for operation

gquadrant. With CH4 on, positive current flows through CH4, D2, L and E. Inductance L stores
energy during the time CH4 is on. When CH4 is turned off, current is fed back to source
through diodes D2, D3. Here load voltage is negative, but load current is positive leading to
the chopper operation in the fourth quadrant. Also power is fed back from load to source.

The devices conducting in the four quadrants are indicated in Fig. 7.10 {b).

CH2 operated

§ > ——~-—l—---+- - CH2: D4 : L, stores |V g:: g‘:;"“
-CH4 : on
P P energy .
| ! ! CH2 : off : then D1-D4 CH1 : off ; then CH4-D2
‘ CH'IE / i jall 03 conduct \ N conduct
Loomnt L L =l N ,&\ Ig
Ve >0 N =3

psi  CH3 :gcf}ll1 :d flpceln CH2-D4 | GH4-D2 : L, stores enargy

GHI operatad - CH4: g:;dl::;n Dz, D3
o
{&) CH4 aperatad

! -
l ha t CH3-CH2 : on \\\\

{a) .
Fig. 7.10. Four-qudrant, or Type-E chopper
{e) circuit diagram and (b) operation of conducting devices.
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Example 8.16 A four-quadrant chopper is driving a separately excited dc
motor load. The motor parameters are R = 0.1 ohm, L = 10 mH. The supply voltage is
200 V d.c. If the rated current of the motor is 10 A and if the motor is driving the rated
torque. Determine:

(i) the duty cycle of the chopper if £, = 150 V.

(i1) the duty cycle of the chopper if E, = - 110 V.

Solution:
For a four-quadrant chopper, the average voltage in all the four-modes is given by
Ey=2E, - (a-0.5)

R

(i) The average current, iy = E";E" =

_ 2x200(a-0.5)-150
0.1

Since, a > 0.5, this mode is forward-motoring

10 - a=0.876

_ 2%200(a=0.5)-110
0.1

As ar < 0.5, this mode is reverse motoring mode.

s a=0228

(ii) Now, 10

8.5.5 Four-Quadrant Chopper (or Class E Chopper)

Figure 8.25(a) shows the basic power circuit of Type E chopper. From Fig.
8.25, it is observed that the four-quadrant chopper system can be considered as
the parallel combination of two Type C choppers. In this chopper configuration,
with motor load, the sense of rotation can be reversed without reversing the
polarity of excitation. In Fig. 8.25, CH,, CH; D, and D, constitute one Type C
chopper and CH,, CH;, D, and D, form another Type C chopper circuit. Figure

8.25(b) shows Class-E with R-L load.

If chopper CH, is turned on continuously, the antiparallel connected pair of
devices CH, and D, constitute a short-circuit. Chopper CH; may not be turned

on at the same time as CH, because that would short circuit source £

With CH, continuously on, and CH, always off, operation of choppers CH,
and CH, will make E; positive and /, reversible, and operation in the first and
second quadrants is possible. On the other hand, with CH, continuously on and
CH, always off, operation of CH; and CH, will make E; negative and [;

reversible, and operation in the third and fourth quadrants is possible.



The operation of the four-quadrant chopper circuit is explained in detail as
follows:

When choppers CH| and CH are turned-on, current flows through the path,
Es.. — CH, - load — CHy — E4 . Since both E; and 1, are positive, we get the
first quadrant operation. When both the choppers CH, and CH, are turned-off,
load dissipates its energy through the path load-D; — Ey, — E4. — D, — load. In
this case, E; is negative while J;, is positive, and fourth-quadrant operation is
possible.

When choppers CH, and CH; are turned-on, current flows through the path,
Ey.. — CH; - load — CH, - E; . Since both E; and I, are negative, we get the
third-quadrant operation. When both choppers CH, and CH; are turned-off,
load dissipates its energy through the path load- D, - E; .~ E;, - D, —load. In
this case, E; is positive and [; is negative, and second-quadrant operation is
possible.

This four-quadrant chopper circuit consists of two bridges, forward bridge
and reverse bridge. Chopper bridge CH, to CH, is the forward bridge which
permits energy flow from source to load. Diode bridge D, to D, is the reverse
bridge which permits the energy flow from load-to-source. This four-quadrant
chopper configuration can be used for a reversible regenerative d.c. drive.

o . . .
o] Ha | BES v

] | 7\ D, CHy | 1 7\ Ds
CH| ! | ? 1 :
i - al

X

+Ey

Iy

-Ep
Fig. 8.25(a) Type E chopper circuit and characteristic

+ (;} - T
L
CH)y \ Dll CH; ‘:\ D’ZS

e N p2s el | 0>
L ] 3
1

Fig. 8.25(b) Class E chopper with R-L load



The bridge type converter shown in Fig. 9.13 a is connected to the ar-
mature circuit of a DC motor; it may be supplied with constant voltage up
from a DC bus or a battery. The converter contains four electronic switches
where two in each half-bridge are drawn in the form of a transfer switch (at
the same time excluding accidental short circuits of the DC bus); the diodes
which can be part of the electronic switches allow an inductive load current
to continue during the short protective intervals, when all contacts are open
(similar to the red-light-overlap on a signal crossing).

By assigning logic symbols S;, S2 to the otherwise ideally assumed
switches, the voltage equation of the load circuit is

Lﬂ 'id_:'i'Rﬂ:'a +ﬂ='u-a_, [9'8}

where, depending on the switching state

1 . 1 .
Ug = 5{51 — Sz) up and ip = E{Sl — S2) 1a (9-9)

holds.

Unipofar modulation Symmetrical modulation Cyclical modulation

Fig. 9.13. Four-quadrant DC/DC converter with inductive load,
(a) Circuit, (b)Different modulation patterns



The pulse-width-modulation (PWM) of the converter at the frequency
f = 1/T can follow different switching strategies, as illustrated in Fig. 9.13
b with the output voltage u, during a switching period:

¢ Unipolar modulation
One of the switches is assumed to be stationary, e.g. S2 = -1 = const.,
whereas the other half-bridge is pulse-width-modulated, Sz = +1, so that
the output voltage u, assumes the values up or zero; the same applies with
S1 = —1 = const. for negative output voltages.

e Symmetrical modulation
With this modulation pattern the switches are operated in diagonal pairs,
51 = - S3, so that the short circuit interval is omitted and the output
voltage alternates between the values up and -up. During the unavoidable
(but in Fig. 9.13 neglected) protective intervals the diodes are carrying the
load current.

e Cyclical modulation
With this modulation scheme the two transfer switches are operated se-
quentially, so that the output is alternatively short circuited at the upper
or lower supply bus. Hence the output voltage u, assumes a ternary wave-
form, u, = up, 0, -up. Whereas with symmetrical switching only the mean
of the output voltage can be controlled in steady state, the cyclical modu-
lation offers an additional degree of freedom that may for instance be used
for eliminating harmonics of the output voltage u,.

Supply
‘1 j? ? 4-Quadrant-
ip converter
ZL | Ta 1 szDr
¥iiN Rg _, N _ITT
Ballast Ug
g —t u‘D e e {a
2*; ﬁ C T's
T ’ PM
Mo ,JK | 1T
—i > ¢E
~f

Fig. 9.14. DC Servo drive with voltage source DC/DC converter



A four-quadrant converter with IGBT-switches is depicted in Fig. 9.14 as
frequently used for DC servo drives; protective circuitry is again omitted. For
simplicity an On/Off device is drawn for current control but a linear current
controller with constant frequency PWM would normally be preferred.

A diode rectifier followed by a smoothing filter, whose capacitor C ab-
sorbs also the modulation-induced ripple components of the link current ip
serves as the supply of the DC link with constant voltage up. For instance,
when rapidly braking the drive, power released from the kinetic energy flows
back into the DC-link causing negative current ip and, because of the uni-
directional line-side rectifiers, could result in an overcharge of the capacitor;
this is prevented by dissipating the energy in a resistive ballast circuit that
can also be pulse-width-modulated, depending on the link voltage. In view
of the losses this is only practical with small drives or when it happens only
occasionally; otherwise a reversible line-side supply (an active front-end con-

verter) is preferable as will be shown in Fig. 9.18 and further discussed in
Sect. 13.2.

Some of the steady state waveforms in a converter like the one in Fig.
9.14 are indicated in Fig. 9.15, showing the output voltage u. alternating
between up and -up and the alternating current components of i p, which
must be absorbed by the capacitor. The control can be arranged as before;
an inner current loop controlling the converter via a pulse-width modulator
is important for safe operation. The current controller in Fig. 9.14 is again
drawn as an On/Off switch, but this is only an illustrative example.

. 28
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Fig. 9.15. Waveforms of DC/DC converter with symmetrical modulation

N
"'"1r



The typical response time of the current loop, employing a switched tran-
sistor converter in combination with a DC disk motor, is 1 or 2 ms. For many

applications this justifies the assumption that the current control loop acts
as controllable current source having instantaneous response. Current limit
is achieved by limiting the current reference produced by the superimposed
speed controller. The next higher level of control could be a position control

loop as shown in Fig. 15.9, where the response may be further improved by
feed-forward signals from a reference generator.

Transistor converters have the important advantage that they can be
switched at frequencies > 5 kHz, thus enlarging the control bandwidth as
compared to line-commutated converters. With field effect transistors or
IGBT’s, the frequency can even be increased beyond the audible threshold
> 16 kHz, so that the drive is no longer emitting ob jectionable acoustic noise.

Table 12.3 DC motor drive systems employing de—de converters

de—de converter tupology Ouadrant|s) of operation

- —
i !
J iD, | XD, Feverse braking | Forward motoring
s sz
i Dh&Dy ON | 5 &5 0N
Vo LR oL B el B
I i S o ey p=h | BB,
v, EEELE TR
- K * AD e} = 5
el S nim | mi=g
Reverse motoring | Forward braking
d) Four-quadrant full-bridge chopper

L L
E"'K Dy Feverse braking | Forward motoring
Dy & Dp ON| 5 &5 0N
V| i, R, L, Ey o ot
T — M@—
Yy 3 .od Va
D, & S 2

&) Two-quadrant or half-bridge chopper




1" gquadrant operation

1" gquadrant np#alinn
Forward motoring Forward motoring in freewheeling
L L : -

R, 4

Vi W, f
—_|_— o v L - Dx | v, L.
Tl=1'-in= i'J =0 EE E

B-0 BE=P, v,=0, L,=0,B, =0

Figure 12.12 Operating modes of the step-down or first quadrant chopper presemed in
Table 12.3.

1™ gquadrant operation 7™ guadrant operation
Forward dynamic braking Forward regenerative braking
D i, i D iy
- -t " ——
| % R, ‘ R,
T\-r_ Va = iL 1"‘;" :"-: -1"1;"
— 58| e * 5 |k L
E=0 F.=F
E EI

Figure 12.13 (dperating modes of the step-up or second quadrant chopper presented in
Tahle 12.3.

1" quadrant operation

™ gquadrant operation
Forward motoring

Forward dynamic braking

5 o¥ Dy

I s, o
1" quadrant operation 7™ quadrant operation
Forward motoring in freewheeling Forward regenerative braking
i | -
i Iy
5, A
5 xD
Vin v, l‘-—.‘
5 5 o,

Figure 12.14 Operating modes of the two-quadrant converter presented in Table 123,



1" gquadrant operation 1°! gquadrant eperation

o] [ | RS | |
¥ ) 1 1 S D
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Dhurng this mode of operation enly the Dfu""lg this mode of operation only dﬂ
switches 5; and 54 are conducting dmd.g Dy a.ud D ait;e ccnducu..:g
} sitive voliaze and t g | 3PPhinz posifive voltage to  the
o ot The mache 1 fhe mode | Fmatue but cresting 2 egatve flow
operates as a motor with clockwise | CTent The machme m this mn.de
rotation. Eeeping §, in conduction and | OPErates as a gemerator with clm:kvn_se
applying PWM to S, speed comtrol is | “Peed and, consequently, a regenerative
aclieved  Freewheehng ecwment 1= braking mode 13 achieved.
achieved through 5;and D-

3™ guadrant operation 4% gquadrant speration
i | | ] |
5 D Gax Iy
Vel | i, B L B |
== |
5:F Dy §0=BE>0 54 D
> 822

Dunng this mode of operation only the
diodes D: and D are conducting
apphing negative woltage to  the
armzture but creating a positrve flow of
armature current. The machine m this

Durnng this mode of operation only the
switches 5; and 5; are conductmg
applving megative voltaze +to  the
armature and creating 3 negative
armatore cwrrent. The machine 15 ths )
mode operates as a motor with counter mode operates * 2 generator with
clockwise rotattion Eeepmz 5; m mu’?'ter ﬂdor_kwﬁe speed bnkmd
conduction and applying FWM o 5. "”"E:q.f‘mhi" '_ad_“gm'““ ne
speed control 15 achieved. Freewheelng rHass 15 ashEve

current 15 achieved through 5; and D,

Figure 12.15 Operating modes of the full-bridge four-quadrant converter presented in
Table 1.3,

12,5.4. Four-quadrant Chopper Drives

In four-quadrant dc chopper drives, a moter can be made to work in fnrwafd-motoring
mode (first quadrant), forward regenerative braking mode (second quadrant), reverse
mctor}ng mode (third quadrant) and reverse regenerative-braking mode (fourth quadrant).
The circuit shown in Fig. 12.24 (a) offers four-quadrant operation of a separately-excited dc

motor. Thfs cirenit consists of four choppers, four diodes and a separately-excited de motor.
Its operation in the four quadrants can be explained as under :

Forward motoring. meode. During this mode or first-quadrant operation, choppers CH2,
CH3 are kept off. CH¢4 is kept on whereas CH1 is operated. When CH1, CH4 are on, motor



voltage is positive and positive armature current rises. When CH1 is turned off, positive
armature current free-wheels and decreases as it flows through CH4, D2. In this manner,

conmrolled motor cperation in first quadrant is obtained.

Forward regenerative-braking mode.. A dc motor can work in the
regenerative-braking mode only if motor generated emf is made «0 exceed the dc source
voltage. For obtaining this ode, CH1, CH3 and CH4 are kept off whereas CHZ is operated.
‘When CH2 is turned on, negative armature current rises through CH2, D4, E, L, r,. When
CH?2 is turned off, diodes D1, D2 are turned on and the motor acting as a generator returns
energy to the de sou.ce, This results in .forward regenerative-braking mode in the

second-quadrant.

Reverse motoring mode. This operating mode is opposite to forward motoring mode.
Choppers CH1, CH4 are kept off, CH2 is kept on whereas CH3 is operated. When CH3 and

" CH2 are on, armature gets connected to source voltage V, so that both armature voltage V,
and armature current i, are negative. As armature current is reversed, motor torque is
reversed and consequently motoring mode in third quadrant is obtained. When CH3 is turned
off, negative armature current freewheels through CHZ2, D4, E, L, r,; armature current
decreases and thus speed control is obtained in third quadrant. Note that during this mode,

polarity of E, is opposite to that shown in Fig. 12.24 (a).

CHZ operated| CHY operoied
CH1,CH3,CHacH| CH2,CH3 ot
Forwarded Forwarded
Motering

cH3 operoted | CH4 operated
CHI,CHA off | CH1,CHZ,CH3 off
Reverse Reverse Reg

8 Braking

Moloring M

L

(a) (b
Fig. 12.24. Four-quadrant de chopper drive (a) eircuit diagram and (b) four-quadrant diagram.

Reverse Regenerative-braking meode. As in forward braking mode, reverse
regenerative-braking mode is feasible only if moter generated emf is made to exceed the dc
source voltage. For this operating mode, CH1, CH2 and CH3 are kept off whereas CH4 is
oberated. When CH4 is turned on, positive armature current i, rises through CH4, D2,
Ty Ly B, When CH4 is turned off, diodes D2, D3 begin to conduct and motor acting as a
generator returns energy to the de source. This leads to reverse regenerative-braking
operation of the de separately-excited motor in fourth quadrant.

Note that in Fig. 12,24 (), the numbering of choppers is done to agree with the quadrants
in which these are operated. For example, CH1 is operated for first quadrant, ...., CH4 for
fourth quadrant ete.



Vi Tm

L L
Second quadrant First quadrant Reverse braking | Forward motoring
{(inverter mode) (rectifier mode)
E,>0.i,<0 £,>0.7,>0 T.>0,w<0 T.>0,0>0
= g = 1)
Third quadrant Fourth quadrant Reverse motoring | Forward braking
(rectifier mode) (inverter mode)
E<0,i,<0 En<0,i,=0 Ta<0, w<0 Tn<0, =0
L "
(a) Operation modes by voltage and (b) Operation modes by torque and
current polarities rotating direction
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126 FOUR-QUADRANT dc/dc CONVERTER DRIVE

(c) Circuit

A simplified schematic diagram of a four-quadrant chopper drive system is shown in
Fig. 12.6-1. Typical steady-state waveforms that depict the operation of the conver-
ter are shown in Fig. 12.6-2. As the name implies, four-quadrant operation (current
versus voltage) is possible. That is, the instantaneous armature current i, and the
instantaneous armature voltage may be positive or negative. In fact, four-quadrant
operation is depicted in each switching period in Fig. 12.6-2. In particular, I, is nega-
tive and 1 is positive and v, is vg durin g interval A and —v; during interval B: how-
ever, the average v, and the average i, are positive. Therefore, from an average-value
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Figure 12.6-1 Four-quadrant chopper drive system.,
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Figure 12.6-2 Typical waveforms for steady-state operation of a four-quadrant chopper
drive.



point of view, the dc drive system depicted in Fig. 12.6-2 s cper_uting as a motor if
the rotor speed w, is positive (ccw). This is st quadrant operation .u[' an average-
current versus average-voltage plot even though four-quadrant operation of iz versus
v, occurs each switching period. One must distinguish bc!;weatn four-quadrant opera-
tion during a period and four-quadrant average-value operation. o
If v, is positive and i, is negative (average or inst&mm?eious], then Dpﬂl‘a[t(li? is in
the 4th quadrant of an i, versus v, plot; and it o, is pD!iILWE (c:clw;l, mc_rpuchmc [s
operating as a generator. In the 2nd quadrant, v, is negative and i, is pnmpve; an(‘i if
e, is negative (cw), we have generator operation. In the 3rd quadr_ant, Va 1S negative
and i, is negative; and if v, is negative (cw), we have motor ope rratmn. Itisim pnr_tanl
to emphasize that one-, two-, and four-quadrant chopper operation has been dehrfad
from the plot of i, versus v,. However, the T, versus w, plot is a|SL:: used to define
drive operation where the 1st and 3rd guadrants depict motor np-em!l,mn and the 2nd
and 4th quadrants depict generator operation. At first glance, one might assume that

the quadrants of the i, versus v, plot can be assigned the same modes of operation.
Actually this is only the case if w, is positive (ccw) when v, is positive and negative
(cew) when v, 1s negative as stipulated above, In order to illustrate this, let us assume
that v, and i, are both positive and e, is positive (ccw); the machine is operating as a
motor, and operation is in the 1st quadrant of i, versus v, and in the 15t quadrant of
T, versus o, If v, and i, are positive and w, is zero, the power [v,i,) is being dis-
sipated in r, and the machine is neither a motor nor a generator. If, however, ¢, is
made slightly negative by supplying an input torque, v, and i, can still both be posi-
tive (1st quadrant) and yet generator action is occurring because T, is positive and w,
is negative (2nd quadrant of T, versus w,). Therefore, we must know the direction
(sign) of , when assigning motor or generator action to the four quadrants of the i,
versus v, plot.

There are numerous switching strategies that might be used with a four-quadrant
chopper. The switching depicted in Fig. 12.6-2 is perhaps one of the least involved.
In this case, there are only two states. In the first state, which occurs over interval A,
51 and 52 are closed and 53 and $4 are open. The second state occurs over interval B,
wherein the §3 and 54 are closed and $1 and §2 are open. As in the case of the
previous de/de converters, we will consider the switches and diodes as being ideal.

During interval A, ST and 52 are closed and 53 and §4 are open. At the beginning
of the interval, i, is negative (/) in Fig. 12.6-2. Because S1 and $2 cannot carry
negative armature current, /; must flow through diodes D1 and D2. Note in
Fig. 12.6-2 that —ip), —ip2, —iss, and —igy are plotted for the purpose of a direct
comparison with i,. During interval A, the armature voltage v, is vs: and because
vs 1s larger than the counter emf, the armature current increases from the negative
value of f; toward zero, During this part of the interval, the source current is —inl,
which is also —ip>. When i, reaches zero, D1 and D2 block positive armature current
flow; however, S1 and 2 are closed ready to carry a positive i,. Hence, the current
increases from zero to I> through S1 and S2. During this part of the interval, the
source current iy is ig, which is also is.



During interval B, v, is —vg and are S1 and 52 are open with S3 and 54 closed. At
the beginning of interval B, i, is positive (/5 ); however, $3 and $4 cannot conduct a
positive armature current. Hence at the beginning of interval B the positive /3 flows
through diodes D3 and D4. This continues until i, is driven to zero by —vy, During
this part of interval B, the source current is is —ipy or —ips. When i, reaches ZETT,
diodes D3 and D4 block negative i,; thus, §3 and $4 carry the negative armature
current to the end of interval B where i, = Ij, which is negative. During this part
of interval B, the source current iy is is: or igy. We have com pleted a switching cycle.

Expressions for I; and /I, can be derived by a procedure similar to that used in the
case of the previous choppers. It can be shown that

2e~U-MTu _ o Tl _ 171 hom,
h="% L - -2 (12.6-1)
Fa | — T/ Fa
v [1 = 2% 4 o~ TI%] ko, .
fh=— ; — 12.6-2
2 ra |: 1 — E_T" Ty s { )

If k and vy do not change significantly from one switching period to the next, the
average armature voltage may be expressed as

e T )
ﬁﬂz—“ 1r'3r1'§+J '1.-’5{11(_:]
Tl kT
- -;_-[km- — (1 = K)Tvs]
= (2k — 1)vs (12.6-3)
Note that when k = 0, v, = —vs and when k = 1, v, = vs. It is clear that the time-
domain block diagram for the four-quadrant chopper drive is the same as that shown

in Fig. 12.5-3 for the two-quadrant chopper drive with v, = kvy replaced with
vy = (2k = 1)vg which is (12.6-3).
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Figure 13.13. Four-gquadrant dc chopper circuit, showing first quadrant i, and v,
references.

13.6 Four-guadrant de chopper

The four-quadrant H-bndge dc chopper 1s shown m figure 13.13 where the load
current and voltage are referenced with respect to Ty, so that the quadrant of
operation with respect to the switch number 15 persevered.

The H-bridge 1s a flexible basic configuration where its use to produce single-
phase ac 1s considered in chapter 14.1.1. while its use in smps applications is
considered i chapter 15.8.2. It can also be used as a dc chopper for the four-
quadrant control of a dc machine.

With the flexibility of four switches, a number of different control methods can be
used to produce four-quadrant output voltage and current (bidirectional voltage and
current). All practical methods should employ complementary device switching in
each leg (either T; or Ty on but not both and either T or T; on. but not both) so as
to minimise distortion by ensunng current continuity around zero current output.
One control method mvolves controlling the H-bridge as two virtually mmdependent
two-quadrant choppers. with the over-nding restriction that no two switches 1n the
same leg conduct simultaneously. One chopper 1s formed with T, and T4 grouped
with D; and D;, which gives positive current 7, but bidirectional voltage £v, (QI
and QIV operation). The second chopper 1s formed by grouping T, and T; with D,
and D, which gives negative output current -i,. but bi-direction voltage +v, (QII
and QIII operation).

The second control method 15 to unify the operation of all four switches within a
generalised control algorithm

With both control methods, the chopper output voltage can be erther multilevel or
bipolar, depending on whether zero output voltage loops are emploved or not.
Bipolar output states increase the ripple current magnitude, but do facilitate faster
current reversal, without crossover distortion. Operation 15 mdependent of the
direction of the output current 7,

Since the output voltage is reversible for each control method. a triangular based
modulation control method, as used with the asymmetrical H-bridge dc chopper in
figure 13.9, 15 applicable 1n each case. Two generalised umfied H-bnidge control
approaches are considered.



12.6.1 Unified four-gquadrant dec chopper - bipolar veltage output switching

The simpler output to generate 1s bipolar output voltages. which use one reference
carrier triangle as shown in figure 13.14 parts (c) and (d). The output voltage
switches between + V., and — V, and the relative duration of each state depends on
the magmtude of the modulation mndex 4.
If 4 =0 then T; and Ts: never turn-on since T> and T; conduct continnously
which mmpresses — I; across the load.
At the other extreme, if & = 1 then T; and T; are on continuously and V; 1s
impressed across the load.
If 6 = ¥ then T,; and T, are tumed on for half of the period T, while T, and T,
are on for the remaining half of the period. The output voltage is — V, for half
of the time and + V; for the remaming half of any penod. The average output
voltage 15 therefore zero, but disadvantageously, the output current needlessly
ripples about zero (with an average value of zero).

The chopper output voltage i1s defined n terms of the triangle voltage reference
level v, by

® Va4, V=-V;

¢ vy <6, Vvp= 1V
From figure 13.14¢c and d. the average output voltage varies linearly with & such
that

V = lU ! +Ka’r+IT—K dr)
T 0 i
(13.105)

&

1 ot
=—(2t,-TW.=|2L-1|F
:r{‘" ]"[:r ]

Examination of figures 13 14¢ and d reveals that the relationship between fr and &
must produce

when 5 =0.f, =0and v, =V,

when d =% f, =%Tandv, =0

whend=1L¢ =T andv =+F
that 1s

5=t
T

which on substituting for 77 /T 1 equation (13.103) gives



Fﬂ:[zi_]_]p:
r

=(26-1)¥V, for 0=5=1

The average output voltage can be positive or negative, depending solely on 4. No
current discontinuity occurs since the output voltage 1s never zero. Even when the
average 1s zero. ripple current flows though the load.

The rms output voltage 1s independent of the duty cycle and 1s ;.

The output ac ripple voltage 15

K= V: —I'r:

Lol L]

= Vi -(26-1)7? =27,,[5(1-06)

The ac ripple voltage 1s zero at 6 = 0 and 6 = 1. when the output voltage 15 pure dc,
namely - V; or V, respectively. The maximum nipple voltage occurs at 6 = ¥, when
V="V

The output ripple factor 1s

(13.106)

(13.107)

v 2 K: !'5{1— )
. (o1, (13.108)
2J6(1-5) '
-~ (26-1)
Circuit operation 1s charactenized by two time domain equations
During the on-period for T1 and T4, when v,(t)=TF
1% Ri +E=V
dt
which yields
erj:?j[l-ﬁ]ﬁﬁ for 0=r<t, (13.109)
Duning the on-period for T2 and T3, when v, (t)=- F;
di
L 3: +Ri +E=-V
which. after shufting the zero time reference to fr. gives
’ - A =t
fn{r]:—K;E[l—eTHIe’ for 0=f=T-t (13.110)
: J

The 1mtial «t:a:mn:ii1::i+::r1:15jr a.n.df are determuned by using the usval steady-state
boundary condition method.

- -T
where 1:21_29—_‘:" _ £ (A)
R l-e* R
) B (13.111)
W ‘)T_ T
ma j-l2e71%er B A
R - R



Example 13.7:  Four-quadrant de chopper

The H-bridge, de-to-de chopper in figure 13.13 feeds an inductive load of 10 chms
resistance. 30mH inductance, and back emf of 33V dc, from a 340V dc source. If
the chopper 15 operated with a 200Hz multilevel carrier as in figure 13.14 a and b,
with a modulation depth of § = %4, determine:
i the average output veltage and switch T cn-tune
ii.  the rms output voltage and ac ripple voltage
ui.  the average output current, hence gquadrant of operation
iv. the electromagnetic power being extracted from the back emf E.
If the mean load current is to be halved, what is
v.  the modulation depth, 4, requirement
vi.  the average output voltage and the corresponding switch Ty on-time
vii.  the electromagnetic power being extracted from the back emf E?

Solution
The main circuit and operating parameters are
* modulation depth 6 =14
s period Togng = 1fagrie= 1/200Hz = 5ms
¢ F=33V and I'=340V dc
* load time constant 1 = L/R = 0.05H/100 = 3ms

i. The average output voltage is given by equation (13.114), and for & = 1%,
7 =[i'—1jrj =(26-1)7,
’ T
=340Vx(2x% - 1) =-170V
where

t, =26 T=2x%x(¥%x5ms) = 1. 25ms

Figure 13.14 reveals that the carmer frequency is half the switching frequency, thus
the 3ms in the above equation has been halved. The switches Ty and T: are turned
on for 1.25ms, while T; and T; are subsequently turned on for 3.75ms.

ii. The rms load voltage, from equation (13.118), is



v.=\V1-2 T,
= 340Vl - 2% = 240V rms

From equation (13.119), the output ac ripple voltage is

v =27, [5(1-25)
=2 <340V, [t (1 - 2x%) = 170V ac

iti. The average output current is given by equation (13.117)
- V.-E (26-1)V-E
" R R
340V (2= - 1} - 55V
100
Since both the average output current and voltage are negative (-170V and -22.5A)
the chopper with a modulation depth of 5 = V4, is operating in the third quadrant.

= 21354

iv. The electromagnetic power developed by the back emf E is given by
F =EI =35V=({-223A) =-12375W

v. The average output current is given by

; (7 —E% _((25-1)7,- E%

when the mean current is -11.25A 5 =0.413, as derived in part vi.
vi. Then. if the average current is halved to -11.23A
7 =E+1R
=53V - 11.23A =108 = -537.5V
The average cutput voltage rearranged in terms of the modulation depth & gives
7
§= &':{ 1+—
A

™

{14 2V
340V

=0.415

The switch on-time when & < 2 is given by
t,=26T= 2Kﬂ.415><{1~“'3><5ms} =2.07ms

From figure 13.14b both T and Ts are turned on for 2.07ms, although, from table
13.3B, for negative load current, f,, =-11.23A. the parallel connected freewheel
diodes D; and Dy conduct alternately, rather than the switches (assuming I < 0).
The switches T) and Ty are turned on for 1.23ms, while T; and T; are subsequently
tumed on for 2 93ms.

vii. The electromagnetic power developed by the back emf F is halved and is given
by _

F =EJ =35V« [:-1 1.15}".} =_618.75W

If the cutput current never goes positive, that is Iis negative, then Ty, T4, D5, and
D; do not conduct, thus do not appear in the output device sequence. The
conducting sequence is as shown in table 13.3B for J < 0.

Unlike the bipolar control method, the output sequence is affected by the average
output voltage level. as well as the polarity of the output current swing. The
transition between the six possible sequences due to load veltage and current
polarity changes. is seamless. The only restriction is that devices in any leg do not
conduct simmltanecusly. This is ensured by inserting a brief dead-time between a
switch terning off and its leg complement being turned on.



Figure 21.70
Four-quadrant dc-to-dc converter,



21.42 Four-quadrant
dc-to-dc converter

The 2-gquadrant converter we have studied can only
be used with a load whose voltage has a specific po-
larity. Thus, in Fig. 21.69, given the polarity of Ey,
terminal | can only be (+) with respect to terminal
2. We can overcome this restriction by means of a
d-guadrant converter. It consists of two identical
2-gquadrant converters arranged as shown in Fig.
21.70. Switches Q1, Q2 in converter arm A open
and close alternately. as do switches Q3, Q4 in con-
verter arm B. The switching frequency (assumed to
be 100 kHz) is the same for both. The switching se-
quence is such that Q1 and Q4 open and close si-
multaneously. Similarly, Q2 and Q3 open and close
simultaneously. Consequently. if the duty cycle for
QI is D, it will also be D for Q4. It follows that the
duty cycle for Q2 and Q3 is (1 — D).

The dc voliage E, appearing between terminals
A. 2 is given by

E. = DEy,

The dc voliage £ between terminals B, 2 1s

Eg = (1 — D)E,
The dc voltage E, ; between terminals A and B is
the difference between £, and E:

Evp = Ey — By

= DEy— (1 — D)Ey

thus

E,=E4q(2D—-1) (21.24)



Equation 21.24 indicates that the d¢ voltage is
zero when D = (.5, Furthermore, the voliage
changes linearly with D, becoming + £y when D =
|, and — E;; when D = 0. The polarity of the output
voltage can therefore be either positive or negative.
Moreover, 1t a device i1s connected between termi-
nals A, B, the direction of dc current flow can be ei-
ther from A 10 B or from B to A, Consequently, the
converter of Fig. 21.70 can function in all four
quadrants.

The instantaneous voitages E ., and Eg, oscil-
late constantly between zero and +Ey,. Fig. 21.71
shows the respective waveshapes when D = ().5.
Similarly, Fig. 21.72 shows the waveshapes when
D = 0.8. Note that the instantaneous voltage E p
between the output terminals A, B oscillates be-
tween +Ey and —FE;. In practice, the alternating

components that appear between terminals A, B are
filtered out. Consequently, only the dc component
E, . remains as the active driving emf across the ex-
ternal device connected to terminals A, B.



Consider, for example, the block diagram of a
converter feeding dc power o a passive load R (Fig.
21.73). The power is provided by source Ey;. As we
have seen, the magnitude and polanty of £, can be
varied by changing the duty cycle D. The switching
frequency f of several kilohertz is assumed to be
constant. Inductor L and capacitor C act as filters so
that the dc current flowing in the resistance has neg-
ligible ripple. Because the switching frequency is
high, the inductance and capacitance can be small,
thus making for inexpensive filter components.

The dc currents and voltages are related by the
power-balance equation Eyly = E;  [;. We neglect
the switching losses and the small control power as-
sociated with the D and finput signals.

Fig. 21.74 shows the converter connected to an
active device E;;, which could be either a source or
a load. If need be, the polarity of £, could be the re-
verse of that shown.

In all these applications we can force power 1o
flow from E, to E,, or vice versa, by simply ad-
justing the duty cycle D. This 4-quadrant de-to-dc
converter is therefore an extremely versatile device.

The inductor L 1s a crucially important part of the
converter. It alone is able 1o absorb energy at one

voltage level (high or low) and release it at another
voltage level (low or high). And it performs this
duty automatically, in response to the electronic
switches and their duty cycle.
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Figure 21.71
Voltage output when D = 0.5. The average voltage is

Zero.
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Voltage output when D = 0.8. The average voltage
E. is 0.6 Ey.
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Figure 21.73
Four-quadrant dec-to-dc converter feeding a passive dc
load A.
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Figure 21.74
Four-quadrant dc-to-dc converter feeding an active de
source/sink E,.

Example 22-7
A 25 hp. 250V, 900 r/min dc motor is connected to
adc-to-de converter that operates at a switching fre-
quency of 2 kHz. The converter is fed by a 6-pulse
rectifier connected to a 240 'V, 3-phase, 60 Hz line
(Fig. 22.21a). A 500 pF capacitor € and an induc-
tor L, act as filters. The armature resistance and in-
ductance are respectively 150 m{} and 4 mH. The
rated dc armature current 1s 80 A. We wish to deter-
mine the following:

a. The required duty cycle when the motor devel-
ops its rated torque at rated speed

b. The waveshape ol currents /,, I, and [,

¢. The waveshape of voltages £, and E 5.



E|2=324V  Ecp=250V

3 i
— 240 V
—1 3-ph
. recti-
fier

Figure 22.21a
See Example 22-7.

thus,
250 =3242D — 1)
and so,
D = 0.886

The 250 V appears between terminals A, B (Fig.
22.21a).

Because the motor develops rated torque, the ar-
mature draws its rated current, namely 80 A. The
voltage drop in the armature resistance is

BOA X 01580 =12V



The induced armature voltage, or counter emf, at
000 r/min 1s, therefore,

E,=250—12=238V
The dc power input to the motor 15

P =250V X 80A =20000W

Neglecting the losses in the converter, and recalling
that the dc output of the rectifier is 324 V, it follows
that current /4 is given by

324 1, = 20 000
IL,=61.7TA

i
The frequency of the converter is 2 kHz and so the

period of one cycle is

= 1= 112000 = 500 s

fd=ﬁ1.?ﬁn Iy
— ™= =80A Esc=324-250=74V
L

—m L 'F-'I_H- = - ESD 1'Il'll

g

Figure 22.21b
Circuit when Q1 and Q4 are “on.” Current [, is increas-
ing. E{_TA _?4 !UII

The on and off times of Q1 (and Q4) are. respec-
tively,

T, = DT = 0.886 x 500 = 443 ps

T, = 500 — 443 = 57 ps
It follows that the corresponding on and off times of
Q2 (and Q3) are 57 ps and 443 ps.

We recall that Q1 and Q4 operate simultane-

ously, followed by Q2 and Q3, which also open and
close simultancously.



When QI and Q4 are conducting, the armature
current follows the path shown in Fig. 22.21b. This
lasts for 443 ps and during this time /, (= 80 A)
flows in the positive direction. Note however, that
the rectitier only furnishes 61.7 A, wherecas the ar-
mature current is 80 A, It follows that the difference
(80 — 61.7) = 18.3 A must come from the capaci-
tor. The capuacitor discharges, causing the voltage
across it to drop by an amount AE given by

AE=0/C = I83A X 443 ps/500 pF = 16V

Q1 and Q4 then open for 57 ps. During this in-
terval Q2 and Q3 are closed (Fig. 22.21¢), but they
cannot carry the armature current because it is flow-
ing opposite to the direction permitted by these
IGBTs. However, the current must continue to flow
because of the armature inductance. Fortunately. a
path is offered by the diodes D2 and D3 associated
with Q2 and Q3, as shown in the figure. Note that /,

=617 A
L 80 A
_m ° S~ -~ - g = ===
I :
141.7A ‘D3
Fy
[ [—— k
500 uF T .
9 .F:A(_':—S?'dvu
(57 us) Eep=+250V
S S
M
Figure 22.21c

Circuit when D2 and D3 are conducting. Current [, is
decreasing.



(= 80 A) now flows toward terminal I, which is op-
posite to the direction it had in Fig, 22.21b.

Meanwhile, current /4 furnished by the rectifier
continues to flow unchanged because of the pres-
ence of inductor L. As a result, by Kirchhoff's cur-
rent law, the current /5 must flow into the capacitor
and its value is (80 + 61.7) = 141.7 A. This high-
lights the absolute necessity of having a capacitor in
the circuit. Without it. the flow of armature current
would be inhibited during this 57 us interval. The
capacitor charges up and the increase in voltage AE
is given by

AE = QIC = 141.7A X 57 ps/500 uF = 16 V

Note that the increase in voltage across the capacitor
during the 57 ps interval is exactly equal to the de-
crease during the 443 ps interval. The peak-to-peak
nipple across the capacitor is, therefore, 16 V. Thus,
the voltage between points 1 and 2 fluctuates be-
tween (324 + 8) = 332 Vand (324 — 8) = 316 V.
This 2.5 percent fluctuation does not affect the op-
eration of the motor.

Let us now look more closely at the armature
current, particularly as regards the ripple. In Fig.
22.21b the voltage across the armature inductance
can be found by applying KVL:

Exe +250+0—-324+0=0



Hence
E.c =74V

Therefore, the volt seconds accumulated during this
443 psinterval 1s 74 % 443 = 32 782 ps-V. The re-
sulting increase in armature current A/, 1s

Al = AL, = 32782 x 10 “/0.004 =8 A (2.28)

Next, consider Fig. 22.21c. The voltage across the
armature inductance can again be found by apply-
ing KVL:

Enc T Ecg T Egy + Ej3 + E5, =0
Epe +2504+0+324+0=0

Hence, E,~ = —574 V. This negative voltage causes a
very rapid decrease in the armature current. The decrease
during the 57 s interval is given by

Al, = 574 x 57 % 10 "/0.004 = § A (2.28)

The 8 A decrease during the 57 ps interval is pre-
cisely equal to the increase during the previous 443
ws interval. The peak-to-peak ripple 1s, therefore,
¥ A which means that the armature current fluctu-
ates between (80 + 4) = 84 A and (80 4) =
76 A, Figure 22.21d shows the waveshapes of the
various voltages and currents.



Example 22-8

We now consider the question of lJ"r"Ild[TI]L braking.
The same motor i1s used as in Example 22-7, and we
assume 1t 15 running at 900 r/min at the moment that
braking is applied. We further assume that the iner-
tia of the motor and its load 1s very large. As a re-
sult, the speed cannot change quickly. The connec-
tion between the converter and the 6-pulse rectifier
is removed and a braking resistance of 20 () is con-
nected between terminals | and 2. along with the
500 wF capacitor (Fig. 22.22). We assume that a
braking torque equal to 75 percent of nominal
torque is sufficient. Consequently, the required ar-
mature current is .75 > 80 A = 60 A. The switch-
ing frequency remains unchanged at 2 kHz. We

wish to determine the following:
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Figure 22.21d
Waveshapes of curfents and voaltages in Example 22-7,
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Figure 22.22

Dynamic braking. See Example 22-8.

a. The voltage across the resistor
b. The duty cycle required
¢. The braking behavior of the system



Sellution

a. Because the motor is turning at 900 r/min at the
moment that braking is applied, the induced
voltage £, remains at 238 V. However, the mo-
tor must now operate as a generator and so the
60 A braking current flows out of the (+) ter-
minal, as shown in Fig, 22,22,

The voltage drop across the armature resis-
tance is 0158 X 60 A =9 V.

The dc voliage between terminals A, B is
(238 — 9) = 229 V, which is the required aver-
age output voltage E, ; of the converter.

To calculate the dc input voltage E,; between
terminals 1. 2 of the converter, we reason as
follows:

Due to the large inertia, the speed will re-
main essentially constant at 900 r/min for, say,
10 eyeles of the converter switching frequency.

The power output of the generator during
this 10-cycle period is equal to the power ab-
sorbed by the 20 () braking resistor, Thus,

220V x 60 A = (Ey)/20 ()
hence Ey=E,=524V

This voltage is much higher than the previ-
ous operating voltage of 324 V. It is actually an
advantage because the higher voltage automati-
cally prevents the input rectifier from continu-
ing to feed power to the drive system. On the

other hand, the voltage should not be too high,
otherwise it could exceed the withstand capabil-
ity of the switching IGBT devices.

The average current in the resistor is
524 V200 = 26 A.



b. Knowing the input and output voltages of the
converter, we can determine the value of the
duty cycle:

E,=E4 2D-1) (21.24)
220 =542 D - 1)
Therefore
D =072
The on and off times of Q1 (and Q4) are, therefore,
T, = DT = 0.72 % 500 = 360 ps
T, = 500 — 360 = 140 s

It follows that the corresponding on and off
times of Q2 (and Q3) are 140 ps and 360 ps.
Q1 and Q4 sull operate simultaneously, as do
Q2 and Q3.

When Q2 and Q3 are closed, the armature
current follows the path shown in Fig. 22.23.
This lasts for 140 ps and during this time /, (=
60 A) flows out of terminal 1. The current in
the resistor is still 26 A. It follows that a current
(60 + 26) = B6 A must come from the capaci-
tor. The capacitor discharges, causing the voli-
age across it to drop by an amount AE given by

AE = QIC = 86 A X 140 us/S00 pF = 24 V

1
"“l —= 60 A . -
26 A rBEA 4 150 i i ]
+ A M cmo B Q3
200 - ]
h -— ¥ -
60A 233V

Figure 22.23
Current flows through IGBTs Q2 and Q3.
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Figure 22.24
Current flows through diodes D1 and D4,

Next, when Q2, Q3 open and Q1, Q4 close, the
current has to circulate via diodes D1 and D4
(Fig. 22.24). Applying KCL,, a current of (60 —
26) = 34 A must flow into the capacilor during
360 ps. The resulting increase in voltage is

AE = QIC = 34 A x 360 ps/500 pF = 24V

Thus, the increase in voltage during 360 ps is
exactly equal to the decrease during the remain-
ing 140 ps of the switching cycle. The voliage
across the resistor fluctuates between 524 +
12=536Vand 524 — 12 =512 V.

Thas example shows that the converter can
transfer power to the passive braking resistor. In
50 doing, the motor will slow down and the
voltage between terminals A, B will decrease
progressively. By continually adjustung the duty
cycle during the deceleration peniod. it is possi-
ble to maintain the 60 A braking current until
the speed is only a fraction of its rated value.
This adjustment is of course done automatically
by means of an electronic control circuit.



10,22 The power circuit configuration during regenerative braking of a subway car is shown in Fig.
P10.22. The dec motor voltage constant is 0.3 V/rpm, and the de bus voltage is 600 V. At a motor
speed of 800 rpm and average motor current of 300 A,

(a) Draw the waveforms of vg, i, and i, for a particular value of the duty cycle o [~ f.0/T).
{(b) Determine the duly ratio o of the chopper for the operating condition.
{e) Determine the power fed back to the bus.

FIGURE P10.22

> wt

(b) Vo = (Ii=A)éoo = Ea = 0-3 x 800 = 240V

{nf‘ﬁ%—‘ﬂ-é

) Is = (t-) 300 = (i-0.4)300=120A

Ps = oo x 120 = 72 kw

Ok ?5'= 'Pg_:.- Eala 7 240 %X 300 =772 kW

10, A 220-V, B0-A, separately excited de motor operating at 800 rpm has an
armature resistance of 0.18 £2. The motor speed is controlled by a chopper
operating at 1000 Hz. If the motor is regenerating, (a) determine the motor speed
at full load current with a duty ratio of 0.7, this being the minimum permissible
ratio (b) Repeat the calculation with a duty ratio of 0.1.



Solution
(a) When the machine is working as a motor, Ej, is obtained from the equation

Ey = E — IR, = 220 — 80 % 0.18 = 220 — 14.4 = 2056V
From the equation
Ey=kN
~205.6

80O
When it is regenerating, the step-up configuration of Fig. 3.7(c) holds good. Thus,

Ey=E(1 —8) + IRy = 22000 —0.7) + B0 x 0.18 = 66 + 144 = B0.4V

= 0.257

E, 804
N=1 = 0257 = 313mm

(b) The speed for § = 0.1 is obtained as follows:
Ep=22001 —0.10) + 80 % 0. 18 = 198 + 14.4 = 2124V

Therefore the speed is

11. A 250-V, 105-A, separately excited de motor operating at 600 rpm has an
armature resistance of 0,18 €2. Its speed is controlled by a two-quadrant chopper
with a chopping frequency of 550 Hz. Compute (a) the speed for motor operation

with a duty ratio of 0.5 at 7/8 times the rated torque and (b) the motor speed if it
regenerates at § = (0.7 with rated current.



Sc;;!uriun
(a) The initial back emf is to be determined from the equation
Ey = E — IR, = 250 — 105 x 018 = 231.1V

Hence the back emf constant & = 231.1,/600 = 0.385. A fraction 7/8 of the rated
current I =7/8x105 =91.875 A. The new £, is obtained as

E, = E§ — IR,
where § = 0.5 and [, = 91.875. Its numerical value is
E, =250 x 0.5 —-91.875 x 0.18 = 108.46V
The new speed 1s

E} 108.46
V=% T oaes o 2w
(b) When it is regenerating, Eqn (7.54) is to be used. Thus,
I Ey, — E(1—38)
a - Ra

or
E, = E(1 —-8) + IR,
Substituting values gives
Ey, =250(1 —0.7) + 105 x 0.18 =939V
From this, the speed N = 93.9/0.385 = 244 rpm



Example 12.21. A dc chopper is used for regenerative braking of a separa;el;:xzc:zfaiz
mnrurx;‘hel-)dc sr.r.;;ply voltage is 400V. The motor hasr,=02Q, K, =12 V-s/rad. The .

' ' gl ipple.
armature current during regenerative braking is kept constant at 300 A with negligible ripp

For a duty cycle of 60% for a chopper, determine

(a) power returned to the dc¢ s_uppl): . .
(b) iin:’mum and maximum permissible braking speeds aqd
(c) speed during regenerative braking.

jon. (a) Average armature terminal voltage,
Solmier @ gV, =(1-oV,=(1- 0.6) x 400 = 160 V.

.r returned to the dc supply
powerTe =VJI,=160x300 W= 48 kW

(b} Frofn Eq. (12.41), minimum braking speed is

= I 7o = 300x02 50 rad/s or 477.46 rpm
Omn ="K, 1.2
i king speed is
From Eq. (12.42), maximum bra
Vs"'la Ty _400+ 300x 0.2
Wy = K = 12

m

- 383,33 rad/s or 3660.6 rpm

(¢} When working as a generator during regenerative braking, the generated emf ic
E)=K, w,=V +1r,=160+300x02=220V '

. Motor speed, w,, = glgg- rad/s or 1750.7 rpm

Principle of Step Down Chopper
(Buck Converter)

In this topic, you study the Principle of Step Down Chopper and its

associated circuit diagram, Waveforms, Modes of operation, &
theory.

The buck converter produces a lower average output voltage than the dc
source input voltage.



Circuit diagram

The working of a buck regulator is explained using the circuit diagram
as shown in Figure 1. The switch 57 shown in the circuit diagram can be

a conventional thyristor i.e., SCE, a GTO thyristor, a power transistor, or
a MOSFET.

Vi C_) i é

Figure 1 Circuit diagram of step-
down chopper (buck converler)
with resistive load.



Waveforms

The typical waveforms in the converter are shown in Figure 2.
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Figure 2 Waveforms of step-down chopper (buck converter) with resistive load.



Modes of Operation Interval

The two modes in steady state operations are

Mode of Operation Interval 1: -

The time interval iz 0 = ¢ = Ty The circuit diagram for Mode of
Operation Interval 1 is shown in Figure 3 and the corresponding
waveforms are shown in Figure 2. The switch 5; is turned on and the
resistive R load directly connects to input dc source voltage Vg and
hence vy = Vg, the source (or input) current flows through the Resistive
load so ig = ip = vp,/ K.

5
Arrrorrrrasseaas -
: .fr} i5
I{.ﬁ CD * ! o '
-
o 555 s B EEe 8 E Y

Figure 3 Circuit diagram of step-
down chopper (buck converter) with
resistive load when switch §; ON,



Mode of Operation Interval 2: —

The time interval is Ty =t < Tppp. The circuit diagram for Mode of
Operation Interval 2 is shown in Figure 4 and the corresponding
waveforms are shown in Figure 2. The switch 5, is turned off and the
resistive B load disconnects from input dc source voltage Vs and hence
v = 0, also the source (or input) current flows through the Resistive load

— o0 o0— .

5

ih=i=10

willbeig=in=0.

Figure 4 Circuit diagram of step-
down chopper (buck converter) with
resishve load when swilch 5, OFF.



Average output voltage Vo

Using the output voltage waveform as shown in Figure 2, the average
value of the output voltage write as

= Town
Ton + Torr

-(1)
Also,
T =Ton + TorF-..(2)

Using Equation 1 and Equation 2 gives

T;
Vo = %VS = aVg

S0,
Vo=aVs...(3)
where,

o = Ton /T, ais the duty cycle of the chopper and the value of a lies
between 0 < a < 1. Ty is the on - time of the switch &) or chopper,
ToFr is the off - time of the switch 5; or chopper, T is the chopping
period, and the chopping frequency f = 1/T.

RMS output voltage V..

Using the output voltage waveform as shown in Figure 2, the RMS value
of the output voltage write as
1/2

Ton V2
Ton + Torr °

|

or

Vorms = ﬁVS



Example 12.16. A dc series motor is fed from 600 V dc source through a chopper. The dc
motor has the following parameters :

r,=0049Q, r,=0.06Q, k=4x10"°Nm/amp®

The average armature current of 300 A is ripple free. For a chopper duty cycle of 60%,
determine :

(a) input power from the source
(b) motor speed and (c) mator torque.

Solution. (a) Power input to motor
=V, - I,=aV,.I,
= 0.6 x 600 x 300 = 108 kW.
(b) For a dc series mofor,
' aV,=E,+I, R=kI,©,+I,R

0.6 x 600 = 4 x 10”2 x 300 x «,, + 300 (0.04 + 0.06)
Wy = %—gﬂ = 275 rad/sec or 2626.1 rpm

(¢) Motor torque, T,=kI,2=4x10"%x 300" = 360 Nm.



Example 12.17. The chopper used for on-off control of a dc separately-excited motor has
supply voltage of 230V dc, an on- time of 10 m sec and off-time of 15 m sec. Neglecting armature
inductance and assuming continuous conduction of motor current, calculate the average load
current when the motor speed is 1500 rpm and has a voltage constant of K, = 0.6 V/rad per

sec. The armature resistance is 3 . [IA.S., 1985}

Solution, Chopper duty cycle
o Ten __10 _
T+ Top 10+15
For the motor armature circuit,

Vi=aV,=E, +1,r,=K, -0, +1r,

0.4x230=0.5x315—%%§99+1ax3

0.4

o

. Motor load current, I, = %%.5._’5.1‘. =4.487 A



TheExample 12.18. A‘dc chopper is used to control the speed of a separately-excited dc motor.
’ dc supply voltage is 220 V, armature resistance r, = 0.2 Q and motor constant K, ¢ = 0 Oé}
/rpm. T

This motor drives a constant torque load requiring an average armature current of 25 A.

Determine (o) the range of speed control (b) the
current to be continuous. range of duty eycle o Assumﬁi&tge ?g;?)?

Solution. For the motor armature circuit,
Vl = U‘Vs= Ea+1ara
_ A‘ motor drives a constant torque load, motor torque 7, is constant and therefore
armature current remains constant at 25 A, '
Minimum possible motor speed is N = 0. Therefore,
ax220=0.08x0+25x20=5
5 _1 ' '
Maximum possible motor speed correspondé too = 1, i.e. when 220 V dc is directly applied
and no chopping is done.
1x220=0.08xN+25x0.2
220~5

or | N= 008 - 2687.5 rpm

-, Range of specd control : 0 < N < 2687.5 rpm and corresponding range of duty cycle :
1 e | |
24 <o <l

Example 12.19. A separately-excited dc motor is fed from 220 V dc source through a
chopper operating at 400 Hz. The load torque is 30 Nm at a speed of 1000 rpm. The motor
has r, =0, L, = 2 mH and K, = 1.5 V-sec/rad. Neglecting all motor and chopper losses,

calculate _
(@) the minimum and maximum values of armature current and the armature current

excursion,
(b) the armature current expreseions during on and off periods.



Solution. As the armature resistance is neglected, armature ¢
between its minimum and maximum values.

(2) Average armature current, I, = % =15-
m L

E, <K, ap=15x 22100 15708V

Motor emf,
Motor input voltage, oV,=V,=E +Ir,=1567.08+0
157.08
0="000 - 0.714
Periodic time 1.l Losms
! f 400

On-period, * T,=0T=0714%25= 1.785 ms
Off-period, Typ=(1- o) T =0.716 ms

urrent varies linearly

T,. armature current will rise which is governed by the equation,

During on-period

- dig
0+LE?+E"=V’
di, V,~E, 220-157.08
or - L 0.02 =3146 A/s
. . di, E, -157.08
During off period, =L " 002 =- 7854 A/s

With current rising linearly, it is seen from Fig. 12.21 that
' di
‘ | A=l + (d_a duﬁng Ton] XT,,

N =L, +3146x 1785 % 107°
o | I,.=I, +5616" '
. For linear variation between I, and I, average value of armature current
1, = T * |
2
or o I, =40-1,,
Solving Eqgs. (i) and (ii), we get I,,, =22.808 A
and | I, =17912A.
- Armature current excursion =1, ~1.,=22808~17912=5616A

=20 A

o AD)

i)



(b) Armature current expression during turn-on,

dt
=17.192+ 3146¢ for0<t<T,,

Armature current expression during turn-off,

! di, . .
Ly=1,,+ (—-— during Tm]x t

_ di, . .
Ly =1, + "(—i?dunng off | X ¢

=22.808-7854¢t for0<t<T

Example 12.20. Repeat Example 12.19, in case motor has a resistance of 0.2 Q for its
armature circuit,

Solution. (a) From Example 12.19, armature current, [, = 20 A and motor, emf{,
E, = 157.08 V; source voltage, V, = 220 V.

For armature circuit, oV, =V,=V,=E, +1, r,=157.08 +20x 0.2=161.08 V

_161.08 _
=220 - 0.7322
Ton=aT=0.7322x2.5=1.831ms

.R= 0.2 - 10

T,=T-T,,=0.669 ms, L =002

During T, from Eq. (12.34), armature current is

i, (5 = 220 157.08 _01257'08 Q-e1%+1,, 1™
At ¢=T,, = 1.831 ms, current become I,,,. This gives
' i, (8)=1,,=57079+0981871, , (1)
During T4, from Eq. (12.35), armature current is
- 1567.08

iy ()= 55— (- ™+, &1

At t=0.669 ms, i, (¢)=1,,, This gives
ity =1Ip,=-5237+0.99331,, - Lit)

!



ar

Solving Egs. (i) and (i), we get
Y ] .. =57079+0.98187 (- 5.237+0.9933 1)

=0.5658 + 0.9753 1 ,,
0.5658
I, = 50247~ 22.907 A
I 5237+09933><22 907=17516 A
Armature current excursmn
={ =1, =22907- 17.516=53% A

(b} Alimature current expression during turn-on period is
i(t)=3814.6(1-¢ %) +17.516¢ '*

Armature current expression during turn-off peried is
i(t)=—785.4 (1—¢ %) +22.907¢ "



Example 4.3
A 230 V, 500 rpm, 90 A separately excited dc motor has the armature resistance and
inductance of 0.115 {) and 11 mH respectively. The motor is controlled by a chopper
operating at 400 Hz. If the motor is regenerating,

Prg |
§ |82 |4
] ] Figure 4.7 Regenerative braking perfor-
5y >85>8, = mance curves of TRC chopper-fed dc sepa-
0 w, rately excited motor.

1. Find the motor speed and the regenerated power at the rated current and a
duty ratio of 0.5.

2. Calculate the maximum safe speed if the minimum value of the duty ratio
is 0.1.

Solution: At rated conditions of operation,
E=V-IR,=230-90x0.115=219.7 V
1. In regenerative braking
(1-8)V=E-IR, or E=(1-8)V+IR, (E4.4)
Atd=05and [,=90 A
E-n.nzammm.ns-usv

. N
Since E E,

where N, = rated speed in rpm and N = speed to be calculated



Thus
& N.E 3 500 x 125

= 284.5
ey a0 —
11 x 107 1
= — = 05 65 mS T=—=25mS
L A 0115 95.65 mS, 300
2.5x107?
Tf'l',"w—ﬂ.ﬂ!ﬁ and 7,/T=38.3
Equation (4.30) is repeated here: »
VI [E 7, [e!' 4T 4 o8Tma — oTima — | ,
= i - . — + £ - :
Py R, [(V l) (1-8) T{ . }] (4.30)
- Now
={1—ET['.'7. + cﬂ.“r. P eT--r. -] Eﬂ.ﬂr"r. + ED.ST-rl ey ='l'-'1'. -]
] - ci‘r. =k= ] - ET-‘n
e?STm—1 0.013
o1 200 006
From equation (4.30),

2
P,,=-E:[(+E—— 1)-[1 -6,1+*1_-1£xj|

2302 [ (125

=9.52 kW

2. The maximum safe speed will be obtained at the minimum value of 8 and the
rated armature current. For higher speeds, the armature current will exceed

the rated motor current and this operation will not be safe for the motor. At
the maximum safe speed N, the back emf E, is given by
E,=(1-8,)V+IR,=09x%x230+90 x0.115=217
E 500

NM=E'XEm=mx 217=494rpm



Example 4.4
The motor of example 4.3 is controlled by a class C two-quadrant chopper operating

with a source voltage of 230 V and a frequency of 400 Hz.

1. Calculate the motor speed for a motoring operation at 8 = 0.5 and half of
rated torque.

2. What will be the motor speed when regenerating at 8 = 0.5 and rated torque?
Solution: At the rated conditions of operation,
E,=V-IR,=230-90Xx0.115=219.7 V

1. From equation (4.33),
8V=E + IR,

At half the rated torque, I, =45 A
Atd=0.5
E=8V-IR,=05%x230-45x0.115=1098 V

_NE _500x109.8 _
E, 219.7

2. In the regenerative braking at the rated torque, I, = =90 A
From equation (E4.5),

E=6V-IR,=0.5%x230+90x0.115=125.4

_NE _500x 125.4
B = 3I9,7

(E4.5)

250 rpm

N

= 285 rpm

N



Example 4.5
The motor of example 4.3 is fed by a four-quadrant chopper controlled by method [I1.
The source voltage is 230 V and the frequency of operation is 400 Hz.

1. If the motor operation is required in the second quadrant at the rated torque
and 300 rpm, calculate the duty ratio.

2. What should be the value of the duty ratio if the motor is working in the third
quadrant at 400 rpm and half of the rated torque?

Solution: At the rated conditions of operation
E,=230-90x0.115=219.7 V
1. Equation (4.39), which is applicable to method III is reproduced here:
_2V(36-05)-E
. R,
The motor is working in the second quadrant, therefore,
I,=-90 A

B x E,=Ex 219.7=131.8V

500 500
Substituting in equation (4.39), gives

2x230(8 —0.5) - 131.8 -
0.115

I (4.39)

-90 =

121
6=05+—=_76.
460

2. At half the rated torque and in the third quadrant

I,=—45A
400
= — — T=—? ‘V
E smxllﬂ 175.7

Substituting in equation (4.39), gives

2 x 230(8 — 0.5) + 175.7

—45 =
e 0.115

181
§=05-——=0.11.
460



Example 4.1

A dc motor s driven (rom a chopper with a source voltage of 24V de and at a frequency of 1
kHz. Determine the variation in duty cvele required to have a speed variation of 0 to 1 p.u.
delivering a constant 2 p.u.load. The motor details are as follows:

I hp 10V, 2500 rpm. 78.5 % efficiency. R, = 0.01 (L L, = 0.002 H, K, = 0.03819 V/rad/sec

The chopper is one-quadrant, and the on-state drop voltage across the device is assumed to
be 1 V regardiess of the current variation.

Solution (i) Calculation of rated and normalized values

V, =10V
V, 24 -1
\,.'n S N 7.3 po.
Vi, 10 P
25000 ® 2w
Wy = ———=— T = 260.79 rad [/ sec
fl)
Output | =% 746
Ly = _p ST = ) —— =Y A =1
Vaoltage = Efficiency 10 = {1783

IR, 93 < Q.00
=002 . T — = (1095 p.u.
R.. Vi o (1095 p.u
T, =2pu
(i) Calculation of duty cyele

The mimimum and maximum duty cycles occur ai 0 and 1 pousspeed. respectively, and ai
2 pu.load. From equation {4.9),

-I-en Ran_ _'I '_”'.11n

v,
2= 0.095 + 0
i = = ~ S 826
2= 00895 + ] 3
oy = Z/al7 T = (L5117

The range of duty cycle variation required. then. s
L0826 = d = 0517



Example 4.2

The critical duty evele can be changed by varving either the clectoical time constant or the
chopping frequency in the chopper. Draw 4 set of curves showing the effect of these varia-
tions on the critical duty evele for various values of E/V

Solution

In terms of chopping [requency.

' E ]
de = (T hog 1+ (,_,# - 1)|

Assigning various values of E/V,_and varving £ T, would vield a set of cnitical duty eveles. The
graph between d, and [T, for varying values of E/V_is shown in Figure 4.16, The maximum
value of 1T, is chosen to be 11,

Example 4.3

A 200-hp, 230-V, 500-rpm separatelv-excited dc motor is controlled by a chopper. The chop
per is connected to a bridge-diode rectifier supplied from a 230-V, 3.4, 60-Hz ac main. The
motor chopper details are as follows:

R,=0.04€.1L, = 00015 H. K, =4.172V/rad/sec.f, = 2 kHz.

The motor is running at 300 rpm with 33% duty cvcle in the chopper. Determine the average
current from steady-state current waveform and the electromagnetic torque produced in the
motor, Compare these results with those obtained by averaging.

Solution The critical dury cvele 15 evaluated to determine the current continuity at
the given duty cycle of 0.55.

T-I I E 1 -’
d=1\7 Iﬂgnh! yten - by

L] -

00015
I, = = 00375 s
N 004 375 s
=t L gsme
1T 0™
T,
T ]
V,=135Vcosa =135 = 230 % cos (7 = 3H05V
2o o2 300
E = K, = 4172 x =22 _ 1311 V
60
d =751 1 p BLT G I)T 0.423
= Pl ] - s = |
‘ S I |



The given value of d is greater than the critical duty cycle; hence, the armature current is
continuous.

Ve 1) E  3105(e™ - 1) 1311

o= 7 - = . =979 A
“T RV -1 R, 004 - 1) 004
Vil —e Ty B 31050 —e ") 131
Iy = e = — = L — 10047 A
TR -e Ty R, 0.04(1 - e M) 0.04 004

The average current is

L. = ::__{[:”(Lill__“ —e 'y + [d,,c""'}dt + J. ! (_TS;“ —-e VI + e l""')dl]

V.- E B
TR T e T T e
= ! = 9918 A

E : .
R “] = {”T _ T,, 4 T,—.": SRR r‘} + [;-|T.q|[| _ E-[r—djT."l,J-I
T = Kil,y =4.172 X 991.8 = 4137.7N-m

Steady state by averaging

(dV, ~ Kiwg) 055 x 3105 — 4172 % 31.42
[ = L T = 991,
a R, 0.0 991.88 A

T, = K,, = 4138.1 N'm

There is hardly any significant difference in the results by these two methods

Example 4.4

A separately-excited de motor is controlled by a chopper whose input de voltage is 180 V.
This motor 1s considered for low-speed applications requiring less than 2% pulsating
torque at 300 rpm. (1) Evaluate its suitability for that apphcation. (i) If it is found unsuit-

able, what is the chopping frequency that will bring the pulsating torque to the specifica-
tion? (i) Alternatively. a series inductor in the armature can be introduced to meet the
specification. Determine the value of that inductor. The motor and chopper data are as
follows:

3 hp. 120 V. 1500 rpm. R, = 0.8 Q0. L, = 0.003 H. K,, = 0.764 V/rad/sec, f. = 500 Hz



Solution Rated torque.

Ix 74548

T =20 g
7 2 % 1500/60 m

Maximum pulsating torgque permitted = 002 <X T_ =002 x 1425 = 0285 N-m

To ind the harmonic currenis it 15 necessary 10 know the dury cycle. That is approximalely
determined by the averaging-analvsis techmigue, by assuming that the motor delivers rated
torgue at 300 rpm.

CoTe s o
PT K, 0768
2w 3
V, = E+ IR, = Kun, + IR, = (1764 x Lm—@ + 1865 X 0.8 = 3891 V
V, 389
= — =———=(21f
V. IR0

{i) The fundamental pulsating torque is assurmed to be predominant for this analysis

2V, i 2 = 180 .
by = —F/—— .'-ilnl‘nd] — 5 SII‘IH].ZIEI']T'] = 7.6 A.
VR + wll] VR + (2 % 500 x 0.003)°

T, =Ku,, =0.764 x 7Hh=58Nm

This pulsating torque excecds the specification, and, hence. in the present condition. the
drive is unsuitable for use.

{ii} The fundamental current 10 produce 2% pulsating torque is

_ Totpeer 0,285
I ———e— - - =

, = = =037
]ty Kh u?fld- []3 JA

3 1
e - = — s Sin(md)
W' R, + wil;

from which the angular switching [requency to meet the fundamental current specification is
obtained as

f - i T — =

oy =y DeSR) Ry 180 sin? 0216m)/(R(0.003 (0373 ('{'}'8 )2
iy = Al s.a T - 'L o f & i - o
N wli e, LV 0.003

= 6 278 rad/s

. Wy
[, o= o = 1023 kHz
=T



Note that f 1s the chopping frequency in Hz. which decreases the pulsating torque to the
specification.

(i) Let L, be the inductor introduced in the armature circuit. Then its value is

L [AVisin'(md)  RY
. i “}mfig'l:':pcrf- “IE -
- J (4 x 1807 sin¥(0 21.»&" }_( .:{-z" _>< sm]'(ﬁ ’5?1}‘_1“ (_ 08 )? 0.003 = 71.8 mH
=4 216w (2w o SO (0373 ) — —— 03 =718
\ AT "\ 2 % 500 '
Example 4.5 ) o

Calculate (1) the maximum harmonic resistive loss and (i) the derating of the motor drive
given in Example 4.4. The motor is operated with a base current of 18.65 A, which s inclusive
of the flundamental-harmonic current. Consider only the dominant-harmonic component. o
simplify the calculation.

Solution
B =F=E +1
By divading by the square of the base current, the equation 15 expressed in terms ol the nor

malized currents as

I;l.,.l + Iln = i PL'I.
wherg
e
V2 1 _ V2V
II“ = _S'lnliTFd}_' £ < L slﬂ{ﬂ'd}
" VRIYWLL b T Ze
where
vV, = Ve 7 = Z, VR + Wil
m_v:l~an'zh_ Z’h
Vi 120
" [, 18.65
1E0
sz-@— Lipu
= V0.8 + (2 * 500 * 0.003)7 = 9.42 ¢
/0.8 + (2w * 500 * 0.003) = 9.42 (1
.42
7, = Ve = 1464 p.

For a duty cycle of 0.5, the dominant-harmonic current is maximum and is given as

V2 15
I,, = - —— = {146 p.ue.
T T 1464 P

{i) The dominant-harmonic armature resistive loss is

08
= i = S =
P = LRy, = 0467 == = 002628 pou.



{ii} For equality of losses in the machine with pure and chopped-current operation, the aver-
age current in the machine with chopped-current operation is derived as

L = V1 =L, = V1 - 46" = 0887 pu.

which translates into an average electromagnetic torque of 0L887 pa.. resulting in 11.3% der-
atng of the torque and hence of output power.

i L a
[
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&

W

= -
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v A 1-*
':l 'l:ﬂ r ki
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Vie
v
| ] N
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FIGL/RE 10,38 Boost converter. {a) Circuit
1] Waveforms. (¢l Vy versus .



10.24

The boost converter of Fig. 10,36 is used to charge a battery bank from a de voltage source with
V=160V, Assume ideal switch and no-loss operation, and neglect the ripple at the ouipul voliage,
The batiery bank consists of 100 identical batteries. Each batiery has an internal resistance
Ry, =0.112 At the beginning of the charging process, cach battery voltage is Vi = 2.5V, When
cach battery is charged up o Viz = 3.2 V, the charging process is completed, The average changing
current is kept constant at 0.5 A,

{a) Calculate the varation of duly ratio & for the charging process,

(b} Draw qualitatively the waveforms of vy, i, v., i, v, ip for Vi, = 2.5V,

10.24

() I=o5A Ru= |00XRy= I00KOI=ION. , V= 0.5Xi0 = SV

Vor= 100XVl + g = [00x2.5+§ = 255V
Vor= 100X Vp,+ Vo = I00Xx3.2+45 = 335V

Vom =V — o= 75

ate - itv 38 -1fe
Q1= —FF T a4ls o= 3ar  — os3er

O chaves from 0 418 +o 0 £38%

(b) g v
— wit
T -(Vpey
L
M
|e art — ot
¥ 4 A
5 . —t 1
is ‘,,J—’
F r/‘] ’ u‘-
har-% = — Wt
114 -3tV
Tp} é
\L
‘ .\I r-u*




10.25 For the battery charging system of Problem 10.24:

(a) [Fthe supply voliage available is V = 150 V (de), which de to de converter
would be used? Draw the circuit.

(b) Calculate the variation of the duty ratio « for the charging process,

(e) Draw qualitatively the waveforms of inductor voltage (v ), inducior
current (), voltage across the chopper switch (v,), current through the
chopper switch (i,), voliage across the diode (v,), and current through
the diode (7,), for vy = 1.2 V.

10.25] (@) , = (00U, +IR = 160X1.2 +100xa(X08 = 125y

Vozr = 100x3245 =328 v
V= rrw' Mred a Buck- Boost Convertep

1 _
i‘.
VYT 3y
: Ah
f#} Vvlﬂ !,...# V'
— Ve
o= VTl’or 328
- 2
W= i =oaes O i = Q6842
<)
. o V= iISoy
o 0.98 45 lo e ol
N ! ~W=-ar
W
o V+ V=278V =4
%
i =g
sz_'__'__,_._-—'—"‘ r//
va }0 —
o
=V=Yo = =25y
) — 0




Example 14.1:| DC chopper (first quadrant) with load back emif

A first-quadrant de-to-de chopper feeds an inductive load of 10 Q resistance, S0mH inductance, and
back emf of 55V de, from a 340V de source. If the chopper is operated at 200Hz with a 25% on-atate
duty c;-.rde dEI:enrune with and without (rotor standstill, £ = 0) the back emf:
the load average and rme voltages;
ﬁ. the rms ripple voltage, hence ripple factor;
fi. the maximuwm and minimum output cumrent, hence the peak-to-peak output ripple in the cument;
v, the curment in the time domsain;
v. the average load cutput cument, average switch cument, and average diode cument;
L the input power, hence output power and mMa output current;
vii. effective input impedance, (and electromagnetic efficiency for E = 0); and
viii. sketch the output curment and voltage waveforms.

Solution

The main circuit and operating parameters are
+ on-state duty cycle 5=
¢ period T = 1if:= 1/200Hz = Sms
+ on-peniod of the switch tr=1.25ms
* load time constant r = L/R = 0.05mHM00 = Sme

Figure 14.6. Example 14.1.
Circuit diagram.

i, From equations (14.2) and (14.3), agsuming continuous load cument, the average and me output
voltages are both independent of the back emf, namely

= ¢
F. =LF, =4F
T s
= Y340V =85V
t
= |ZF =ydF
foreser
=% % 240V = 120V rms
ii. The ms ripple voltage hence ripple factor are given by equations (14.4) and (14.5), that iz
V=V, -V =V, J3(1-5)
=3~=IJ.’:I‘J,|F.»1:|:1 -4 = 1472V ac

RF=%= %—1 =JFF-1

- ||%1 =fi=172 FF=2
e

and

Mo back emf, E=0



iil. From equation (14.13), with £ =0, the maximum and minimum cuments are

“f

e _ 3V 1-e* —11.504

j=El
=T =
R_Z m =
E-3
. P oet—1_340V_ef-1
p=le -l =564
Rz, 1m |

The peak-to-peak ripple in the output curent is therefore
1 =I-1
=1190A- 5624 =628A
Alternatively the ripple can be extracted from figure 14.4 using T/ =1 and & = ¥4

iv. From equations (14.11) and (14.12), with £ = 0, the time domain load cument equations are
. Ff 2, e =
i —ELI € J+J's

s

i(t)=34x=

1-= t+5.52xst

! 4

=34-2838xe~ (4) for 0=¢r=125me

-
v

i =fs
i |:t::|=11.9|:|‘3’:ﬂ% (A) for 0=¢=3.T5ms

v. The average load current from eguation (14.17), with E=0, is

F_wsvs o
1= 4 5V =854
The average switch current, which is the average supply current, is

- SF-E)_r(} 1)
I =I...u. =T_?|\I_I’|
L 7 -0
 Hx(340V-0) Smsm:ll.ﬂlm- 5624) =224

100 Sme
The average diode current is the difference between the average load current and the average

input curmrent, that iz
L. =1-1
=B30A-222A=5284
vi. The input power is the de supply voltage multiplied by the average input current, that is
P =F1=M0V:222A=T548W
P =P =T348W
From equation {14.18) the rms load curment is given by

T = |—=
= AR

[ _ g e
100




vii. The chopper effective input impedance is

zh =£
I
340V
== 2
RN 15528

Load back emf, E= 55V

i and i. The average output voltage (85Y), rms output voltage (1200 ms), ac ripple voltage (147.2V
ac), and ripple factor (1.732) are independent of back emf, provided the load curmrent is continuous.
The earlier answers for £ = 0 are applicable.

ifi. From equation (14.13), the maxinum and minimum lead cumrents ars

-1 =1 T
a —ar F l—g = T
I=£1 s_r _E_3=1{I'l. >{1 g = ) 5ﬂ=6.1113lA

= £
E_T E 1o _= 1@

-1 _E_3M0V_&-1 55V
e;—l R 1y &-1 100
The peak-to-peak rpple in the output cumrent is therefore
1 =I-1
=64A-012A=628A

The ripple value is the same as the E = 0 case, which is as expected since ripple current is

independent of back emf with continuous output curment_

Altematively the ripple can be exiracted from figure 14.4 using Tr=1 and &=

iv. The time domain load current is defined by
F-Ef )

l1-a7

b &

= 0124

+167

-y

i(r)=285x

i -7
1-a= t+ 0.12e%=

.

=285-1838s (4) for 0=¢=135ms

i = —§|(1 - a-_’l Ht+ }e-f
. A

i -
1-6= |+646

.

=-55+119= (&) for 0<¢<375ms

i(t)=—53=




v. The average load current from equation (14.39) is
7 _F-E
1="""%
= 85W-55V, =
= oq = 34
The average switch current is the average supply curment,

_ S(F-E) rf~ =
I.=T . C e ————— T
= R T|\ __.|
Yix(30V-55V)  5me
SRV OV ms e anA 0124 = 0.845A
109 Sms

The average diode cumrent is the difference between the average load current and the average
input cument, that is
Teu=1-1
=3A-0843A=2155A

vi. The input power is the dc supply voltage muliiplied by the average input curment, that is
P =FT=340V=0.8454 =2873W
P =P =21873W
From equation (14.18) the rms load current is given by

- P_-EL
"%
_ ||33?.3"J.-'-55Vt341 1=
- T - 3‘.;2"‘[.1“]"3

vil. The chopper effective input impedance is
i'.l'

z._=_—
I
340V
=————=40240
084548
Conducting :le'.riI{:E
:T1: D, HLE oy :T1: b, :T1: o,
Pl g Pl P
i i
N . P
L i 1 ]
f=tess . . ]
] i 1 H (]
. | I Asa 1A
'Il _ ' A i
A ~3-'!~-‘,-“-1{5";:.':u',,=:3.2ﬁ.a._-J,,-~-i
1 . 1
i e e I
1 1 i ]
Lo veh o o
[ ' i o
o ' i o
Vi 240V
Ff—f—————— - G5V - —— e e e [T
Ef==p=----==t==F=E=55V=1==}=;
i L tr ! . o e
o Tlams Sms o Tiams 5ms
E=0 E =55V

Figure 14.7. Example 14.1, Circuit waveforms.

Example 14.2: | DC chopper with load back emf - verge of discomtinuous conduction

A first-quadrant de-to-de chopper feeds an inductive load of 10 O resistance, 30mH inductance, and
back emf of 55V de, from a 340V de voltage source. If the chopper is operated at 2D0Hz with a 25% on-
state duty cycle, determine:

i the maximum back emf before discontinuous load current conduction commences with &=14;
i.  with 55V back emf, what iz the minimum duty cycle before discontinuous load current
conduction; and
i,  minimum switching frequency at E=55Y and f- = 1.25ms before discontinuous conduction.



Solution

The main circuit and operating parameters are
* on-state duty cycle &=
* perod T = 1/f,= 1/200Hz = Sms
* on-penod of the switch fr=1.20ms
* |oad time constant 7= L/R = 0LOSmHM 00 = Sms

First it is necessary to establish whether the given conditions represent continuous or discontinuous lcad

curment. The cument extinction time f, for discontinuous conduction is given by equation (14.24), and
yields

1, =t +7 in| LAY _E|r1—f,-;:L \| |

1 E L1 |

340V - 55V » i

55V X

P L Y
=1.25m5+5ms><£u|1+ 1-e= H =5.07ms
. sF

Since the cycle pencd is Sms, which is less than the necessary time for the cumrent to fall to zero
(2.07ms), the load current is continuous. From example 14.1 part iv, with E = 55V the load current falls
from 6.4A to near zero (0.124) at the end of the off-ime, thus the chopper is operating near the verge of
digcontinuous conduction. A small increase in £, decrease in the duty cycle §, or increase in switching
pericd T, would be expected to result in discontinuous load cumrent.

i E
The necessary back emf can be determined graphically or analytically.

Graphically:
The bounds of continuous and discontinuous load current for a given duty cycle, switching period, and
load time constant can be determined from figure 14.5.
Using & = ¥, T#r=1 with r =5ms, and T = Sms, figure 14.5 gives E/V,=0.165. That is, E = 0.165=V,
=[0.165=340V = 562V

Analytically:
The chopper is operating too close to the boundary bebween continuous and discontinuous load
current eonduction for accurate readings to be obtained from the graphical approach, using figure
14.5. Examination of the expression for minimum current, equation (14.13), gives
L3
Foer-1 E

= - =0

R T ®

Reamranging to give the back emf, E, produces

E=I{i_._1
e —1
Lt
i |
=
e |

=340V = =362V

That is, if the back emf increases from 55V to 562V then at and above that voltage, discontinuous
load curent commences.
i g .
Again, if equation (14.13) is solved for T=0then
L A
« Fe=-1 E
I =t——= ]
BRs, R

Reamanging to isolate t gives

=T £n|:.1+FI

.

1)
LA

Fa - H F t “N
= Smsxtn 1 = 2L = -1
L MOV )
=1.226ms
If the swiich on-state period is reduced by 0.024ms, from 1.250ms to 1.226ms (& = 24.52%),
operation is then on the verge of discontinuous conducton.



i T
If the switching frequency is decreased such that T = {,, then the minimum period for discontinuous
load current iz given by equation (14.24). That is,
(E=E(_ )
1 =T=t+T :fu|t 1+T|t l-¢ JJ

340V -35V [

L
s wfl-g = | =5.07ms
S5V |~ ,|,

Digcontinuous conduction operation occurs if the period is increased by more than 0.07mes.

T=1.35ms+5m51-§?f| 1+

In conclusion, for the given load, for continwous conduction to cease, the following operating
conditions can be changed

* mcrease the back emf E from 55V to 562V

* decrease the duty cycle & from 25% o 24.52% (f; decreased from 1.25ms to 1.226ms)

* imcrease the switching period T by 0.07ms, from Sms to 5.07ms (from 200Hz to 197 .2Hz), with

the: switch on-time, f, unchanged from 1.25ms.
Appropriate simultaneous smaller changes in more than one parameter would suffice.
il

100V

(=) (&)

Figure 14.8. Example 14.3. Circuit diagram:
(a) with load connected to ground and (b) load connected so that machine flash-over to ground (OV),
by-passes the switch T,.

Example 14.3: DC chopper with load back emf — discontinvous conduction

A first-guadrant de-to-dc chopper feeds an inductive boad of 10 O resistance, S0mH inductance, and an
opposing back emf of 1000V de, from a 340% dc source. If the chopper is operated at 200Hz with a 25%
on-state duty cycle, determine:

i.  the load average and mms voltages;
i.  the ms ripple voltage, hence ripple and form factors;
ii.  the maximum and minimum output current, hence the: peak-to-peak output ripple in the: curment;
i the current in the time domain;
the load average cument, average switch current and average dicde current;
. the input power, hence output power and mMis output current,
vii.  effective input impedance, and electromagnetic efficiency; and
vili.  sketch the circuit, load, and output woltage and current waveforms.

===



Solution

The main circuit and operating parameters are
¢ on-state duty cycle &=14
¢« pericd T=1/f;= 1/200Hz = Sms
+ on-peried of the switch fr= 1.2oms
¢ |oad ime constant 7= LR = 0.05mHM 00 = Sms

Confirmation of discontinuous load current can be obtained by evaluating the minimum cument given by
equation (14.13), that is

MO0V e= -1 100V
100 EE-]. 10
The minimum practical current is zero, so clearly discontinuous cument periods exist in the load current.
The equations applicable to discontinuous load current need o be employed.
The current extinciicn time is given by equation (14.24), thatis

i )

=562A-10A=-4384

a3

t, =t +7{n 1+E| I-a-
E =

. 4

"

7. T e
3400 lllillil-'-.}c i H
100w

LN er

=125ms+ Smexdn|l+

=]125ms + 2 13ms =3 38me
. From equations (14.28) and (14.29) the load average and rms voltages are

I—t
F =oF+_“F
& i I
=gy - 338ms a1 17ay
Sms
I
Vo= oV +—Lp
T ‘J Fl I’
=Jaaxm-‘+%x1w =1793V rms

ii. From equations (14.30) and (14.31) the rms ripple voltage, hence voltage ripple factor, are
n=WLT
=~JiT9.3= 1174 = 1355V ac

F
RF=:;=%=1.15 FF =+RF +1=41.15+1 =152

iii. From eguation (14.38), the maximum and minimum cutput current, hence the peak-to-peak output
ripple: in the current, are

A _ l'. :"._-\
JT=£R—EI-1—E'J
MOV-100V [ ame)
=2 1.6 = |=5314
e L ® |

The minimum current is zero so the peak-to-peak ripple cument is Aj =5.31A

. From eguations (14.34) and (14.35), the current in the ime domain is
o F=Ef =)
iff)=———— |1—€" |

i R /
_ 340V - 100 -'x’l_ﬂﬁ l
1062

£

. -t
l_ﬂtl () for 0=¢=1.2%ms

hs

=2Mx

ifef)= —£|r-1— e; .\|+ I a-_'l
o R )

__loov (L =) =
TS x\l & ,+5'31"
—1531x6™= -10 &) for 0%r221%ms

it)=10 for 338ms=7=5ms



Conducung device
T

T ] T
W
= A V=340V
117.4V
N iy i T T ESY | f— N i
o
=
5.31A
—————————— — b 18EA — ——— 41—
-
it A 5.31A
T Y e —— _ A b amee ——F———— ———
T -
LR %
V=340V
240V
-
o 1.25 3.37 E.25 .37 10 11.25

timé (m s} t

Figure 14,9, Example 14.3. Chopper circuit waveforms.

v. From equations {14.39) to (14.42), the average load cument, average switch curment, and average
diode current are

;‘rv=F.—E"/£

1174V - lm‘:;{{]g} =1 744

S
E|x-4d
T _ T “_ |\_T .|
[ - a
T R
- 100V 2222 _ g5 |
= & L IS £
== 31A- o =105a

T =T -7, .=17T4A-105A=0.694
wi. From equation (14.40), the input power, hence output power and rms output current are
P =T =340V=0694 =234 6W
P =F =I' R+EL
Reamanging gives
I_= .IIIP,—ET_ /R

=J234.6W - 100V=0.694 / 10Q=1234

wi. From equations (14.44) and (14 45), the effective input impedance and electromagnetic efficiency,
for E= 0 are
F 340V
I == =48300
= T (654
_EL _EL _ 100Vx1744

P FT  340V=0.694

=T4.2%

wii. The circuit, load, and output voltage and current waveforms are plotted in figure 14.9.
2



EXAMPLE 6.1
A dc motor with a rated terminal voltage of 110V is to be fed from a 220 V dc mains with
the help of a dc/dc converter. Find the duty ratio required for the converter.
SOLUTION:

Vi =220V, V. =110V

Vo =DV,
110
D=0 100- 509
20"

EXAMPLE 6.2

A separately excited dc motor fed from a 250-V mains through a dc/dc converter is run-
ning at 1,500 rpm and produces a back-emf of 195 V. Given an armature resistance 1 £},
and the duty ratio of the chopper is 80%. Calculate the armature current.

SOLUTION:
Vo.=250V E,=195V D=80%

Voiayy =D+ Vin =08 250=200 V
_V,-E, 200-19

=hHA
R. 1

I,



EXAMPLE 6.3

A first-quadrant chopper drives a separately excited dc motor with the following
details: Vo =110V, L, =1mH, r. =025, E, =11 V, T = 4,500 ps, T, = 1,000 ps. Find ;...
Ir.n.:x.r and 1lllil--:ll:zr\u-"l-

SOLUTION:

BT
I _ ‘Jdr 1:."[al -1 Eb
S T

[e[-a -1
0B 1000x10-5

I 110 | etead -1 11
=025 22 wean® | 025

alx10 e _ -
I = 1607504

If L, is positive, then the motor current is continuous.

Ll
'Vd,: 1-el Eb
Law = | = T
a 1. a
1-eb

A gt
L llﬂ[e b —1-’_ 11
e []_25{ -5 sseeanrs lj 0.25

e 1= 10
L. —100.11A

T

Vc{a'\'j = vd:T
1000 % 107
—110x XU
“1B00x10°

Vo) = 2444V

EXAMPLE&A4

A first-quadrant chopper drives a separately excited dc motor with the following
details: V3. =200V, L,=2mH, r, =10 Q, E, =40 V, T = 10 ms, T, = 7 ms. Calculate I_;,.
Ir.n.::-i.r ﬂﬂd Vcl:avll-



SOLUTION:

et -1
[ — i
_200] e10 -1 40
==
1 Eﬁ;unﬂﬁ B 1
lpin =3.572 A

[ -
I _Vi 1-el a E,
man =y
. | l—e['“T .
[ —L ar?
_E 1—g Zx1073 R
1 1 —1m3\m\1n3 1
— e
loae =155276 A
T..
1iilrl:vn[a'l.-] =Vd|: T
7x107
=200% ———
“10x10°
VD[“] =140V

EXAMPLE&.5

A first-quadrant chopper drives a separately excited dc motor with the following
details: V; =200V, L, =08 mH, r, =065, E, =120V, T=3ms, T, =025 ms. Find [_;,,
Imax.r E‘lnd Vc-l:av'l-

SOLUTION:
B
I-—Vd: gl -1 _Eb
oL R I,
el —1
08 saan?
200 | er=e® 1| 120
T 065 2= et | 065
EEI.S.-']EI _1

Lin = 1779857 A

A negative sign indicates that the motor current is discontinuous.



Hence, 1., = 0. From Equation (6.6),

| - Ve =By [1— e_[r-_I-“Tm ]

I3

065 __
- 200-120 1_@ 08T FLEa
0.65
Loy =22.6245 A
t*=— L In E,
Iy - on R on
tﬂfd_:[l—e b ]+Eb[e te }
__[I'.Bxlﬂ'3 In 120
ET T :
0.65 ?_lIl'( 1 Emg-ﬂ.br’lﬂ : ]+ IZD[EWMHE ]
t* =01423 ms
T.. T. t*
Vot = Vdf?*Eb[l‘?‘T]
3 3 -3
200 0.25x% 1_[:' + 120/ 1- 0.25x 1[:' 01423 x_l;:l'
3x10 3x 107 3x10

Vi = 1200812 V

EXAMPLE 6.6

A first-quadrant chopper drives a separately excited dc motor with the following
details: V3. =110 V, L, =02 mH, r, = 0.25 Q, E. = 40 V, T = 2,500 ps, T, = 1,250 ps. Find
Ir.nj:u Ir.|1.:4:|||.-I and vc{av'!"

SOLUTION:
=,
I_=1'l'rd: E.Lal —1_Eb
mini e L,
. als —IJ
%]mm*
L. — 110 | o= -1 B 40
025 L= asoacs 0.25
UENT _
loin =—83.754 A

A negative sign indicates that the motor current is discontinuous.



Hence I..;, = 0. Now, using Equation (6.6),

B
Im“ =[ vdci Eb )[1_ E-TTm ]

—025 5
=[ 110 ‘mJ 1—@ 0zx107 tEan
025

Il:n.:x = 221 -312 ."!'L
t'=——In E,
2 L _mq
‘h’d:(l—e L }"'Eb [E- La ]
"= 02107 In 40
o s =
= 110[1— g0z mwa]+ m[em’—“’\‘”"]
t* =0.6948 ms

T.. T t
V= Vo + B 1= |

=110

1250 % 10°° 1250:10°  0.6048 107
e e TA0 1= e 3
250010 250010 25000107

V. = 63882V

)



EXAMPLE 6.7

A first-quadrant chopper is feeding a separately excited motor rated 200 V, 10 A,
1,300 rpm. The chopper is supplied from a constant bus bar voltage of 300 V. If the SCR
turn-OFF time is 38 ps, compute the value of commutation components.

bty Va

" F(x) «l.

where t; = circuit turn-OFF time (and must be greater than SCR turn-OFF time) and
Vi = source voltage:

M]Etl =Mm— Es\i.ﬂ_] [l]= F{x}
X

I.: Maximum load current
I.: Peak capacitor current

Vi =300V
hh=38+38=T6pus
x=15
L=10A
- 763 107 % 300
n—Esm'L[i] x1.5%10
15
L—903.61 uH
_ b %1,
Fix) Vg
c Thx 107" % 1.5 10
n—zsin-L[i) x 300
15
C=2.259 uF
EXAMPLE 6.8

First-quadrant chopper using current-commutated SCRs is used to drive a 230-V, 25-A,
1,450-rpm separately excited dc motor. If the motor is supplied from a 110-V busbar and
the turn-OFF time of the SCE is 25 ps, design the commutation circuit.



SOLUTION:
_ K Vae
~ Fix) «,

Wyt =T—2sin" [%)= F(x)

V=110V
tp=25+25 =50 ps
x =15
LL=25A
- 0% 107 x 110
s (L
[n 2sin [IIE]]XI.ExZS
L=87.19 uH
_ t; XI,
~ E(x) Va
Co B0x10°%x1.5x25
_2sin (L
[n 2sin [1.5]}(11“
C=10.13 pF
EXAMPLE 6.9

The speed ofa 230-V, 25-A, 150-rpm separately excited dc motor is controlled by connect-
ing a current-commutated first-quadrant chopper in the armature. The input voltage to
the chopper is 300 V. The circuit turn-OFF time is fixed at 25 ps and the peak capacitor
current is twice the load current. Compute the values of commutating components.

SOLUTION:
Vi =300V
t =25 ms
x=2
LL=25A
_f Ve
 F(x) xI,
Lo 253107 % 300
[rr— Zsm“[%)]xzxﬁ
L=71.62 uH
_ b
" F(x) Vi
Co 25x10°x2x25

[rr— 251.1"[%]}@00

C=1.989 uF



EXAMPLE?Z1

A 230-V, 6-A, 1,500-rpm separately excited dc motor has an armature resistance of 5.1 2.
A 1-quadrant chopper supplied from a 300-V dc bus is operating at a duty ratio of 60%
and supplies power to the motor armature at rated current. Compute the motor speed.

SOLUTION:
At rated condition,

El:rrated = V.: _Iambad L e
—230—(5.1x6)
=1904V

Ebmbad. o 1,500 er{Nmmd }

At 60% duty ratio, Eg, = N,.
Armature voltage = 300 x (60,/100)
=180V
Back-emf, Ey; = 180— (5.1x6)
=1404V
Therefore,
I""11 = Eu lend.
b rated
1494
EXAMPLE 7.2

A first-quadrant dc/dc converter is fed from a 300-V dc bus. When the converter sup-
plies power to a separately excited dc motor at 40% duty ratio, the average armature
current is 5 A at 1,560 rpm. What is the duty ratio required to reduce the speed to
1,300 rpm for the same armature current? The armature resistance is 5.1 €.

SOLUTION:
At 40% duty ratio, armature voltage is

40
V. =300 % .
*100

=120V



Back-emf at 40% duty ratio, Ey, = 120—(Lr. )

~120-(5x5.1)
=045V
Eb]_ et 1;56[] r[}m

Now back-emf, Ep, at 1,300 rpm can be related as Ey; = 1,300 rpm.

N;
Ew = N—:Ebl =78.75V

Armature voltage, V, = E; + L1,
V,=300xD
Therefore,
D=3475%

EXAMPLE?7.3

A separately excited dc motor is fed from a 440-V dc source through a single-quadrant
chopper, r, = 0.2 £}, and armature current is 175 A. The voltage and torque constants
are equal at 1.2 V/rad/s. The field current is 1.5 A. The duty cycle of chopper is 0.5. Find
(a) speed and (b) torque.

SOLUTION:
a
E,=220-175x02=185V
=12xm xI;
w, =185/{1.2x1.5)
=102.77 rad/s
=9081.38 rpm
b.
Torque=1.2x15x175=315 N-m
EXAMPLE74

A separately excited dc motor has the following name plate data: 220V, 100 A, 2,200 rpm.
The armature resistance is 0.1 £, and inductance is 5 mH. The motor is fed by a chop-
per that is operating from a dc supply of 250 V. Due to restrictions in the power circuit,
the chopper can be operated over a duty cycle ranging from 30% to 70%. Determine the
range of speeds over which the motor can be operated at rated torque.



SOLUTIOMN:
Because e torque is constant, i, is the same for all the kvalues of D.

Vo =DV
AtD=023,
Votawy = 0.3 3 250
=75V
Ebinz = Votaw) — Lak
=75 (100 0.1)
=66V
AtD=07,
Vygay = 0.7 % 250
=175V
Esian = 175 10
=165V

Under rated conditions, ¥V, =220V, =100 A, r,=01 £}
Ejasg = 220 (1002 0.1)

=10V
Ny = 2200 rpm
No7 _ Epon
MN:  Ebjrma
165
Mim = —x 2200
T
=1,728.5714 rpm

65
Nigs = x 2200
03 =910

= 680.95 rpm

Hence speed can be varied in the range 680.95 <N =1728.5714.

EXAMPLE7.5
A separately excited dc motor has an armature resistance 2.3 €, and armature cur-

rent is 100 A. (a) Find the voltage across the braking resistance for a duty ratio of 25%.
(b) Find the power dissipated in braking resistance.

SOLUTION:
Average current =1, (1-D)=100(1-0.25)=75 A

Average Voltage = Iy x Re =75 x2.3=1725V
P, = Ibe(l—D}

P, =100° x 2.3%(1-025)=17250 W



EXAMPLE 7.6

A separately excited dc motor has the following name plate data: 200 V, 75 A, and
1,500 rpm. The armature resistance is 0.2 {. If dynamic baking takes place at 600 rpm
at rated torque, compute the duty ratio. The braking resistance is 5 (1.

SOLUTIOMN:
E; under rated condition,

E't{mbad.] =V- Iara

= 200— (75%02)
=185V
E /s00) __N
E':{mbad.] lerd
N
Eisoo = E
b{&00) [ N } brased

600 )
Eb:d-lxl:- —[ﬁ)}( 185=74V

Mow,

Epjseo) = L (1. + Ry (1- D))

Because braking takes place at rated torque, [, = Lws =75 A,
ie., Eyg =75(0.2+5(1- D))
74=75x02+75x5(1-D)
~D=0384

EXAMPLE 7.7

A dual-input dc/dc converter is supplied from two dc sources: 12-V and 24-V batteries.
The duty ratio of the power switch connected to the first source is 40%, while that of the
second source is 25%. Compute the average output voltage. The load consists of large
inductance and resistance.

SOLUTIOM:
40 25
Volav) =12 x 100 + 24 100
=48+6
=108V
Example 7.1

An electrically-driven automobile is powered by a d.c. series motor rated at 72V, 200 A,
The motor resistance and inductance are respectively 0.04 €2 and 6 milli-henrys. Power is



supplied viaan ON/OFF controller having a fixed frequency of 100 Hz. When the machine
is running at 2500 rev/min the generated-e.m.f. per field-ampere, k15 0.32 V which may be
taken as a mean “constant” value over the operating range of current. Determine the
maximum and minimum currents, the mean torque and the mean power produced by the
motor, when operating at this particular speed and with a duty-cycle ratio é of 3/5.
Mechanical, battery and semi-conductor losses may be neglected when considering the
relevant diagrams of Fig. 7.1a.

v

H‘Er

= _HTErminuI voltage ¥

~~t
L1
Ry /’—\I T b | ____.e______fz —

Thyristar
0

b e ™ _
OFF o Time
Falg
fa
RE
Tirr;e

(b) GENERATING {Generating conventions)



fo

Y

Speed

——--=Cycle | ———»=+—Cycle 2 —=f=—Cycle 3 —~‘
(¢ ) Acceleration between limits

Fic. 7.1. Chopper-fed d.c. machine.

Chopping period = 1/100 = 10 msec and for 6 = 3/5; ON + OFF = 6 + 4 msec.

The equations are:

for ON period: V' = k. i+ Ri+ Lpi—from eqn (7.2a).

Substituting: 72 = 0.32i + 004 + 0.006 di/dt.

For OFF period: 0 =10.32i+ 004i + 0.006di/dt—from eqn (7.2b).
Rearranging:

ON 00167 di/dt +i=200=1_,,,
OFF 00167 difdt+i=0=1_,,.
Current oscillates between a “low™ of i, and a “high” of i,, with t = 0.0167 second
ON iy =i, +(200 =i, )(1 —g 000000167,
iy = 200 — (200 —i;)e " "3° = 60.46 + 0.698i,.
OFF i, = iy + (0 =iy )1 g~ 0-004/0.0167)
i,o=i, € "% = 0.787i,.
Hence, by substituting: i, = 60.46 + 0.698 x (.7871,,
from which i, = 134.1 A and i; = 1056 A.

; kraj p kl's .2
Torque =k i= — xi=—1i".
0.32 134.1% + 105.6?
Mean torque = 750 _;ciﬁ;_’ﬁﬂ(_ ——— —--) = 17.8 Nm.

2
Mean power = w1, = £ % 2500 x 17.8 = 4.66 kW = 6.25 hp.




Example 7.2

The chopper-controlled motor of the last question is to be separately excited at a flux
corresponding to its full rating. During acceleration, the current pulsation is to be
maintained as long as possible between 170 and 220 A. During deceleration the figures are
to be 150 and 200 A. The total mechanical load referred to the motor shaft corresponds to
an armature current of 100 A and rated flux. The total inertia referred to the motor shaft is

1.2kg m?. The battery resistance is 0.06 2 and the semiconductor losses may be neglected.
Determine the ON and OFF periods for both motoring and regenerating conditions and
hence the chopping frequency when the speed 1s 1000 rev/min.

Calculate the accelerating and decelerating rates in rev/min per second and assuming
these rates are maintained, determine the time to accelerate from zero to 1000 rev/min and
to decelerate to zero from 1000 rev/min. Reference to all the diagrams of Fig. 7.1 will be
helpful.

Rated flux at rated speed of 2500 rev/min corresponds to an em.f.:
E=V-RI,=72-004x200=064V
At a speed of 1000 rev/min therefore, full lux corresponds to 64 x 1000/2500 = 256V
Acceleration Total resistance = R, + Rg = 0.04 + 0.06 = 0.10Q2
For ON period Eg=E+Ri, + Lpi,,
72 = 256+ 0.1i, + 0.006 pi, .

Rearranging: 006 di,/di+i,=464=1_,,.

Solution is: iy =iy + (I, — i )(1 —e—TON/T)

and since i, and i, are known: 220 = 170 + (464 — 170)(1 —e ~‘on/006),
20170 oo
464 — 170

from which: tony = 001118,

For OFF period 0 = 25.6 + 0.04i, + 0.006pi, (note resis. = R,).
Rearranging: 0.15di, /dt+i, = —640 =1, .

Solution is: iy =iy + ([, —iz)(] —e ~1OFF/T),
Substituting i, and i;: 170 = 220 + ( — 640 —220)(1 —e ~fOFF/015),
170-220 — | —e —tOFF/OIS

— 640 - 220
from which: topr = 0.008985  ton + topr = 0.02017 second.

Duty cycle & =001118/0.02017 =0.554. Chopping frequency = 1/0.02017 =
49.58 Hz.



Deceleration

Thyristor ON 0=E—R,i,— Lpi,.

Substituting:
Rearranging:
Solution is:

= 25.6 —0.04i, —0.006pi, .
0.15di,/dt +i, =640 = I__.

iy =ig+ (I, —ig)(1 —€~ON/T),

Substituting: 200 = 150 + (640 — 150)(1 —e —ON/015),
200150 o
640 — 150
from which: ton = 001614,
Thyristor OFF Eg = E —Ri, — Lpi,,
72 = 25.6 —0.1i, — 0.006 Lpi,.
Rearranging: 0.06di,/dt +i, = —464 =1 _,..
Solution is: iy = iy + (I, —i3)(1 —e ~HOFF/T),
Substituting: 150 = 200 + ( — 464 — 200)(1 —e —'oFF/0.06),
M =1 _:—[grp,fllm
— 464 —200
from which: topr = 0.004697 1o + torr = 0.02084 second.

Duty cycle & =001614/0.02084 =0.774. Chopping frequency = 1/0.02084 =

4798 Hz.

Accelerating time

E
Load torque = k I, = —1I

64
S — — x 100 = 2445 Nm.
w, " 2500 x 2n/60 2 =

During acceleration:

Constant dcum

64 2204170
k"l‘lﬁ!lll = x
2500 x 21/60 2
T, —T, 4767-2445

d = 1] m
et J 12

= 0.2445 x 195 = 47.67Nm.

= 19.35rad/s per second

60
=1935x o = 184.8 rev/min per sec.

1000
Accelerating time to 1000 rev/min = 1848 = 5.41 seconds.

Decelerating time
During deceleration: k /., = 0.2445(—200 —150)/2 = —428Nm.

Note that this electromagnetic torque is now in the same sense as 7, opposing rotation.

The mechanical equation is: T, =T +Jdw,/dt,

—428 = 2445+ 1.2daw,,/dt.

from which:

daw
de

Time to stop from 1000rev/min with this torque maintained = 1000/535.1 =

1.87 seconds.

=" = —56.04rad/s per second = —535.1 rev/min per second.




Example 4

A separately excited d.c. motor with R, = 1.2 ohms and L, = 30 mH . 1s to be
controlled using class-A thyristor chopper as shown in Fig.9.11 .The d.c. supply F
= 120V . By ignoring the effect of the armature inductance L, , it is required to:

(a) Find the no load speed and starting torque of the motor when the duty cycle
v =1,

(b) Draw the speed torque characteristics for the motor when the duty cycle
y=1. The motor design constant Ke has a value of 0.042 V/rpm.

(¢) Find the speed of the motor n (rpm) when a torque of 8 Nm is applied on the
motor shaft and the duty cycle is set to ¥ = 0.5.



Solution ‘ B , -
+ I Tl‘ r
The average armature voltage 1s DEC hopper R,
Viw=vyVy =1x 120=120V v
av d Va DFH' L, a
The motor’s speed: + -

v R e, ()
av a T, | _ﬂ‘i&_

Tl = - —
K. K K, 0° “
Fig. Y.11 Thynstor chopper drive.

At no load T; =0, hence
_yVe 120 2857
Mo =%.6 004z ' TPM

or

At starting, n = (0. The starting torque T, may be found as:
]"Vd Ra

= - Tse
K.0 K+K,0*

n=10

9.55 yV,

v e
R,

_ 9.55x120

w =———x 0.042=40N.m

Speed 4

F1g.9.11 Speed-torque characteristics

85713 |-t

40

Torque (N.m)



(b) At 7 =0.5
V,=yV,;=05x120=60V

Wa _ 0 _ 4085

Mo =K@ —00az ~oooTPm
9.55 x 60

Ty =————>x 0.042=20N.m

At =05, T.=8 N.m

60 1.2
T 0042 9.55(0.042)?

n x 8 =857.13 rpm

Note: Ky = Torque constant = 9.55 K,



Example 5

In the microcomputer -controlled class —A IGBT transistor DC chopper shown in
Fig.12.6, the input voltage Vy= 260V, the load is a separately excited d.c. motor
with Ra = 0.28 Q and L, = 30 mH . The motor is to be speed controlled over a

range () — 2500 rpm , provided that the load torque is kept constant and requires an
armature current of 30A .

(a) Calculate the range of the duty cycle y required if the motor design constant
K. has a value of 0.10 V/rpm.

(b) Find the speed of the motor n (rpm) when the chopper is switched fully ON
such that the duty cycle y = 1.0.

DL vallags

Fig.12.6 IGBT Chopper drive.

Solution

(a) With steady — state operation of the motor, the armature inductance L,
behaves like a short circuit and therefore has no effect at all.

Atstand stilln=0 , and therefore E, = 0 , hence from Eq.(12.22)

V. —E Vao — 0
fa=ﬂR a _ Yao —304
a

“ Vo =028 Xx30=84V
At full speed n = 2500 rpm
Eppsoo = K, ¢ =0.1 x 2500 = 250 V

For separately excited d.c. motor,



Vazsoo = Eq + IaRa = 250 + 30 X 0.28 = 258.4 V

Therefore the range of the duty cycle y will be:

_ Yoo _ 84 _ 0.0323
o= 7= 260~ %
Smmlarly
v 2584
¥a2so0 = a;:nu = 260 = 0.9938

(b) When the chopper is switched fully on, i.e. y=I1,then V,=V;=2
At this condition,
l’::l{]":]-):Eﬂ-l_!ﬂRﬂ: E¢H+IGRII =260V

0.1n+30x0.28 = 260 - n=2516rpm



Example 11 A SePafcthEB ~extived d.c. motrer with Rq:-.a-g,ﬂ?
and La = I5mH (s +eo be ar-::ci Contrelled over o ra

0- 2000 rpm. The d-c. Supp'g is 2zov. The load %nﬂ:lm: is

constany and fres an ave armarure Cvrrent

(a) Calculate the mg; a""l‘-{u :J:g‘_cddc Y r'-'=1m'r¢dl :a,‘ fﬂjﬂ

Motor --L-.san constant Ke  =0.1p02 Vfcpm .

Solurion : In the Sknb-mh_f-@-m Armature inductance
.F‘M ne "ﬁ'tﬂ' - TThe wived mator derminal Va'rl-uag_: are:
At ﬂ:ﬂ’Eb:ﬂlsﬁ o
Vic = Eb +IgRa = LlaRa = 2503 = 7.5V
At N= 2age rpm
Eb=Kedn =0.l1002 X2000 =200-4 V+
-: Vdg =Eb+1¢£¢ = 200.44+25x0.3 = £0F 9 V.
o ¥ Vs 7.5
Teo aa’\rr_ Vo = £:5V ot -5 o X2ty or 3:‘-'E:G+ﬁﬂ
To al."r: o= 2079V oo fu'f-‘f-'-th.:f gea

2077
ad Bfluu = E.:ﬂ' = 0-943 .

ﬁmg‘- aa‘ ARG N SN A

al de Lg, .s-m'-i‘-c.due.) H” anr,
(b] tf e c‘,‘#—rﬁfrsfemf #Ti'l“_ motor o ham Jg'if_ 1.

what is
sl whn ¥ =1, Vo =220 L
p Ep Ep = Vo ToRa= 220 -25K0:3=41%
oe I :W 5
[

2125 _ 2421 rem

awe ——

n=



Emﬂpf-?:
An afachfm;:{pinm cwtomobide 15 powered &
d.c. senes groter rated ar t6oV, 200l - The otor
e sysfance and inductance are res ccnvely ©- 65 J2
a.no‘f & mH - power i 5 sunn-h‘:d‘ fram ;'J:qf&a#y
of tgoV via clase-A d-c. chopper fraving a fixed
f-r-:?um.i aaﬁ loo Hz . The machine Constanr Heuwra»aaﬂsbx’.
anel ﬁ;l. Lo r Sre:f x5 Z5ao0 rpm- Determne +he_
MoK imurtr and Minimum Cvrrent s, the mean Farque and the
mean power I’:ruda.:g.l k; tHe mator ewhen -rm'r:;wi-

2506 rpm wr Fh 9&7 ca..cfe ¥ .Orsfs.

s aludven:
r:h-ﬂw? pened T =}_L - _:1 {0 ms
fan:TT"":{Ia" Ems

Lmax = Vav toff Var = BV -+ =it IV

Ra * 2. ., Ra 2La

2 .

=¥ 120 4 x10 3
=_5 L= Z.x120)

<5 ?_xtmﬁ‘(*

- T A
- la-F 4+ % - 134
Lmin = Vaw  _ Vo Vow

Re. 2ia _ 86 A -

- na+ - 29 -

ﬁf S @ yies motal )

L O
ﬁgnm-r, : fr::-‘: Kr ¢ Tay = 955 Ke & ( In,,ﬁg{...@
7 = 9.55Xa.00025 QIS‘I-‘-F-!- EE*‘?G)‘-

2

— 30 N-m-

—

Meon Pt ~ e :_%_T.g-,(zsan X 30=F.85 xW

peuer & =10-5 hp.






DC-DC MOTOR DRIVES (Choppers)

A chopper directly converts a fixed-voltage DC supply to a vaniable-voltage DC supply.

Step-Down Chopper (Motoring)

&
HUIr'.'
vV | :
a o . S B | I S I Mean voltage
Ia """""""""""""""""""""""""" w Mean current
—T — — -t




Vs = l.’.E + Va
de
Vs —Va=L%
dt
di = ——"dt
L
_ ¥Fe=V¥n

AIZIE_II— L tﬂ,“

(1)

(2)

(3)

(4)

During t,5 time

0=-L% +Va (5)
di
Va =L (6)
di = =" dt (7)
Va
al = Tt"'”. (8)

tow = DT, topp = (1 — D)T whereD is the Duty cycle

Equating Als
__ ¥Fe=Va _ 'l"_n _

Al = . Eop = m tnh"
To find currents

I‘Iﬂﬂ-ﬂ" = fl+!z

2

adding (10) to (4) or (8)

212 = zfmeun + h;"“‘tnu

IZ = 'rmeaﬂ + 2L tﬂrt
similarily

'r:l = ‘rmeaﬂ - Tton

Vs—-Va
L

(2)

or

or

or

DT = "1—“[1 — D)T => Va = DVs

ll + IZ = z‘rmeaﬂ (lﬂ)

Va
212 = 2"Irrlrum + Ttn-_ff

Va

In = I can +Htaff

'ri = ,memt

— 5 Loff



V DC source to supply a motor load with Ba = 0.85 ohms, La=0.32 mH. The required
torque genrated by the motor 1s 20 Nm_ at 1000 rpm, and field current 1s measured to be 1A
IfKv=1028345 V/A-rad/S, determine (a) the duty cvcle for the switching pulse, (b ) the mean
load current, and (c) the max & min load currents.

(a) V, = DV, = I,R, + E, I,=? E,=?

T = Kylply => I, = o—— = 23.96 A

0.8345 x

1000
E, = Kywl; = 0.8345x 2 x rral 87.38V

V, = 23.96 x 0.85 + 87.38 = 107.75 therefore D = “;;';* = 0.89 = 89%
(b) Lyean =1, = 23.96 A
Vs=Va Va
(C’) Imu.: = I'll'l-i‘ﬂ'ﬂ + Tton or 'frmz.t = Imrnn + Etaff
Weknow t,, =DT, t,;y =(1—=D)T and T=1/f
B 120V =107.75V 1
lnar = 23.964 4+ ST * (.89 =* 000 32.4TA
Ve-V V
Iin = Inoan — %tnn or Iy = lnsan — ﬁtaff
120V-107.76V 1
i = 23.964 = 2220 4 g9y L= 15454

Example : A separately excited DC motor 15 powerd by a DC chopper from a 600 V dec
source. The armature resistance Ra = 0.05 ohms. The back e.m f constant of the motor 15
kv=1.527 V/A-rads/s. The armature voltage 1s continuous and ripple free. If the duty cycle of
the copper 1s 60%, determine (a) the input power from the source, (b) the equivalent input
resistance of the chopper drive, (¢) the motor speed, and (d) the developed torque.

(a) Pipu=7,  Pigpw = DV, = 0.6 x 600 x 250 =90 kw

Vs Vs 600V
(b) Reg="7. Req Is Dis  0.6x 2504 28

(c) =7 E;=kwo . E=7. V,=LR, +E.. V,=7. V,=DV. =06x600=360V

E-=360-250x005=3475V

347.5V

e r 60
== 91.03 rad/s or 91.03 x ;—869.3 rpm

(d) Tp=2, Tp=k, ;L=1527Tx250x 2.5 =954 38 Nm



Step-Up Chopper — (Regenerative Braking)

V
5
V
a
IL Mean current
During t,, time During t,5 time
. =g
Ve = Ldr (1) Ve L'h +Vs (4)
di = "—L'd: (2) di = "';"" dt (5)
Ve Vs-Ve
J‘I:I.Z_I].:Ttﬂll (3} d’=fz_,1= 3 ta.l"f (6}
Equating Als
Ve ¥Fe=Ve Ve Ve—-Ve
.df=f:-f1 =Tt““= Ttﬂ'f == TDT: f {I—D]T [?]

VeD =Vs — Ve —VsD +VeD == Vs =

Va

(8)

Since average voltage across L 1s zero, therefore Ve=Vaand Vs =

To find currents
Iy +r2

Imean = 2 (9) Iy +1; = 21,ean (10)




adding (10) to (3)or(6) remembering Ve = Va

¥V ¥s— ¥
2I; = 21,000 T Tntnn or 21, =21 0qn T+ %fnﬂr
i Va . . T Ve=Va
I; =lnean + Etﬂil or Iy = lpean + Tntnff
similarily
' Va Ve=V
Iy =Ilnean — 2L Lon or Iy = FLyean — Tﬂ ta-j"f

Example : In a battery powered car_ operating a frequency of 3 KHz, the batterv voltage 1s
120 V. It is driven by a DC motor and employvs chopper control. The resistance of the motor
15 0.2 ohms and 1ts inductance 1s 0.3 mH. Dunng braking, the chopper configuration 1s
changed to voltage step-up mode. While going down the hill at a certain speed, the back emf
of the motor 1s 110 V and the breaking current 1s 10 A. Detrermine (a) the copper duty cycle,
and (b) Max and Min values of the current.

Lﬂ =0.3mH

120W

110v

Va laRa+Eg laRa+Eg 110V+40.2x10
a)D="7 =—=——>1-D= = => D = 6.67
@ Va 1-D 1-D 1-D Ve 120 D %
Vi 112x0.0667
() Tnax = Dyean + Et"" = 104 + 7v03r10-322000 16.22 A
_ Va . 11220.0667
Tmin = Tmean = 3y ton = 104 = 5y t0-x2000 ~ - 784

Problem-Eepeat above for 50V back emf.

Motoring and Regenerative Braking Two-Qunadrant Chopper (buck-boost

Example 13.1:  DC chopper with load back emf (first quadrant)

A first-quadrant de-to-de chopper feeds an inductive load of 10 ohms resistance,
50mH inductance, and back emf of 55V de, from a 340V de source. If the chopper
is operated at 200Hz with a 25% on-state duty cycle, determine, with and without
{rotor standstll) the back emf*



i.  the load average and rms voltages;
. therms ripple voltage, hence ripple factor;
i, the maximum and minimum output current, hence the peak-to-peak
output ripple in the current;
v, the current in the time domain;

v.  the average load output current, average switch current, and average
diode current;
Vi, the input power, hence output power and rms output current;
Vil effective input impedance, (and electromagnetic efficiency for £ = 0);
vili.  sketch the output current and voliage waveforms.

First Quadrant Chopper or Type
A Chopper or Class A Chopper

In this topic, you study First Quadrant Chopper or Type A Chopper
or Class A Chopper v-i plane, working principle, quadrant operation,
Applications, and Circuit diagrams.

Type A chopper is basically a Step-Down Chopper.



Circuit Diagram
The Type A chopper circuit diagram as shown in Figure 1. Here the

motor load is assumed, R; and L; armature resistance and inductance of
the motor respectively. Ep is the back emf of the motor.

5

Vo

Figure 1 Circuit diagram of Type A chopper



Vo-ip plane

The Type A chopper operates in the first quadrant of vy - i plane as
shown in Figure 2. Here v is the ontput voltage, Vipis the average ontput
voltage, ipis the output current and I;is the average output current of
Type A chopper circuit.

&
Yo Quadrant I

Forward Motoring

>
[-" .Iir() f{)

Figure 2 Type A chopper vo-ip
plane



Quadrant I operation when Switch §; turned on

The Type A chopper equivalent circuit diagram for Quadrant I is shown
in Figure 3. Here switch 5, operated, Switch 5, conducts, output voltage
Vgand the output current i both are positives, power flows from source
to load and inductor stores energy, the motor rotates in the forward

direction hence called forward motoring.

Fs

Sy
.................................... >
+ — :
: s o
® !’ﬂ.l .
— .
FD A .
A .
q‘iilll+++iiilli‘++lli ll+++lllll+++iill"ﬂ’

Figure 3 Equivalent Circmt diagram [ of Type A chopper



Quadrant I operation when Switch S; turned off

The Type A chopper equivalent circuit diagram for Quadrant I is shown
in Figure 4. Switch 5; turned off diode FD conducts, output current i is
positive and the output voltage vy becomes zero, inductor release energy
and freewheeling action using diode FD takes place, the motor rotates in
the forward direction hence called Forward motoring.

5
—O-" C +
* ........ ++F.
: ¢ R,
; v
—— E B ""G_D
HCD e L Qv
. +
E IL?'_II.F.‘Z?'I:
: ; E,
P, Y

Figure 4 Equivalent Circuit diagram 11 of Type A chopper

Application

This chopper is suitable for motoring application only.

6.2. THE FIRST-QUADRANT (STEP-DOWN) CHOPPER

A d.c. brush motor with permanent magnet excitation with the data R, =10, Ke}‘p =0.055 Wb/ rpm 15 fed through a first-
quadrant chopper (Table 6.1a) froma 120 Vd c. supply at a constant (ideal) armature current of 10A.

Detemune:
a. the range of duty cycle o fromzero to maxmmm speed;
b. the range of speed.



Solution:
The average output voltage Vj 1s

WV, =V o=120c (6.16)
At standstilln =0 and thus
V., =R, ,=110=10V

=y, 120 12 617

For maxmmmm speed, the voltage 15 120V (x = 1). Consequently. o vanes from 1/12 to 1.
The voltage equation for maznmmm speed 15

V. =R +KAn., (6.18)

_ 120-1-10 2000
0055 pm (6.19)
The speed range 15 thus from zero to 2000 pm.

For the d.c. brush motor and chopper as above and o = 0.3, calculate the actual armature cument waveform. its average
valie, and voltage average value at n = 1600 rpm for the choppmg frequency fy = 50Hz Deternmme the choppmg

frequency for which the linut between discontmuous and contimuous current 1s reached at same t,,, as above.
Solution:
We now apply the anmature current expressions (6.6)-(6.7) first for f; = 30Hz

=]

3
0

]
=3
—
=
-
%]
i
(=29

t
The tum-on tune mterval

oL =

Ih

1
" fll

ms (6.20)

1
a1 D_Dljﬁ-lﬁtln .
L Ale g +-110) 88
1 621)

g 00 4 37

Assuming discontmuous current mode

(i), =0 A=-32 (6.22)

(), =fu), . a-ss=3afi- ™) 22236
Also A'=11036 623)

The cumrent 1" becomes zero att =1,

Are b _gg _ g, 110 36 - TN gz o
t=7.132 107 5<T=20ms (6.24)



o0 & 28 1fme)
Figure 6.5. Discontmuous current

Thus mdeed the current 1s discontmuous.

The average current 1, 15:
i 1, 1
= | [igdts [3,at|=
T

] ta
1 1o 111317 .
(32 [h-e™ e+ ﬂuu 36 o 1) _gg
210 0 1o
1= 78452 A (6.25)

The chopping frequency for the it between the discontmuous and continuous cument 15 obtamed for

1 1
=T =7132.107" fl=e — = —————= = 1402
b=t ©o® T, 7132107 Hz  (626)
In this case o becomes
_t'_'-_ﬁ_ﬂgguz
ST T T 7132107 627)

As the cument 15 discontmuous the average voltage 1s from (6.3)

e [T - T-l) 20-7132
V=Yg ?+EIT =120-03 +83-T

=40436619 =96619 ¥ (6.28)

10.21 A one-gquadrant chopper, such as thal shown in Fig, 10.34a, is used 1o control the speed ol 2
dc molor,

Supply de voliage = 120V
R, =01510
Motor back eml constant = (LO5 V /rpm
Chopper frequency = 250 Hae
Al a speed of 1200 rpm, the motor current is 125 A, The motor current can be assumed 1o be
ripple-lree,
(a) Determine the duly ratio (o) ol the chopper and the chopper on time £,
(b} Draw wavelorms ol v, fn, and i,.

(c) Determine the torgue developed by the armature, power taken by the motor, and power
drawn lrom the supply.



| 10-2l¢a) Vo = Eo. + La Ra

= .05 x/200 + 1L %x0.I15

= T8.7T5V
3
T = 19 _sec = & msec
250

X o= T8.75 . p.4563

(N -]
Yon = LT = 0.6563 x4 = 2.4 25 msec.
(E) -~ 12eV
Ve | | t ]-—;msw.c”
) 2-6z5ad 4 g
. LS A —
lo S ] D [ 3 [ © l+ sec.
. N IZ5A 125A
Is | | l_,. miec,
L] ol g
@) EaI, = éox 125 = T7SeoW
J5es = $£79.683 N-m

u.nn/iﬁ X2
P, = VoIo = 78.75x 125 = DE ¢4 W

Is = 125 % 0.6563 = §2.63 A

P, = t20x §2.03 = FELEt W



Example 4.23 The armature voltage of a separately excited dc motor is controlled
by a one-quadrant chopper with chopping frequency of 200 pulses per second from a
300V dc source. The motor runs at a speed of 800 rpm when the chopper’s time ratio
is 0.8. Assume that the armature circuit resistance and inductance are 0.08 2 and
15 mH, respectively, and that the motor develops a torque of 2.72 N-m per ampere
of armature current.

Find the mode of operation of the chopper, the output torque, and horsepower
under the specified conditions.

Solution From the problem specifications at 800 rpm, using Eq. (4.201), we get,
2n
E, = (2.72)36(300) =2279V
E. =K ¢ (4.201)

_tm Vi R T,
L Kiby (Kigy)

(4.202)

In the continuous mode of operation, with f,, > 1, we have t, = T. As a result
Eq. (4.202) reduces to

W= (lonfT}Vf - (Rafxl ¢',|']To (4.203)

K\ ¢y)

The armature circuit time constant is obtained as

1 -3
r=&=~ﬂ= 187.5 x 10735

The chopping period is given by

l -3
T—ﬁ—leO s

We obtain the critical on-time using Eq. (4.197) as
. - 2279
t, = 187.5 x 107 In|1 +Wte’““-’ -1
=38 x107%

We know that t,, = 0.8 x 5 x 10~ = 4 x 1073, As a result, we conclude that the
chopper output current is continuous.



To obtain the torque output, we use Eq. (4.203) rearranged as

= 'KI ¢f lgn
=54 (20 - ko)
Thus we obtain
2.72
To = 0.08 [0.8(300) — 227.9]
=4]11.4N-m

The power output is obtained as

P, = (411.4)%(300) =345 x 100 W

To illustrate the principle of field control, we have the following example.



Example 4.24  Assume for the motor of Example 4.23 that field chopper control is
employed to run the motor at a speed of 1500 rpm while delivering the same power
output as obtained at 800 rpm and drawing the same armature current.

Solution  Although we can use Eq. (4.205), we use basic formulas instead,

P, 34.5x10°
== = 2279V
E. L, 151.3 221.9

This is the same back EMF. Recall that
E. = Kipyw

Thus the required field flux is obtained as

wy 8
¢ =ty = 15%

where the subscript n denotes the present case, and the subscript 0 denotes the field
flux for Example 4.23. Assume that ¢, corresponds to full applied field flux; then

Op _ Vi _15
¢, Vo 8
The required chopped output voltage is V,. Now we have
Yo _ton
Vi T
Thus
fon _ 8
T 15

Assuming that T = 5 x 107 s, we get

lon = 2.67 x 10735



EXAMPLE 10.5

The two-quadrant chopper shown in Fig. 10.38a is used to control the speed
of the de motor and also for regenerative braking of the motor. The motor
constant is K& = 0.1 V/irpm (E, = Kdn). The chopping frequency is f, =
250 Hz and the motor armature resistance is R, = 0.2 1. The inductance
L, is sufficiently large and the motor current iy can be assumed to be ripple-
free. The supply voltage is 120 V.

) I_.} _

O - i
{al) 1.}

FIGURE 10.38 Two-quadrant chopper. (a) Circuit. (b) Quadrant operation.

(a) Chopper S, and diode D, are operated to control the s peed of the motor.
At n = 400 rpm and iy = 100 A (ripple-free),

(i) Draw waveforms of v, iy, and i,.
(ii) Determine the turn-on time (¢,,) of the chopper.

(iii) Determine the power developed by the motor, power absorbed
by R,, and power from the source.

(b) Inthe two-quadrant chopper S; and diode D, are operated for regenera-
tive braking of the motor. At n = 350 rpm and iy = — 100 A (ripple-free),

(i) Draw waveforms of v, iy, and i,.
(ii) Determine the turn-on time (z,,) of the chopper.

(ili) Determine the power developed (and delivered) by the motor,
power absorbed by R, and power to the source.



Solution

(a) (i) The waveforms are shown in Fig. E10.5a.
(ii) From Fig. 10.38a
Vo=E, + LR,

=0.1 > 400+ 100 x 0.2

{iii) Priee = By = 0.1 % 400 X 100 = 4000 W
Py = (i)l = 100% X 0.2 = 2000 W
P, = V(i = 120 X 100 X § = 6000 W
(b) (i) The waveforms are shown in Fig. E10.5b.

(ii) Vo= E, + (-14R,)
=0.1x3530- 100 % 0.2
=15V

From Fig. E10.5b
w=I=tay
T
:I'Ill
15 (I = —,) 120
fa 7

T 8
tww=1X4=35msec



120 ¥
:_I ’[_"'1 |
[ 2T
ok 00 A
0 o
4'.T
o 2 4 f [ > ¢ )
{a)
Vg
[] []
0 35 4 75 B =1 e
i
] - |
=100 A
'iT At . f {msech
= -
i 5,
(1]
FIGURE E10.5
(1ii) P = Bl = 0.1 % 350(=100) = =3500 W

Py o= 100" x 0.2 = 2000 W
P, = Vi{i)ug = 120(= 100 X }) = =1500 W



Example 4.1

The speed of a separately excited dc¢ motor is controlled by a chopper as
shown in Fig. 4.8a. The dc supply voltage is 120 V, armature circuit resistance
is R, = 0.5 {1}, armature circuit inductance is L, = 20 mH, and motor constant
is K, ® = 0.05 V/rpm. The motor drives a constant-torque load requiring an

average armature current of 20 A. Assume that motor current is continuous.
Determine:

1 the range of speed control;
2 the range of the duty cycle a.



Solution

Minimum speed is zero at which E_= 0. Therefore from equation 2.17

E,=ILR,=20x05=10V

From equation 4.1

Maximum speed corresponds to a= 1 at which E, = E= 120V,
Therefore

E,=E,- IR,
=120 — (20 x 0.5)
=110V

From equation 2.13

- E'l -m-
K® 005

2200 rpm

The range of speed is 0 < N < 2200 rpm, and the range of the duty cycle is
1/12<a< .



Example 4.1
A 250-V separately excited motor dc has an armature resistance of 2.5 {}. When driv-

ing a load at 600 rpm with constant torque, the armature takes 20 A. This motor is con-
trolled by a chopper circuit with a frequency of 400 Hz and an input voltage of 250 V.

1. What should be the value of the duty ratio if one desires to reduce the speed
from 600 to 400 rpm, with the load torque maintained constant?

2. What should be the minimum value of the armature inductance, if the
maximum armature current ripple expressed as a percentage of the rated
current is not to exceed 10 percent?

Solution: With an input voltage of 250 V and at a constant torque, the motor will run
at 600 rpm when 6 = 1.

1. At 600 rpm
E=V,-ILR,=250-20x25=200V

At 400 rpm, the back emf

E,-EMK%- 133 Vv

The average chopper output voltage
Va=E, +IR,=133+20x25=183 V.
Now V=V, or 8=V,/V=183/250=0.73.



2.

(4.14)

AL o V |1+ el — gfTita — gll=8iTiny
h ZH. E.Tff. - l

- . : Ai,
Per-unit current ripple = (Ai,), = —*

—_—

= Vv
2R s elm—|
For the maximum value of the per-unit ripple

daip _ 0.
dd

therefore from equation (E4.1)

+ Thrg — ity — all=81iTiry
1+e ¥l — ¢ ] (E4.1)

—;— “'“+}c“"”‘“=0 or =1-8 or 8=05.
Substituting in equation (E4.1), the maximum value of the per-unit ripple (di,)pm is
given by the following equation:

clll.i"l"*‘l'l i |]

2R ] |7 + 1 .

(Ai,)pm =

For (Ai,)pm = 0.1

€~ | _0.2Rlpy _0.2X2.5%20 _

R v 250 o

or €™ =108 or 0.5T/r,=¢n(1.08)=0.08 or f-=ﬁ

R,T 2.5

POlE ADXD IR T

or L,



Example 4.2
A 220-V, 100A dc series motor has an armature resistance and an inductance of 0.06 {)
and 2 mH, respectively. The field winding resistance and inductance are 0.04 () and
18 mH, respectively. Running on no load as a generator, with the field winding con-
nected to a separate source, it gives the following magnetization characteristic at
700 rpm:
Field current 25 30 75 100 125 150 175 A
Terminal voltage 66.5 124 158.5 181 1985 211 2215 V
The motor is controlled by a chopper operating at 400 Hz and 220 V. Calculate the
motor speed for a duty ratio of 0.7 and a load torque equal to 1.5 times the rated torque.

Solution: The speed at which the magnetization characteristic was measured =
700 x 27w/60 = 73.3 rad/sec.

voltage induced E = K $w,,

Kb=K=—2

mm
El

Torque T, =KI, = — (E4.3)

Dy

From equation (E4.3) and the magnetization characteristic

& 25 50 75 100 125 150 175 A
Te asl 84.6 162.2 ~246.9 3385 4318 5288 N-m

The rated torque (torque at 100A) = 247 N-m

1.5 X Rated torque = 1.5 X 247 = 370.5 N-m

From the above T,/I, table the current at 1.5 X Rated torque = 133 A
Also K at 133 A=370.5/133=2.79

R,=0.06+0.04=0.1 0

dV-1LR, 0.7x220-100x0.1
K 2.79

Now w, =

= 51.6 rad/sec. = 492.7 rpm



Example 12.1

The speed of a separately-excited d.c. motor with R, = 1.2 Q and L, = 30
mH, 1s to be controlled using class-A thyristor chopper as shown in
Fig.12.4 The d.c. supply V; = 120 V. By ignoring the effect of the armature

inductance L, , it is required to:

(a) Find the no load speed and starting torque of the motor when the
duty cycle y=1.

(b) Draw the speed-torque characteristics for the motor when the duty
cycle y = 1. The motor design constant Ke® has a value of 0.042

Virpm.

(c) Find the speed of the motor n (rpm) when a torque of 8 Nm 1s
applied on the motor shaft and the duty cycle 1s settoy =0.5.

LN

L - ! M

+ L
——
DC Chopper

Vi

d Dry LN

o

Fig. 12 4 Thyrnistor chopper drive.



Solution
The average armature voltage fory = 1is
Vo= yV4 =1x120=120V

The motor’s speed:

Vo _Ra .
K,0 K.K.0?“
Atno load 7, =0, hence
V. 120
or SpAL = —— = 2857 rpm

Mo Tk - 004z

At starting, n = 0. The starting torque T, may be found as:

}’Vd Ra
=0= - T,
n K0 KK

955yV

=222V e
R,

955 %120

Tst = T % 0.042 = 40 Nm

Speed n, =2857 rpm

(rpm)

14281

857.13

T~ >
0 8 20 40 Torque (N.m)
Fig. 12.5 Speed-torque characteristics.
(b) At =105,

V= yVy=05 x120=60V

=Wa _ 60 _ 4085
"o Tk 0o0az o ooorem

9.55 % 60
T = —1 2

At y=05, T,=8 Nm

x 0.042 = 20 Nm

60 1.2
T 0.042 955 x (0.042)2

n ®x 8 =857.13 rpm

Note: Ky = Torque constant = 9.55 K,



Example 12.2

A d.c. motor 1s driven from a class-A d.c. chopper with source voltage of
220 V and at frequency of 1000 Hz. Determine the range of duty cycle to
obtain a speed variation from 0 to 2000 rpm while the motor delivered a
constant load of 70 Nm. The motor details as follows:

1kW, 200 V, 2000 rpm, 80% efficiency, R, = 0.1 Q, L, = 002 H, and
KO =054 V/rad /s.

Solution

_21:11_271’){2000_2093 q
w=—s= 0 = 3 rad/s

o P 1000
@ " Voltage x n~ 200 x 0.80

=6.25A

I YWa—Es yVa—KOw
awv — Ra - Rﬂ

T,

a

r = Km "rlll?

V, — KD w
—?d 0 )Nm

Tay = KO ( R,

Forw, =0

KoV
T = 1 4 d
RH

T,,R, 70x0.1

Y =kov, 05&x220 0.058

= 0.058

“ Vmin

T.,R, KOw, 70x01 0.54x209.3

and  Ymar = ot T0max220 T 220 - 007t

Hence the range of y 1s 0.058 — 0.571 .



Example 12.3

In the microcomputer-controlled class-A 1GBT transistor d.c. chopper
shown in Fig.12.6, the input voltage V; = 260 V, the load is a separately-
excited d.c. motor with R, = 0.28 Q and L, = 30 mH. The motor 1s to be
speed controlled over a range 0 — 2500 rpm , provided that the load torque 1s
kept constant and requires an armature current of 30 A

(a) Calculate the range of the duty cycle y required if the motor design
constant K@ has a value of 0.10 V/rpm.

(b) Find the speed of the motor n (rpm) when the chopper 1s switched
fully ON such that the duty cycle y=1.0.

A

DC voltage

Fig.12.6 1GBT d.c. chopper drive.



Solution

(a) With steady-state operation of the motor, the armature induct
behaves like a short circuit and therefore has no effect at all.
At stand still n =0, and therefore , £, =0 , hence from Eq.(12.22),

I —%_E“—V“”_U—g[)g
«= TR 028

& Vg =028x30=84V

At full speed n = 2500 rpm |
Eyr500 = K. pn = 0.1 x 2500 = 250V

For separately-excited d.c. motor,
VHEEIJ'D == Eﬂ_ + ID_RH = 250 + 3{' * 028 = 2584 \Y

Therefore the range of the duty cycle y will be:

Ve 8.4
= —= —=10.0323
Vo= 377 260

Similarly
Vﬂzgﬂg _ 2584

Y2500 = V. 260

= 0.9938

(b) When the chopper is switched fully on, 1.e. y =1, then
V,=V;=260V.
At this condition,
Val(y =1) = Eo + IRy = Ke p n + [,R, = 260V

0.1n+30 x 0.28 = 260 - n=2516rpm



Example 12.4

A separately-excited d.c. motor has the following parameters:

R,=05Q, L,=50mH, K, ®=0.078 V/rpm.
The motor speed 1s controlled by a class-A d.c. chopper fed from an ideal
200 V d.c. source. The motor 1s driven at a speed of 2180 rpm by switching
on the thyristor for a period of 4 ms in each overall period of 6 ms .

(a) State whether the motor will operate in continuous or discontinuous

current mode,

(b) Calculate the extinction angle of the current if it exist,

(c) Sketch the armature voltage and current waveforms,

(d) Calculate the maximum and minimum values of the armature current,

(e) Calculate the average armature voltage and current.

Solution

(a) To find whether the motor operates in continuous or discontinuous
current modes ,we have to find the values of y and y":

tDH _ t&ﬂ

dms 0.667
tﬂn — Logr T bms )

}":

1
T=6x10"3s - w=2n 7= 1046.6 rad/s

L 5
The armature circuit tim constantis t= R—'l = G =10 ms
a X
2 2x3.14
Therefore, = 0.6

wr _ 10467 x 10 x 10-3

Atspeed of 2180 rpm , E, = K. ¢ n = 0.078 x 2180 = 170V
The critical value of y " will be | (using Eq.( 12. 31))

E, e*™/wt_1 170 %67 -1

V, em/et—1 200 06 —1




From which y"=0.0.8829 | therefore , "= y . hence the motor 1s operating
in discontinuous current mode.

(b) The extinction angle x of the current is calculated from Eq.(12.29) as,

wi Fd - T
R —

a

wt = 1046.7x10x 107* = 10.467 rad

200

— (2mx0.6)/10.467 _ — o—2mx0.6/10.467
X 1ﬂ.46?1n[e {“(1?0 D(l-e )H

From which x =48rad - x=275.16°

(c¢) The armature voltage and current waveforms are shown in Fig. 12.7.
(d) The maximum and minimum values of the armature currents are:

Lnin = 0, since it 1s discontinuous.
Laen 18 calculated from Eq.(12.26) as,

=4 -2
fma_rﬂ - R (1 — £ ?ITI.-’E.JT)
(v
- Armature vo, & Waveform
v.-:l. r l:é' itag ofi
200V Fa=170V

LY
Cdl

.

a lj Imaxp Armature current waveform
_(/P\.-— A— >
0 x 21 wit

Fig.12.7 Armature voltage and current waveforms.



Example 12.5

A separately-excited d.c. motor with R, = 0.1 Q and L, = 20 mH, 1s to be
controlled using class-A thyristor chopper. The d.c. supply 1s a battery with
s = 400 V. The motor voltage constant is 5 V.s/rad. In the steady-state

operation the average armature current /, = 100 A and it is assumed to be
continuous and ripple-free.

(a) For a duty cycle of 0.5, it 1s required to calculate (1) the input power
to the motor, (i1) the speed of the motor, (i11) the developed torque.
Mechanical, battery and semiconductor losses may be neglected.

(b) If the duty cycle of the chopper is varied between 20% and 80%, find
the difference in speed resulting from this variation.



Solution
(a) Input power to the motor, speed of the motor and the developed torque
are calculated as follows:
(1) For continuous current operation the input power 1s

P =V, =yVyl, =05 x 400 x 100 = 20 kW

(11) Speed of the motor can be calculated as,
The voltage across the armature circuit

V, =yV; =05 x 400 =200V

The induce voltage E, = K@ w

K@ =5 V.s/rad.
E,=V,—I,R,=200-100x0.1 =190V
W= E=@=381‘adfs

Kp 5
To find the speed n in rpm
60 60
n=o—w= o x 38 = 363 rpm

(111) The torque produced by the motor,
r - E.l, 190 x 100
"W 38
(b) For duty cycle of 20%,

= 500 Nm

Eaz00 = ¥YVa — laRg = 0.2 x 400 —100 X 0.1 =70V

E 70 rad 60
Wy00; = %&*‘ﬂ=?= 14 — o Myoy = 14 X oo = 133.7 rpm

For duty cycle of 80%,



Eago, = ¥Va — Io Rq = 0.8 x 400 —100 x 0.1 =310V

Eagoy, 310 60
Wgge, = X0 === 62rad/s = nggy = 62 X T 592.3 rpm

Hence the difference in speed 1s

Ngou, — Nagy, = 592.3 — 133.7 = 458.6 rpm

Example 12.6

A class-A d.c. chopper operating at a frequency of 500 Hz and feeding a
separately-excited d.c. motor from 200 V d.c. source. The load torque is 35
Nm and speed i1s 1000 rpm. Motor resistance and inductance are (.15 €} and
1.0 mH respectively. The emf and torque constant of motor are 1.6 V/rad/s
and 1.4 Nm /A respectively. Find (a) Maximum and minimum values of
motor armature current, and (b) Variation of armature current. Neglect
chopper losses.



Solution
(a) Let duty cycle =y
4 =200V
Vaw = ¥ Va =y x200
Average armature current [, =T/ Kp=35/14=25 A

Backemf E,=Kpw=16 x(950 x 2n/60)=159.16 V
EFEU = Eﬂ + IERE
200p=15916+25x015=16229V
y=0.8145
T=1/500=2ms
toy =yT=2x0.8145=1.629 ms
toyy =2-1.629=0.371 ms

From Eq.s (12.19) and (12.20) ,The maximum and minimum currents are
calculated as
Let:

R —y¥TR
T=2m, t,,=2ny=yT, 1’=L—a ,and —t,, /T = :1 -

Hence Eq.(12.19) and (12.20) can be re-written as



V, [1—e ten/T\ E_
fmax =g \T=e777 ) "R,

a (i
and

A elon’T —1\ E,
min =g N\ 1) "R,

TR, 2x107%x0.15 0.30
L,  1x103

i

YTR,
L,

e

—0.8145x0.3 _ 8—0.24-'-1-35 = (.7832

_T

e Li = e~03 = (.7408

a

200 /1—0.7832y 159.15
lmax =575 (1 — U.?4UB) ~ 7015
0.2168
— 1333.34 X (0_2592) — 1061 = 54,24
200 /12767 — 1y 159.15
%m=nl5hjym-q)_ 0.15

1333.34 (0'2?5?) 1061 = 0
= . b4 _ =
0.3498

(b) Variation of armature current= I, — L, = 54,2 — 0 = 54,2A



Example 12.16. A dc series motor is fed from 600 V dc source through a chopper. The dc
motor has the following parameters :

r,=004%Q, r,=0.06Q, k=4x10"*Nm/amp®
The average armature current of 300 A is ripple free. For a chopper duty cycle of 60%,
determine :
(a) input power from the source
(b) motor speed and (c) mator torque.
Solution. (a) Power input to motor
=V, - I,=aV, I,
= 0.6 x 600 x 300 =108 kW.
(b) For a dc series motor,
' oV,=E, +I, R=kI, 0, +I R
0.6 x 600 = 4 x 10”2 x 300 x ,, + 300 (0.04 + 0.06)

0 = 39238 _ 375 rad/sec or 2626.1 rpm

(¢) Motor torque, T,=kI%=4x10"%x 800% =360 Nm. |



Example 12.17. The chopper used for on-off control of a dc separately-excited motor has
supply voltage of 230V dc, an on- time of 10 m sec and off-time of 15 m sec. Neglecting armature
inductance and assuming continuous conduction of motor current, calculate the average load
current when the motor speed is 1500 rpm and has a voltage constant of K, = 0.6 V/rad per

sec. The armature resistance is 3 . [IA.S., 1985}

Solution, Chopper duty cycle
o Ten __10 _
T+ Top 10+15
For the motor armature circuit,

Vi=aV,=E, +1,r,=K, -0, +1r,

0.4x230=0.5x315—%%§99+1ax3

0.4

o

. Motor load current, I, = %%.5._’5.1‘. =4.487 A



TheExample 12.18. A‘dc chopper is used to control the speed of a separately-excited dc motor.
’ dc supply voltage is 220 V, armature resistance r, = 0.2 Q and motor constant K, ¢ = 0 Oé}
/rpm. T

This motor drives a constant torque load requiring an average armature current of 25 A.

Determine (o) the range of speed control (b) the
current to be continuous. range of duty eycle o Assumﬁi&tge ?g;?)?

Solution. For the motor armature circuit,
Vl = U‘Vs= Ea+1ara
_ A‘ motor drives a constant torque load, motor torque 7, is constant and therefore
armature current remains constant at 25 A, '
Minimum possible motor speed is N = 0. Therefore,
ax220=0.08x0+25x20=5
5 _1 ' '
Maximum possible motor speed correspondé too = 1, i.e. when 220 V dc is directly applied
and no chopping is done.
1x220=0.08xN+25x0.2
220~5

or | N= 008 - 2687.5 rpm

-, Range of specd control : 0 < N < 2687.5 rpm and corresponding range of duty cycle :
1 e | |
24 <o <l

Example 12.19. A separately-excited dc motor is fed from 220 V dc source through a
chopper operating at 400 Hz. The load torque is 30 Nm at a speed of 1000 rpm. The motor
has r, =0, L, = 2 mH and K, = 1.5 V-sec/rad. Neglecting all motor and chopper losses,

calculate _
(@) the minimum and maximum values of armature current and the armature current

excursion,
(b) the armature current expreseions during on and off periods.



Solution. As the armature resistance is neglected, armature ¢
between its minimum and maximum values.

(2) Average armature current, I, = % =15-
m L

E, <K, ap=15x 22100 15708V

Motor emf,
Motor input voltage, oV,=V,=E +Ir,=1567.08+0
157.08
0="000 - 0.714
Periodic time 1.l Losms
! f 400

On-period, * T,=0T=0714%25= 1.785 ms
Off-period, Typ=(1- o) T =0.716 ms

urrent varies linearly

T,. armature current will rise which is governed by the equation,

During on-period

- dig
0+LE?+E"=V’
di, V,~E, 220-157.08
or - L 0.02 =3146 A/s
. . di, E, -157.08
During off period, =L " 002 =- 7854 A/s

With current rising linearly, it is seen from Fig. 12.21 that
' di
‘ | A=l + (d_a duﬁng Ton] XT,,

N =L, +3146x 1785 % 107°
o | I,.=I, +5616" '
. For linear variation between I, and I, average value of armature current
1, = T * |
2
or o I, =40-1,,
Solving Eqgs. (i) and (ii), we get I,,, =22.808 A
and | I, =17912A.
- Armature current excursion =1, ~1.,=22808~17912=5616A

=20 A

o AD)

i)



(b) Armature current expression during turn-on,

dt
=17.192+ 3146¢ for0<t<T,,

Armature current expression during turn-off,

! di, . .
Ly=1,,+ (—-— during Tm]x t

_ di, . .
Ly =1, + "(—i?dunng off | X ¢

=22.808-7854¢t for0<t<T

Example 12.20. Repeat Example 12.19, in case motor has a resistance of 0.2 Q for its
armature circuit,

Solution. (a) From Example 12.19, armature current, [, = 20 A and motor, emf{,
E, = 157.08 V; source voltage, V, = 220 V.

For armature circuit, oV, =V,=V,=E, +1, r,=157.08 +20x 0.2=161.08 V

_161.08 _
=220 - 0.7322
Ton=aT=0.7322x2.5=1.831ms

.R= 0.2 - 10

T,=T-T,,=0.669 ms, L =002

During T, from Eq. (12.34), armature current is

i, (5 = 220 157.08 _01257'08 Q-e1%+1,, 1™
At ¢=T,, = 1.831 ms, current become I,,,. This gives
' i, (8)=1,,=57079+0981871, , (1)
During T4, from Eq. (12.35), armature current is
- 1567.08

iy ()= 55— (- ™+, &1

At t=0.669 ms, i, (¢)=1,,, This gives
ity =1Ip,=-5237+0.99331,, - Lit)

!



ar

Solving Egs. (i) and (i), we get
Y ] .. =57079+0.98187 (- 5.237+0.9933 1)

=0.5658 + 0.9753 1 ,,
0.5658
I, = 50247~ 22.907 A
I 5237+09933><22 907=17516 A
Armature current excursmn
={ =1, =22907- 17.516=53% A

(b} Alimature current expression during turn-on period is
i(t)=3814.6(1-¢ %) +17.516¢ '*

Armature current expression during turn-off peried is
i(t)=—785.4 (1—¢ %) +22.907¢ "



Example 12.21. A dc chopper is used for regenerative braking of a separately-excited dc
motor. The dc supply voltage is 400V, The motor has r, =02 Q, K, =1 .2 V-s/rad. The average

armature current during regenerative braking is kept constant at 300 A with negligible ripple.

For a duty cycle of 60% for a chopper, determine

(a) power returned to the dc supply
(b) minimum and maximum permissible braking speeds and
(c) speed during regenerative braking. -
Solution. (a) Average armature terminal voltage,
V,=(1-0)V,=(1-0.6)x 400 =160 V.
Power returned to the de supply
=V, =160 x 300 W =48 kW

(b} From Eq. (12.41), minimum braking speed is

I,-r, 300x0.2
Wpp = K, =—19 50 rad/s or 477.46 rpm
From Eq. (12.42), maximum braking speed is
_Vy+1,-r, _400+300x0.2
O =K, 12

m

- 383,33 rad/s or 3660.6 rpm

{c}) When working as a i
. generator durin ; .
Ey=K, wy =V, 4 Ly <160+ 300 02200y o ve braking, the generated emf i

) 22
. Motor speed, w,, = Tg— rad/s or 1750.7 rpm



Example 21-10
The switch in Fig. 21.60a opens and closes at a fre-
quency of 200 Hz and remains closed for 3 ms per
cycle. A dc ammeter connected in series with the
load E;, indicates a current of 70 A.

a. If a dc ammeter s connected in series with the
source, what current will it indicate?”
b. What is the average current per pulse?

Solution
a. Using Eq. 21.20, we have

, I
period T = 0 = 50 ms

duty evele = 1 = 2~ 0.06
f CVCIe = = = ).
uly <y T 50

Iy = I,D
=70 x 0.06
=42A

b. The average current during each pulse (duration
T,)1s 70 A, Considering that the average current
is only 4.2 A, the source has to be specially de-
signed to supply such a high 70 A pulse. In most
cases a large capacitor is connected across the
terminals of the source. It can readily furnish
the high current pulses as it discharges.

Example 21-11
We wish to charge a 120V battery from a 600 V dc
source using a de chopper. The average battery cur-
rent should be 20 A, with a peak-to-peak ripple of
2 A. If the chopper frequency is 200 Hz, calculate
the following:

a. The dc current drawn from the source
b. The dc current in the diode

c. The duty cycle

d. The inductance of the inductor



Solution

The circuit diagram is shown in Fig. 21.61a and the
desired battery current is given in Fig. 21.61b. Tt
fluctuates between 19 A and 21 A, thus yielding an
average of 20 A with a peak-to-peak ripple of 2 A,

a. The power supplied 1o the battery is
P=120V X 20A = 2400 W

The power supplied by the source is, therefore,

2400 W.
The de current from the source is

{a)

Figure 21.61
a. Circuit of Example 21-11.
b. Current in the load.



Is = PIEs = 2400/600 = 4 A

b. To calculate the average current in the diode,
we refer to Fig. 21.61a. Current [, is 20 A and
Is was found to be 4 A. By applying
Kirchhoff’s current law to the diode/inductor
junction, the average diode current [}, is

I =1 —Is
=20-4
=16A

¢. The duty cycle is
D = EJEs = 1200600 = 0.2
T=1/f= 1/200 = 5 ms
Consequently, the on time T, is
T.,=DT=02 X 5ms = 1ms

The waveshapes of I and [y, are shown in Figs.
21.61c and 21.61d, respectively. Note the sharp
pulses delivered by the source.



. During interval T, the average voltage across
the inductor is (600 — 120) = 480 V.
The volt-seconds accumulated by the inductor
during this interval is A, = 480V X 1 ms =
480 mV-s = 0.48 V-5, The change in current
during the interval is 2 A: consequently,

Al = A, JL (2.28)
2 = 0.48/L
L=024H

Figure 21.61
¢. Current drawn from the source.
d. Current in the freewheeling diode.

Thus, the inductor should have an inductance
of 0.24 H. If a larger inductance were used. the
current ripple would be smaller, but the dc volt-
ages and currents would remain the same.



Example 21-12 N
The chopperin Fig. 21.62 operates at a frequency of
4 kHz and the on time is 20 ps. Calculate the ap-
pareni resistance across the source, knowing that R,
= 1241,

Solution
The duty cycle 1s

D=TJT=Tf=20x 10" x 4000 = 0.08
Applving Eq. 21.22, we have

Ry = RJD’
= 12/(0.08)°
= |875 ()

This example shows that the actual value of a re-
sistor can be increased many times by using a chop-
per. Although a chopper can be compared to a trans-
former, there i1s an important difference between the
two. The reason is that a transformer permits power
flow in both directions—from the high-voltage side
to the low-voltage side or vice versa. The siep-
down chopper we have just studied can transfer
power only from the high-voltage side 1o the low-
voltage side. Because power tlow in both directions
is often required, we now examine a de-to-dc con-
verter that achieves this result.

6.3. THE SECOND-QUADRANT (STEP-UP) CHOPPER FOR GENERATOR BRAKING

A d.c. brush motor with PM excitation is fed through a second-quadrant chopper for regenerative brakmg (Table 6.1b).
The motor data are R, = 10); L, = 20mH: eg= 80V (gven speed). The supply voltage Vj 1s 120Vd.c. and t, = 5107 s.
Determune:

a. The waveform of motor cumrent for zero mitial current

b. The waveformofsource curmrent

¢. The mammumaverage power generated



Sohition:
a. The cumrent waveforns are as shown m Figure 6.2 and 6.3 with 1,5 =0.

L
i,=-—Y4+Be &, D<t<t,
R, (6.29)
Vo-e T
i,'= : '+E'-3{H = ta<t<T
b. R, (6.30)
i Ta Tea
(N9
b B
‘4—_.5
R Low: : N

) s

Figure 6.6. The step-up second-quadrant chopper.

The boundary conditions are

=0 G =l W, -0 631)

The unknowns are B, B and T. Consequently,

e, 20
B=—2=""230
R, 1 (6.32)
80 . M7 _gp o Mm'- '= _ 57 696
1 ’ ' (633)
40-57.696 ¢ W _p Tot =7326-107
thus T = (7326 +35)107"e=12326-107"s (6.34)

Note that the source cument occurs durmg the S tum-off and 15 negative, proving the regenerative operation.

The average source cument iy, 15

1 ¢ 1|eg—2, L, [ )i }
ig'== [isdt== T-t)-—+B =N
III' T f,l‘-lj'l T { RI_ { ll} R. [e

1 40 -1 -1 ~113110-40 i
-m{l 7326107 +20-107 57.696 ¢ -1}

i'=-4938 A 635)

The average power regenerated P, 15

P_=-i 'V, =4933.120= 59256 v (6.36)



Example 14.4: Second-guadrant DG chopper — continuows inductor current

A de-to-de chopper capable of second-guadrant operation is used in a 200V de battery eleciric vehicle.
The machine ammature has 1 0 resistance in series with 1mH inductance.

i. The machine iz used for regenerative braking. At a constant spesd downhill, the back emf is
1500, which results in a 104 braking curment. What is the switch on-state duty cycle if the
miachine is delivering continucus output current? What is the minimum chopping frequency
for these conditions?

i. At this speed, (that is, E = 150V), determine the minimum duty cyce for continuous inductor
current, if the switching frequency is 1kHz. What is the average braking curment at the critical
duty cycle? What is the regenerating efiiciency and the rms machine cutput current?

fi. If the chopping frequency is increased to SkHz, at the same speed, (that is, E= 150V}, what is
the critical duty cycle and the comesponding average de machine current?

Solution

The main circuit operating parameters are
o V=200V
s  E=150V
*+ |oad ime constant r=L/R = 1mH1O = 1Tms

Vo

- o

Figure 14,12, Example 14.4, Circuit diagram and waveforms.

i. The relaticnship between the de supply V., and the de machine back emf £ is given by equation
(14.49), that is

E-F. _E-F(1-9)

TI=
R R
& T_'} T _"'
1082 150V -200V {1 -5)
10
that s

F=03= 3% and T.=140V

The expression for the average dc machine output curmrent iz based on continuous amature inductance
cument. Therefore the switching period must be shorter than the time {, predicted by equation (14 64)
for the current to reach zero, before the next switch on-period. Thatis, for L, =Tand §=0.3

. )

t, =t +7in

1+%|z1—.=ﬁt

. L4
This simplifies to
150V (. =2

1 s
200V- 150V, ©

o |
1=£I.3-+T€rr|‘1+

& =43
lteratively solving this transcendental equation gives T = 0.4%45ms. That is the switching frequency
must be greater than £, =1/T = 2.022kHz, else machine output cumment discontinuities occur, and equation
{14.49) is invalid. The switching frequency can be reduced if the on-state duty cycle is increased as in
the next part of this example.



il. The cperaticnal boundary condition giving by equation (14.63), using T=1/f=1MkHz = 1ms, vields

E 1"

LA
(-

150V _l-e '=

Solving gives & =0.357. That is, the on-state duty cycle must be at least 35.7% for confinuous machine
output current at a switching frequency of 1kHz.
For continuows inductor r.urre_nt, the average output cument is given by equation {14.49), that is
7 _E-F. _E-F|(1-d)
’ R R

_150V-F 150V - 200V=(1-0357)

) o =21144
7 =150V -21 4410 = 128 6V

The average machine output current of 21.44A is split between the switch and the dicde (which is in
series with V).
The diode current is given by equation (14.56)

TA.:I. =I _I..u.

_T

fsowy (F—E)1-4)
-Jj-—
T r R
The minimum output curent is zero while the maximum is given by equation (14.70).
.-__Er' ::_._'-._lmr { <-=I!i_-— _
I=2|1-¢ ,|‘ 5 x|\1 -E_J =4504
Subsiituting into the equation for the average diode cument gives

™

5

5 . [200V - 150V )=(1- 0357
T =1 (4504-04) - | J*1-0357) _ 15854
Ims * ‘ 16
The power delivered by the de machine back emf Eis

B =FT =150Vx21 44 =3210W
while the power delivered to the 200V battery source V. is

B =I{T.._, =200V=12.85A =25T0W
The regeneration transfer efficiency is

B sTOW
=2 =W ~ 0%

The energy generated deficit, B40W (3210W - 2570W)), is lost in the amature resistance, as I°F heat
dissipation. The output rms cument is

_|P_ |'64D‘i‘-'.’ -
I_ JR_ o 253Ame
i At an increased switching frequency of SkHz, the duty cycle would be expected to be much lower

than the 357% as at 1kHz. The operational boundary between continuous and discontinuous
armature inductor cument is given by equation (14.63), that is

£ 3
E_l-e~
P 1-av
(B B
150V _1-e =
00V =
which yields § = 26.9% .

The machine average output curmrent is given by equation (14.49)
7 _E—?_, _E-F, |:1—4§::|
) R R
_150V-F _150W - 2[!0‘.?1{1 -0269) _
TS 12 N
such that the average output voltage I iz 14620

384



o || F

Figure 14.14. Example 14.5. Circuit diagram.

Second Quadrant Chopper or
Type B Chopper or Class B
Chopper

In this topic, you study Second Quadrant Chopper or Type B Chopper
or Class B Chopper v-i plane, working principle, quadrant operation,
Applications, waveforms, and Circuit diagrams.

Type B chopper is basically equivalent to Step-Up Chopper.



Circuit Diagram

The Type B chopper circuit diagram as shown in Figure 1. Here the
motor load is assumed, Ry and L; armature resistance and inductance of
the motor respectively. Ep is the back emf of the motor.

FD

1<

6

O

Figure 1 Circuit diagram of Tvpe B chopper



Vo - ip plane

The Type B chopper operates in the Second quadrant of v —i; plane as
shown in Figure 2. Here vy is the output voltage, Viis the average output
voltage, ipis the output current and I; is the average output current of
Type B chopper circuit.

4y,
Quadrant II
Forward Braking
Vo
>
-1 0 io

Figure 2 Type B chopper v -ip plane



Quadrant II operation when Switch §; turned on

The Type B chopper circuit diagram for Quadrant II is shown in Figure 3
and the associated waveforms are shown below in Figure 5. Let us
assume that the motor is running in the forward direction. When switch
51 operated, Switch 5; turned on and conducts, output voltage vpis zero
and Ep is responsible for the negative output current iy, the machine
behaves as generator and inductor stores energy.

FD

| —
1

=+ Sl : : V{}:D
Vs : P L, Qv

E;

Figure 3 Equivalent circnit diagram T of Type B chopper



Quadrant II operation when Switch §; turned off

The Type E chopper equivalent circuit diagram for Quadrant II is shown
in Figure 4 and the associated waveforms are below shown in Figure 5.
Switch 54 turned off, diode FD conducts, output voltage v, bhecomes
positive and the output current i; is negative, inductor release energy
using diode FD, power flows from load to source and hence called as
reverse braking.

Fs

Figure 4 Equivalent circuit diagram IT of Type B chopper



5, s o
! ! Duty cyele a , Ty is on-

Turned On & G_E OFF : . - time of the switch 8, Tppris
Tumed OFF —» fp FD : . © off - time of the switch §;,
switch & Diode OFF ON - and Tis thl:_ time period of
‘ ‘ : : : switch §,
Time (7) —» 0 al : . T
=T o= Topr
— T iy
Condueting : ) : : : Switch 5; and
switch & 5 FD diode FD
Diode : :
Modes of
Operation  — -—
Interval Input voltage Vs,
output voltage vp
: : - and Average output
Vo . : ; : voltage Vo
Vo I *;5 5
: 1 : . >
: Reverse output
-ip " . Z current - ia
and - [a1s reverse
T Average output
current
.lfm _ Iﬂ
- I
Figure 5§ Waveform of Type B chopper
Waveforms

Type B chopper associated waveforms are shown in Figure 5.



Application

This chopper is suitable for regenerative breaking application only.

Mathematical Analysis

Using the waveform as shown in Figure 1, The average output voltage
write as

VO=V5(T?F)....(1]

Al=o

T,
Dii’f‘“ —1-a....(2)

Put Equation 2 in Equation 1 gives
Vo = Vg(l— Cl!:] e (3]

Equation 3 describe the realtion between input dc source voltage and
average output voltage for Type B chopper.



EXAMPLE 10.5

The two-quadrant chopper shown in Fig. 10.38a is used to control the speed
of the de motor and also for regenerative braking of the motor. The motor
constant is K& = 0.1 V/irpm (E, = Kdn). The chopping frequency is f, =
250 Hz and the motor armature resistance is R, = 0.2 1. The inductance
L, is sufficiently large and the motor current iy can be assumed to be ripple-
free. The supply voltage is 120 V.

) I_.} _

O - i
{al) 1.}

FIGURE 10.38 Two-quadrant chopper. (a) Circuit. (b) Quadrant operation.

(a) Chopper S, and diode D, are operated to control the s peed of the motor.
At n = 400 rpm and iy = 100 A (ripple-free),

(i) Draw waveforms of v, iy, and i,.
(ii) Determine the turn-on time (¢,,) of the chopper.

(iii) Determine the power developed by the motor, power absorbed
by R,, and power from the source.

(b) Inthe two-quadrant chopper S; and diode D, are operated for regenera-
tive braking of the motor. At n = 350 rpm and iy = — 100 A (ripple-free),

(i) Draw waveforms of v, iy, and i,.
(ii) Determine the turn-on time (z,,) of the chopper.

(ili) Determine the power developed (and delivered) by the motor,
power absorbed by R, and power to the source.



Solution

(a) (i) The waveforms are shown in Fig. E10.5a.
(ii) From Fig. 10.38a
Vo=E, + LR,

=0.1 > 400+ 100 x 0.2

{iii) Priee = By = 0.1 % 400 X 100 = 4000 W
Py = (i)l = 100% X 0.2 = 2000 W
P, = V(i = 120 X 100 X § = 6000 W
(b) (i) The waveforms are shown in Fig. E10.5b.

(ii) Vo= E, + (-14R,)
=0.1x3530- 100 % 0.2
=15V

From Fig. E10.5b
w=I=tay
T
:I'Ill
15 (I = —,) 120
fa 7

T 8
tww=1X4=35msec



120 ¥
:_I ’[_"'1 |
[ 2T
ok 00 A
0 o
4'.T
o 2 4 f [ > ¢ )
{a)
Vg
[] []
0 35 4 75 B =1 e
i
] - |
=100 A
'iT At . f {msech
= -
i 5,
(1]
FIGURE E10.5
(1ii) P = Bl = 0.1 % 350(=100) = =3500 W

Py o= 100" x 0.2 = 2000 W
P, = Vi{i)ug = 120(= 100 X }) = =1500 W



10.23 In the chopper circuit shown in Fig. P10.23, the two switches are simuliane-
cusly turned on for time 1, and wmed off for time £, = T = 1, where T
is the chopping period. Assume voltage v, 1o be ripple-free and currem i 1o
be continuous,
(a) Derive an expression for ¥, as a function of the duly cvcle a = /T

and the supply valtage V. Determine Vi for & = 0, 0.5, 1.0,

{b) Draw waveforms of va, v, iy, fs, and § fora = §
(e) What are the advaniages and disadvantages of this circuit?

=
]

FIGURE Pi0.23

Ilﬂ.izl (e) dl-l;ffl'j ton — YU=qUa L 3-T _4%
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0 0
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(b) %
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10.26 Consider the two-quadrant chopper sysiems shown in Fig, P10.26, The two
choppers 5, and 5; are wrned on for nime t,, and twrned off for time T —
tane where T is the chopping period.

(a) Draw the wavelorm of the ourput voliage vy, Assume continuous output
CUTTENL iy

(b) Derive an expression for the average output vollage ¥V, in terms of the
supply voliage ¥V and the duty ratio o (= ¢,,/T).

+

-S]Q

L
=
L]

>
P
S

.D] ry

o FIGURE P10.26
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(b) Yo = -%L Vo dt =-7‘:(5°v¢t+£-vdf]
an

=V (2k =1)

6.4. THE TWO-QUADRANT CHOPPER

Consuder a two-quadrant chopper (Figure 6.7) supplymg a d.c. brush notor with separate excitation. The load current
vanes between L, =0 and Ly;;, <0.

Figure 6.7. Two-quadrant chopper supplymng
a separately excited d.c. brush motor

Determune:
a. The voltage and current waveforms for the load current varying between an I, >0 and L, <0Owtth L. = L0l
Derive the expression of the conducting times tgy and ty; of the diodes Dy and D; for case a.



Sohition:

a. Letus fist draw the load cument which vanes from a positive naxmnuim to a negative nuninmm (Figure 6.8). The conduction
intervals for each of the four switches T.D,.Dy. T, are
Tl for td2 =t tci_
T2 for tg =t= T: (6.37)
Dy fort, <t<tg:
D; for 0<t=<tgp
b. The equations for the current are:
. di,
V,—e'=R,’1,’+L‘E; forO<t<t, (638)
-e'=Rlil+L_%; fort, <t<T )
with the solutions:
Vo—e b
p=——TS4ae ™ Dctst,
R, (6.40)
“r g
i,'=———+4" ;o L <t=ET
. (6.41)
with the boundary conditions 1,(0) = 1yin. 13 (1) = 1yip and 1,(t.) =15 (t:).
ﬂi L]
[Il'il\
r]II-L re = '
- L_f- "
Figure 6.8. Voltage and current waveforms
of two-quadrant chopper-fed d.c. motor
The unknowns A, A’ and t, are obtamned from
Bg — & r
A= g —
R, (6.42)
]
T
Al=1 +
R, (6.43)
Ll g
T—ts=—R—-1n ﬁ'—R— -
[ [ (544)

Consider a d.c. brush motor whose data are eg = 120V. R, =10, L, =5mH. e; =80V, I,,, = 5A. Iy;; =-2A and chopping
frequency f., = 0.5kHz For the two-quadrant chopper as above calculate:

a. Thet./T=ugy, mtio.

b. The conducting intervals of the 4 switches.



Solution:
The constants A A’ t, expressions developed above ((6.42)-(6.44)) vield

-y, 120-%0

A:I S — = -4 =—42
= R, 1 A (6.45)
e 20
A=l +—=5+—=85
R, 1 A (6.46)
T=- 0.002s=2
= —=—58=I g8=
fa 500 ms (647
T-t, = 2o || A= |14 |-
R'I. R'I.

-1
5 -110 .]n[[ﬁ _ ?];(_ 43)} =09116 -107s

t,=2107 - 05116 107 =1 0884 107s 648)

b.  The conducting interval of Dy. tg,. coresponds to 1, =0

B,
—Vu — + 4 &—»r,,r =
R'l
v, - -5.107 -
by = - -h.ln[ g e'}- 510 ln[ 12020 ] = 02439107
Rl _A'R._ 1 _[_ 42)'1 {6.49)
Thus the mam switch Ty conducts for a time mterval

t, —t, = (1.0884-0.2439). 107" = 0.84445. 1075 (6.50)

To calculate the conducting time of the diode Dy we apply the condition 1, {tg) =0

- ¢ . _[*ll‘*.:lnh. _

—Liae 0

(6.51)

RI
fy ot =L 1..[ i } _5'10_]1 (80] 0303-107
"k =TT ] = 11 = ’ g5
Rl A-Rl l 8::'1 (6.52)

Consequently, the diode D)y conducts for 0.303 ms. Fmally, the static switch T conducts for the time mterval

T-t, =(2-1.0884-0.303)-107 = 0.6084-107 s 653)

Note: As seen above, the two-quadrant operation of the chopper resides m the vamation oft. / T as the mam switches
command signals last t, and. respectrvely. T—t, mtervals though they conduct less time than that. allowmg the diodes D, and
Dy to conduct. The two-quadrant chopper has the advantage of natural (contmuous) transition frommotor to generator action.



Example 14.5:. Two-guadrant DC chopper with load back emif

The two-quadrant de-to-de chopper in figure 14.13a feeds an inductive load of 10 O resigtance, S0mH
inductance, and back emf of 100" dc, from a 340 dc source. If the chopper is operated at 200Hz with
a 25% on-state duty cycle, determine:
i the load average and rme voltages;
i the rms ripple voltage, hence ripple and form factors;
i, the maximum and mininmum output current, hence peak-to-peak output ripple in the: current;
. the cumrent in the time domain;
1 the cumrent crossover times, if applicable;
vi. the load average cumrent, average switch cumrent and average diode curmrent for all devices;
vii.  theinput power, hence output power and s output cument;
Wil effective input impedance and electromagnetic efficiency; and
i sketch the circuit, load, and output voltage and cument waveforms.
Subsequently determine the necessary change in
¥ duty cycle & to result in zero average ocutput cument and
. back emf E to result in zero average load cument.

Solution

The main circuit and operating parameters are
+« on-state duty cycle 5=
« pericd T=1/;= 1/200Hz = Sms
« on-period of the switch f-=1.25ms
+ |oad ime constant r = L/R = 0.05mHM0 = Sms
i. From equations {14.81) and (14.52) the load average and rms voltages are
-

V_ =5 7= 340V =170V ms

ii. The rmes ripple voltage, hence voltage ripple factor, from eguations (14.83) and (14.84) are
¥ -,ﬁ?_ -V - I{,Jé{l—ﬁ:l

= 170°- BF" =340 ",||’.«’4:-c|:1 -t =1472V

RF-;:—:-J;= '%-1= 1.732 FF-}/ﬁ-/Vﬁ-z

ii. From equations (14.87) and (14.838), the maximum and minimuwm output cument, hence the peak-to-
peak output ripple in the lcad current are given by

- =l T
Vl-é7  E_MV 1-é%= 100V

Jar ™% _ — - = 1904
R_=Z R @ | = 100
i 125
Ve-l E 30V e= -1 100V
- - =s - =-4384
R T i = 100
g -1 g™ -]

The peak-to-peak ripple current is therefore Af - 1.904 - - 4 384 = 6.284 pp.
iv. The current in the time domain is given by equations (14.85) and (14_86)
T,
i I't]=—P‘ E| 1-a7 t+Ie'
' R L .

_340v-100v l ﬁ\ —
_—lﬂﬂ xtl-s J-4.33-"€

=244 1.6 | -4387
=24-21838x6™  for 0<r<125ms
ilf) =—%|‘1—a|-_"I J+}3-_’I

_ 100
1002

X|!1—sﬁ.\|+l.gﬂ'!aﬁ
=—1ﬂx|J1—s%"|+1.9nxa%

=—1{I+11.90>ta% for 0=r=3.75me



During the switch on-time
ifr)=24-28 33!.9’-_"'=cl where 0=r=r_=125ms

_338

.= 5ms=fn =0.838ms

During the switch off-time
:‘,[r}=—lﬂ+11.9|ilxa__":"=':l where 0Z¢=¢, =3 7ims
11.%0

¢, =Smesdn =0870me=
(1.250ms + 0.870ms = 2.12ms with respect to switch T, tum-on)

vi. The load average cument, average switch cument, and average diode curment for all devices;

Ifi_’.-fy (6F -E)
_ W /1{

.:ssv-lr:-w‘/;{f _
Koo =-154

When the output cument crosses zero cument, the conducting device changes. Table 14.1 gives the
necessary cument equations and integration bounds for the condition - g, 1 < 0. Table 14.1 shows that

all four semiconductors are involved in the DLIt[:IJt cument cycle.
ALY e E|1 e tm dr

=1 [ 24 2838xe™dr =0.081A

S o e
= 1wV -Ef
L=z |1 e t+Is dr
1 [1TP —_
= —[""24-2838xs7dr =—03574
Jms e 0
lpre Ef =27 & 2
I =7]. —E[l—e' |+Isfa‘:'
=L ™ 10+11.90xe=dr =1 3824
ms -
I.=tf" —|1 e |+1a dr
=TT
=L M= _10+11.90%6 =dr = 0.160A
Sms A e

Check L+ Tn+To +Trs+ Too=- 154+ 00804 - 0.357A - 1.3824 + 0.1604 =0

vil. The input power, hence output power and rme output current;
B =P =F1=F(I,+1.)
=340V 0.080A - 0.357A) =-95.2W, (charging T}
P_ =P =EI =100V=(-1.54) = -150W, that is generating 150W
Fram
FI=I" R+EL
LI o

P —P _ [[50W-9235W
1= Bh =2344
=k Y 1o e

vili. Since the average output cument is negative, ensngy ks being transfermed from the back emf £ to the
dc voltage source V,, the Eledru'nagneﬁc efiiciency of conversion is given by

The effective input impedancs is
[ ¥ 34
Z =3r= = -12140
= 1 T.,+1, 00804 - 03574




ix. The circuit, load, and output voltage and current waveforms are sketched in the figure 14.15.

Conducting devices

D_z T1 D‘1 T:I D:I T1 I::1 TE
v. M
----- 340y
S I T I 100V
E asv
. -
4
w4
A 1.94
s / \\I\ / \‘\ 1__
T K > e asa
435_& = :.ﬂm&//__
I
A
8 -
134
I [ 4
I | -
I, | = 5284
/ z.1zr\n /
I ter =[.3-ﬂ3ma| 4384
tr=1.25ms T =5ms

Figure 14.15. Example 14.5. Circuit wawveforms.

x. Duty cycle & to result in zero average output cumrent can be determined from the expression for the
average oufput cument, equation (14.89), that is

&V —E
=0
"R
that is
E_100V ..
J—f—ﬁ—l‘}.-{n

xi. Asin part x, the average load curment equation can be rearranged to give the back emf E that results
in zero average load cumrent
dF —E

-Iv = :R =I:I

that iz
E =dF, =340V = 85V
-



Example 4.4

The motor of example 4.3 is controlled by a class C two-quadrant chopper operating

with a source voltage of 230 V and a frequency of 400 Hz.

1. Calculate the motor speed for a motoring operation at 8 = 0.5 and half of

rated torque.

2. What will be the motor speed when regenerating at 8 = 0.5 and rated torque?

Solution: At the rated conditions of operation,
E,=V-I,R,=230=-90x0.115=219.7 V
1. From equation (4.33),
8V =E + IR,

At half the rated torque, I, =45 A
Atd=0.5

E=8V—IR,=0.5x230~-45x0.115=109.8 V

N.E 500 % 109.8

S

2. In the regenerative braking at the rated torque, I, = =90 A
From equation (E4.5),

E=6V-IR,=05x230+90x0.115=125.4

_N,E 500 x125.4

" E, 219.7

= 285 rpm

10.21 A one-quadrant chopper, such as thal shown in Fig, 10.34a, is used (o control the speed of a
de motor,

Supply de vollage = 120V
R, = 0.150
Motor back eml constant = 0.05 V/rpm
Chopper [requency = 250 He
Al a speed of 1200 rpm, the motor current is 125 A, The motor current can be assumed 1o be
ripple-lree,
(a) Determine the duty ratio («) of the chopper and the chopper on time 1,
(b} Draw wavelorms of vg, ig, and i,.

(c) Determine the torque developed by the armature, power taken by the molor, and power
drawn lrom the supply.

(E4.5)



[/0:2l¢a) Vo = Eo + La Ra.

= .05 x/200 + 1L %x0.I15

= T8.75v
3
T = 49 _sec = & msec
250
L = T8-75 . 0.4563
N ]

Yon = LT = 0.6563 x4 = 2.4 25 msec.

CL) - IF1-0) [;Y“
Vs | | ; . sec.
) 2-6z5ad 4 g
F LS A —
lo S D ' 3 l [ lﬁp Pisec .
. N IZ5A 125A
Is | | l_,. miec,
L] ol g
@) EaI, = éox 125 = T7SeoW
7500 = $9.683 N-m

1280/, x 2T
P, = VoIo = 78.75x 125 = T84 W

Is = 125 % 0.6563 = §2.63 A

P, = t20x §2.03 = FELEt W

10.22 The power circuit configuration during regenerative braking of a subway car is shown in Fig,
P10.22. The de motor voltage constant is 0.3 V/rpm, and the de bus voltage is 600 V. At a motor

specd of 800 rpm and average motor current of 300 A,

{a) Draw the waveforms of v, i,, and i, for a particular value of the duty cycle o (= £,,/T).
{b) Determine the duty ratio o of the chopper for the operating condition.

{c) Determine the power fed back to the bus.

FIGURE P10.22



o ‘ [ ] ] ’ht
L ' t ! !_300A
fs T j l I I I
(b) Ve = (I=-dd)éoo = Ea = 0.3 x 800 = 240V

L = (- £ 2 0.

() Is = (l=-w) 300 = ((-0.4) 300 = (20A

Ps = foox (20 = 72 Kw

Oh Tg = Pa= E,8,= 240 %300 =72 kW

10.23 In the chopper circuit shown in Fig. P10.23, the two switches are simuliane-
cusly turned on for time 1, and wmed off for timef, = T = 1, where T
is the chopping period. Assume voltage v, to be ripple-free and currem i, 1o
be continuous,
(a) Derive an expression for ¥, as a function of the duty cvcle a = /T
and the supply valtage V. Determine Vs for e = 0, 0.5, 1.0,
(b} Draw waveforms of v, v, iy, by, and § fora = §

(e) Whait are the advaniages and disadvantages of this circuit?

FIGURE P10.23
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10.24 The boost converter of Fig, 10.36 is used to charge a battery bank from a de voltage source with
V = 160 V, Assume ideal swilch and no-loss operation, and neglect the ripple at the output voltage,
The battery bank consists of 100 identical batteries. Each batiery has an internal resistance
Ry, =0.112 At the beginning of the charging process, cach battery voltage is Vi, = 2.5V, When
cach battery is charged up o Vi, = 3.2 V, the charging process is completed, The average changing
current is kept constant at 0.5 A.

(a) Calculate the variation of duty ratio o for the charging process,
(b} Draw qualitatively the waveforms of vy, i1, va, i, v, ip for Vi = 2.5V,
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10.25 For the battery charging system of Problem 10.24:

(a) [Fthe supply voliage available is V = 150 V (de), which de to de converter
would be used? Draw the circuit.

(b) Calculate the variation of the duty ratio « for the charging process,

(e) Draw qualitatively the waveforms of inductor voltage (v ), inducior
current (), voltage across the chopper switch (v,), current through the
chopper switch (i,), voliage across the diode (v,), and current through
the diode (7,), for vy = 1.2 V.

10.25] (@) , = (00U, +IR = 160X1.2 +100xa(X08 = 125y

Vozr = 100x3245 =328 v
V= rrw' Mred a Buck- Boost Convertep

1 _
i‘.
VYT 3y
: Ah
f#} Vvlﬂ !,...# V'
— Ve
o= VTl’or 328
- 2
W= i =oaes O i = Q6842
<)
. o V= iISoy
o 0.98 45 lo e ol
N ! ~W=-ar
W
o V+ V=278V =4
%
i =g
sz_'__'__,_._-—'—"‘ r//
va }0 —
o
=V=Yo = =25y
) — 0




10.26 Consider the two-quadrant chopper systems shown in Fig, P10.26, The two
choppers 5, and 5; are wrned on for nime t,, and twrned off for time T -
t.e where T is the chopping period.
(a) Draw the wavelorm of the ourput voliage v, Assume continuous output
CUrTent iy

(b) Derive an expression for the average output vollage V¥, in terms of the
supply voliage ¥V and the duty ratio o (= ¢,,/T).

+

SiQD D‘z:[

+ L] =
Dk SEGD
o FIGURE P10.26
-(d..) uth___#___.;_o____ 1_ .
ten T >t
-V
T ton T
) ve = L , Ve dt =-1‘:(5° vutf+£‘u-vdt]
= V(2 =1)

8. A separately excited dc motor having a rating of 60 h.p. and running at
1200 rpm 1s supplied by a dc chopper whose source is a battery of 500 V. The
field 1s also supphed by a chopper whose source 1s another battery of 300 V.,
The data pertaining to this chopper-based drive are as follows: R, = 0.18 Q,
Ky =70 V(Wb rad/s), ¢y = 0.161,, Ry = 120 £2, and (ton/T) ¢ for the field
chopper is 0.85. Assume that the load has sufficient inductance to make the load
current continuous. If (Ton/ 1) a for the armature is 0,65, compute the (a) mean
armature current, (b) torque developed by the motor, (¢) equivalent resistance for
the armature circuit, and (d) total input power.



I
Ry chy
E ; Ep—
(500 V) EE D
Ly
Fig. 7.33
Solution

(a) Let the source currents at the armature and field sides be denoted, respectively,
as Iy, and Iy, The circuit is shown in Fig. 7.33. Equation (3.23) gives the torque
developed as

Ty = Kippha(w) = KyKy Iyl
Here,
KpKi =70 x 0016 = 1.12

| 300 = 0.85
Ip=Ep (=) o = == = 2125A
AN YT 120
Hence the average torque is

Ty =1.12 x 2.1251, = 2.381,

_Esrr »* 1200
60

Epy=KyK\lyw = 238 x 1257 = 299V

) — 125.7



V, = E (“ﬂ) — 500 x 0.65 = 325V
il

T
The mean armature current is
Vo — Ep 325 — 299

I, = — T 1444 A
“ R, 0.18

(b) Torque developed 7; = 2.38 x 144.4 = 343.8 Nm.
(¢) Input (or source) current is

T
ha = 1 (2) = 1444 %065 = 939 A
T Ya
Also,
TON
Ly =1 (— = 2125 x 0.85 = .81 A
o /% T )f %
, ) armature source voltage
Armature source equivalent resistance =
armature source current
~ 500
- 939
=5.32Q
(d) Total input power = power input to armature -+ power input to field

= Ealsq + Eglgp.Hence,itis givenas P; = 500 x 93.9 + 300 x 1.81=46,950
+ 543 =47493 W = 47.5 kW.

9. A separately excited dec motor has a rating of 50 h.p. and when supplied by a
battery of 480 V through a chopper, it has a mean armature current of 120 A. The
field is also supplied by a chopper whose source is a battery of 250 V. Other data
for this chopper-based drive are R, = 0.2 €, Ry =125 82, K, =72 V/(Whbrad/s),
¢y = 00151y, (ton/T)e = 07, and (ton/7)y = 0.9, The armature circuit has
sufficient inductance to make the current continuous. Compute the (a) speed
of the motor, (b) torque developed by the motor, (¢) equivalent resistance, and
(d) total input power.



\ Dy

|

Fig. 7.33

Solution
(a) The circuil is the same as that given in Fig. 7.33.

.
V, = 480 (ﬂ) — 480 x 0.7 = 336V
T il

Ey = V, — IR, = 336 —-120x0.2 = 312V

0 = EFJ o Eﬁ
- Kwpy K, x0.0151;
Here,
TON | 250 = 0.9
I, — 250(—) 2R 18A
o r Jr Ry 125



Hence,

) 3
“= % xi}inﬁn - ?Exlli}llzﬁ <18 ~ |60rad/s
Also,
spoed = f;:::; 60 :Hlﬁ{] — 1528 rpm
(b) Torque developed = K, x 0.015/,1,
=T2 % 0.015 x 1.8 x 120
=233.3Nm

The source current on the armature side 18

La = 1, (r‘%) — 120%x 07 = 84 A
[/

armature source voltage

(c) Armature source equivalent resistance =
armature source current
480
= — = 57Q
84
(d) Total input power

P; = power input to armature + power input to field
= Eﬂ 'f.m + EJ I!Is_.l"
where

Iy = I (—)Jr — 1.8%09 = 1.62A

Hence,

Pi = 480 x 84 + 250 x 1.62 = 40,320 4 405 = 40,725 W = 40.TkW

10, A 220-V, B0-A, separately excited de motor operating at 800 rpm has an
armature resistance of 0.18 £2. The motor speed is controlled by a chopper
operating at 1000 Hz. If the motor is regenerating, (a) determine the motor speed
at full load current with a duty ratio of 0.7, this being the minimum permissible
ratio (b) Repeat the calculation with a duty ratio of 0.1.



Solution
(a) When the machine is working as a motor, Ej, is obtained from the equation

Ey = E — IR, = 220 — 80 % 0.18 = 220 — 14.4 = 2056V
From the equation
Ey=kN
~205.6

80O
When it is regenerating, the step-up configuration of Fig. 3.7(c) holds good. Thus,

Ey=E(1 —8) + IRy = 22000 —0.7) + B0 x 0.18 = 66 + 144 = B0.4V

= 0.257

E, 804
N=1 = 0257 = 313mm

(b) The speed for § = 0.1 is obtained as follows:
Ep=22001 —0.10) + 80 % 0. 18 = 198 + 14.4 = 2124V

Therefore the speed is

11. A 250-V, 105-A, separately excited de motor operating at 600 rpm has an
armature resistance of 0,18 €2. Its speed is controlled by a two-quadrant chopper
with a chopping frequency of 550 Hz. Compute (a) the speed for motor operation

with a duty ratio of 0.5 at 7/8 times the rated torque and (b) the motor speed if it
regenerates at § = (0.7 with rated current.



Sc;;!uriun
(a) The initial back emf is to be determined from the equation
Ey = E — IR, = 250 — 105 x 018 = 231.1V

Hence the back emf constant & = 231.1,/600 = 0.385. A fraction 7/8 of the rated
current I =7/8x105 =91.875 A. The new £, is obtained as

E, = E§ — IR,
where § = 0.5 and [, = 91.875. Its numerical value is
E, =250 x 0.5 —-91.875 x 0.18 = 108.46V
The new speed 1s

E} 108.46
V=% T oaes o 2w
(b) When it is regenerating, Eqn (7.54) is to be used. Thus,
I Ey, — E(1—38)
a - Ra

or
E, = E(1 —-8) + IR,
Substituting values gives
Ey, =250(1 —0.7) + 105 x 0.18 =939V
From this, the speed N = 93.9/0.385 = 244 rpm



12, A 300-V, 100-A, separately excited dc motor operating at 600 rpm has an
armature resistance and inductance of 0.25 €2 and 16 mH, respectively. It is
controlled by a four-quadrant chopper with a chopper frequency of 1 kHz. (a) If
the motor is to operate in the second quadrant at 4/5 times the rated current,
at 450 rpm, calculate the duty ratio. (b) Compute the duty ratio if the motor is
working in the third quadrant at 500 rpm and at 60% of the rated torque.
Solution

(a) E, — IR, =300 — 100 x 0.25 = 275 V. Back emf constant £k = E,/N =
275/600 = 0.458. Operation in the second quadrant implies that the motor works
as a generator. Hence the motor terminal voltage V, is written as

V, = E(1—§)

New current
I, = %x 100 = 80 A

Hence,
Eyn=V, + IR,
KEN=E(1-38)+ IR,

Substitution of values gives

0.458 x 450 = 300(1 — §) + 80 x 0.25

This yields 8§ = 0.38.
(b) In the third quadrant, the machine works in the motoring mode but with reverse
voltage and reverse current. The voltage equation relevant in this case is

E,=V,—I,R,
where
E,=kN = 0458 x 500
V,=E§ = 3004
and

I,=0.6 x 100 =60 A
By substituting numerical values, the equation becomes
0.458 x 500 = 300 % § — 60 x0.25
This gives § =0.813.



12. A de series motor is supplied by a battery of 420 V with a de chopper interposed
between the battery and the motor. It has a mean armature current of 120 A. Other
data for this chopper-based drive are R, =0.05 82, R; =0.06 2, K;, =0.72 V/(Wb
rad/s), and ¢, = 0.016 [,. The duty ratio ton/T 15 0.65. Compute the (a) speed
of the motor, (b) torque developed by the motor, (c) equivalent input resistance,
and (d) total input power.

Field

Fig.7.25 Circuit diagram of a dc drive with the armature and field fed by separate
choppers

Solution
The set-up is as shown in Fig. 7.25:

Va =420“TJN = 420 0.65 = 273V
Ey=Vy — L(Ry + Rf:'
=273 — 120(0.05 + 0.06)
=2598V

Ey
=K, x 0.0161,
259.8
T 0.72 x 0.016 x 120
= |88 rad/s

188 x 60
2n
= 1795 rpm

Speed N =

Torque developed by the motor = K, x 0.016(/,)°
=0.72 % 0.016 x (120)*
= 1659 Nm

The source current is

L= 12N~ 120 % 0.65 = 78 A
T

Input power = El; = 420 %78 = 32760 W = 32,76 kW



First Quadrant Chopper or Type
A Chopper or Class A Chopper

In this topic, you study First Quadrant Chopper or Type A Chopper
or Class A Chopper v-i plane, working principle, gquadrant operation,
Applications, and Circuit diagrams.

Type A chopper is basically a Step-Down Chopper.
Circuit Diagram
The Type A chopper circuit diagram as shown in Figure 1. Here the

motor load is assumed, R; and L; armature resistance and inductance of
the motor respectively. Ep is the back emf of the motor.

5

—o” 0 =

—— Vo
K"S' C+> FD ‘ La L

i

Figure 1 Circuit diagram of Type A chopper



Vo-ip plane

The Type A chopper operates in the first quadrant of vy - i plane as
shown in Figure 2. Here v is the ontput voltage, Vipis the average ontput
voltage, ipis the output current and I;is the average output current of
Type A chopper circuit.

&
Yo Quadrant I

Forward Motoring

>
[-" .Iir() f{)

Figure 2 Type A chopper vo-ip
plane



Quadrant I operation when Switch §; turned on

The Type A chopper equivalent circuit diagram for Quadrant I is shown
in Figure 3. Here switch 5, operated, Switch 5, conducts, output voltage
Vgand the output current i both are positives, power flows from source
to load and inductor stores energy, the motor rotates in the forward

direction hence called forward motoring.

Fs

Sy
.................................... >
+ — :
: s o
® !’ﬂ.l .
— .
FD A .
A .
q‘iilll+++iiilli‘++lli ll+++lllll+++iill"ﬂ’

Figure 3 Equivalent Circmt diagram [ of Type A chopper



Quadrant I operation when Switch S; turned off

The Type A chopper equivalent circuit diagram for Quadrant I is shown
in Figure 4. Switch 5; turned off diode FD conducts, output current i is
positive and the output voltage vy becomes zero, inductor release energy
and freewheeling action using diode FD takes place, the motor rotates in
the forward direction hence called Forward motoring.

5
—o0” o ;

i .......... .:

. R,
v

— B Yo = ]

2 C) e ¢ D

+
In= !'FDI :

. E,

s A §

Figure 4 Equivalent Circuit diagram 11 of Type A chopper
Application

This chopper is suitable for motoring application only.

Principle of Step Down Chopper
(Buck Converter)

In this topic, you study the Principle of Step Down Chopper and its
associated circuit diagram, Waveforms, Modes of operation, &
theory.

The buck converter produces a lower average output voltage than the dc
source input voltage.



Circuit diagram

The working of a buck regulator is explained using the circuit diagram
as shown in Figure 1. The switch 57 shown in the circuit diagram can be

a conventional thyristor i.e., SCE, a GTO thyristor, a power transistor, or
a MOSFET.

Vi C_) i é

Figure 1 Circuit diagram of step-
down chopper (buck converler)
with resistive load.



Waveforms

The typical waveforms in the converter are shown in Figure 2.
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Figure 2 Waveforms of step-down chopper (buck converter) with resistive load.



Modes of Operation Interval

The two modes in steady state operations are

Mode of Operation Interval 1: -

The time interval iz 0 = ¢ = Ty The circuit diagram for Mode of
Operation Interval 1 is shown in Figure 3 and the corresponding
waveforms are shown in Figure 2. The switch 5; is turned on and the
resistive R load directly connects to input dc source voltage Vg and
hence vy = Vg, the source (or input) current flows through the Resistive
load so ig = ip = vp,/ K.

5
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: .fr} i5
I{.ﬁ CD * ! o '
-
o 555 s B EEe 8 E Y

Figure 3 Circuit diagram of step-
down chopper (buck converter) with
resistive load when switch §; ON,



Mode of Operation Interval 2: —

The time interval is Ty =t < Tppp. The circuit diagram for Mode of
Operation Interval 2 is shown in Figure 4 and the corresponding
waveforms are shown in Figure 2. The switch 5, is turned off and the
resistive B load disconnects from input dc source voltage Vs and hence
v = 0, also the source (or input) current flows through the Resistive load

— o0 o0— .

5

ih=i=10

willbeig=in=0.

Figure 4 Circuit diagram of step-
down chopper (buck converter) with
resishve load when swilch 5, OFF.



Average output voltage Vo

Using the output voltage waveform as shown in Figure 2, the average
value of the output voltage write as

= Town
Ton + Torr

-(1)
Also,
T =Ton + TorF-..(2)

Using Equation 1 and Equation 2 gives

T;
Vo = %VS = aVg

S0,
Vo=aVs...(3)
where,

o = Ton /T, ais the duty cycle of the chopper and the value of a lies
between 0 < a < 1. Ty is the on - time of the switch &) or chopper,
ToFr is the off - time of the switch 5; or chopper, T is the chopping
period, and the chopping frequency f = 1/T.

RMS output voltage V..

Using the output voltage waveform as shown in Figure 2, the RMS value
of the output voltage write as
1/2

Ton V2
Ton + Torr °

|

or

Vorms = ﬁVS



Buck Boost Regulator Peak to
Peak Ripple Current of Inductor
Expression Derivation

In this topic, you study How to derive an expression for Peak to Peak
ripple current for Buck-Boost Regulator.

The buck-boost regulator can produce an average outpuf voltage less
than or greater than the de source input voltage. Let us assume large
filter capacitance C connected across the load so that output voltage
remains almost constant. The Resistive load is considered.

Circuit diagram

The working of a buck-boost regulator is explained using the circuit
diagram as shown in Figure 1. The switch 5§, shown in the circuit
diagram can be a conventional thyristor i.e., SCR, a GTO thyristor, a
power transistor, or a MOSFET.

i
Figure 1 Circuit diagram of buck boost Regulator. ¢



Waveforms

The typical waveforms in the converter are shown in Figure Z,
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Mode of Operation Interval 1: -

The time interval is 0 < t £ Ty The switch §; is turned on. The circuit
diagram for Mode of Operation Interval 1 is shown in Figure 3 and the
corresponding waveforms are shown in Figure 2.
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Figure 3 Circuit diagram of buck boost Regulator when switch 5, 0N,

From the waveform of voltage across the inductor, as shown in Figure 2,
the equation for the inductor voltage write as

vr = Vg ceen(1)

The general equation relates voltage across the inductor and current
passes through it as

dip,
vp = L— (2
=L B
Put Equation 2 in Equation 1 gives
dir,
L—=Vz...(3
@ Vs

The waveform for current passes through inductor L as shown in Figure



2, Integrate Equation 3 using the maxzimum and minimum value of
inductor current gives

j— Tow
v
diy — -= [ dt
f = Lf
Lo 0
or
Im-f,,,m:%.fm, e (4)

Here Al = I — Ly, is the peak to peak ripple current of inductor L
and hence Equation 4 can be write as

-
Al = TS.T,;W ....(5)
Also
:n;wzaTz% ....(6)

Using Equation 5 and Equation 6 gives

Vg

AL = 2. (7

|2

Equation 7 describes the peak to peak ripple current of inductor L in
buck-boost converter.



Buck Boost Regulator Circuit
diagram, Waveform, Modes of
Operation & Theory

In this topic, you study the Buck-Boost Regulator Circuit diagram,
Waveforms, Modes of operation & theory.

The buck-boost regulator can produce an average output voltage less
than or greater than the dc source input voltage. Let us assume large
filter capacitance C connected across the load so that output voltage
remains almost constant. The Resistive load is considered.

Circuit diagram

The working of a buck-boost regulator is explained using the circuit
diagram as showmn in Figure 1. The regulation is normally achieved by
PW (Pulse Width Modulation) at a fixed frequency and using the
switch 5, shown in the circuit diagram can be a conventional thyristor
ie., SCR, a GTO thyristor, a power transistor, or a MOSEET.

i
Figure 1 Circuit diagram of buck boost Regulator. N



Waveforms

The typical waveforms in the converter are shown in Figure 2.
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Figure 2 Waveforms of buck boost Regulator.



Modes of Operation Interval

The twio modes in steady state operations are

Mode of Operation Interval 1: —

The time interval is 0 < t = Ty, The circuit diagram for Mode of
Operation Interval 1 is shown in Figure 3 and the corresponding
waveforms are shown in Figure 2. The switch 5] is turned on, and the dc
source directly connects to inductor L, the source (or input) current
increases linearly and flows through the inductor L. The capacitor
maintains the voltage vg across the load and hence supplies current ig
to the load. The dicde D gets reverse biased and behave as an open
circuit. The inductor stores energy during this interval.

D
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Figure 3 Circuit diagram of buck boost Regulator when switch & ON.



Mode of Operation Interval 2: -

The time interval is Ty =t = Tppp. The circuit diagram for Mode of
Operation Interval Z is shown in Figure 4 and the corresponding
waveforms are shown in Figure 2. The switch 5] is turned OFF, the
inductor current decreases linearly and flows through the Forward
biased diode D, filter capacitor ¢, Resistive load. The inductor release

energy during this interval.
D
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Figure 4 Circuit diagram of buck boost Regulator when switch &) OFF.

Buck Boost Regulator Peak to
Peak Ripple Current of Inductor
Expression Derivation

In this topic, you study How to derive an expression for Peak to Peak
ripple current for Buck-Boost Regulator.

The buck-boost regulator can produce an average output voltage less
than or greater than the dc source input voltage. Let us assume large
filter capacitance € connected across the load so that output voltage

remains almost constant. The Resistive load is considered.



Circuit diagram

The working of a buck-boost regulator is explained using the circuit
diagram as shown in Figure 1. The switch 5§, shown in the circuit
diagram can be a conventional thyristor i.e., SCR, a GTO thyristor, a
power transistor, or a MOSFET.

il

Figure 1 Circuit diagram of buck boost Regulator.



Waveforms

The typical waveforms in the converter are shown in Figure Z,
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Mode of Operation Interval 1: -

The time interval is 0 < t £ Ty The switch §; is turned on. The circuit
diagram for Mode of Operation Interval 1 is shown in Figure 3 and the
corresponding waveforms are shown in Figure 2.
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Figure 3 Circuit diagram of buck boost Regulator when switch 5, 0N,

From the waveform of voltage across the inductor, as shown in Figure 2,
the equation for the inductor voltage write as

vr = Vg ceen(1)

The general equation relates voltage across the inductor and current
passes through it as

dip,
vp = L— (2
=L B
Put Equation 2 in Equation 1 gives
dir,
L—=Vz...(3
@ Vs

The waveform for current passes through inductor L as shown in Figure



2, Integrate Equation 3 using the maxzimum and minimum value of
inductor current gives

j— Tow
v
diy — -= [ dt
f = Lf
Lo 0
or
Im-f,,,m:%.fm, e (4)

Here Al = I — Ly, is the peak to peak ripple current of inductor L
and hence Equation 4 can be write as

-
Al = TS.T,;W ....(5)
Also
:n;wzaTz% ....(6)

Using Equation 5 and Equation 6 gives

Vg

AL = 2. (7

|2

Equation 7 describes the peak to peak ripple current of inductor L in
buck-boost converter.



Buck Boost Regulator Circuit
diagram, Waveform, Modes of
Operation & Theory

In this topic, you study the Buck-Boost Regulator Circuit diagram,
Waveforms, Modes of operation & theory.

The buck-boost regulator can produce an average output voltage less
than or greater than the dc source input voltage. Let us assume large
filter capacitance C connected across the load so that output voltage
remains almost constant. The Resistive load is considered.

Circuit diagram

The working of a buck-boost regulator is explained using the circuit
diagram as showmn in Figure 1. The regulation is normally achieved by
PW (Pulse Width Modulation) at a fixed frequency and using the
switch 5, shown in the circuit diagram can be a conventional thyristor
ie., SCR, a GTO thyristor, a power transistor, or a MOSEET.

i
Figure 1 Circuit diagram of buck boost Regulator. N



Waveforms

The typical waveforms in the converter are shown in Figure 2.
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Modes of Operation Interval

The twio modes in steady state operations are

Mode of Operation Interval 1: —

The time interval is 0 < t = Ty, The circuit diagram for Mode of
Operation Interval 1 is shown in Figure 3 and the corresponding
waveforms are shown in Figure 2. The switch 5] is turned on, and the dc
source directly connects to inductor L, the source (or input) current
increases linearly and flows through the inductor L. The capacitor
maintains the voltage vg across the load and hence supplies current ig
to the load. The dicde D gets reverse biased and behave as an open
circuit. The inductor stores energy during this interval.
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Figure 3 Circuit diagram of buck boost Regulator when switch & ON.



Mode of Operation Interval 2: -

The time interval is Ty =t = Tppp. The circuit diagram for Mode of
Operation Interval Z is shown in Figure 4 and the corresponding
waveforms are shown in Figure 2. The switch 5] is turned OFF, the
inductor current decreases linearly and flows through the Forward
biased diode D, filter capacitor ¢, Resistive load. The inductor release

energy during this interval.
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Figure 4 Circuit diagram of buck boost Regulator when switch &) OFF.

Second Quadrant Chopper or
Type B Chopper or Class B
Chopper

In this topic, you study Second Quadrant Chopper or Type B Chopper
or Class B Chopper v-i plane, working principle, quadrant operation,
Applications, waveforms, and Circuit diagrams.

Type B chopper is basically equivalent to Step-Up Chopper.



Circuit Diagram

The Type B chopper circuit diagram as shown in Figure 1. Here the
motor load is assumed, Ry and L; armature resistance and inductance of
the motor respectively. Ep is the back emf of the motor.

FD

1<

6

O

Figure 1 Circuit diagram of Tvpe B chopper



Vo - ip plane

The Type B chopper operates in the Second quadrant of v —i; plane as
shown in Figure 2. Here vy is the output voltage, Viis the average output
voltage, ipis the output current and I; is the average output current of
Type B chopper circuit.

4y,
Quadrant II
Forward Braking
Vo
>
-1 0 io

Figure 2 Type B chopper v -ip plane



Quadrant II operation when Switch §; turned on

The Type B chopper circuit diagram for Quadrant II is shown in Figure 3
and the associated waveforms are shown below in Figure 5. Let us
assume that the motor is running in the forward direction. When switch
51 operated, Switch 5; turned on and conducts, output voltage vpis zero
and Ep is responsible for the negative output current iy, the machine
behaves as generator and inductor stores energy.

FD

| —
1

=+ Sl : : V{}:D
Vs : P L, Qv

E;

Figure 3 Equivalent circnit diagram T of Type B chopper



Quadrant II operation when Switch §; turned off

The Type E chopper equivalent circuit diagram for Quadrant II is shown
in Figure 4 and the associated waveforms are below shown in Figure 5.
Switch 54 turned off, diode FD conducts, output voltage v, bhecomes
positive and the output current i; is negative, inductor release energy
using diode FD, power flows from load to source and hence called as
reverse braking.

Fs

Figure 4 Equivalent circuit diagram IT of Type B chopper
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Figure 5§ Waveform of Type B chopper
Waveforms

Type B chopper associated waveforms are shown in Figure 5.



Application

This chopper is suitable for regenerative breaking application only.

Mathematical Analysis

Using the waveform as shown in Figure 1, The average output voltage
write as

VO=V5(T?F)....(1]

Al=o

T,
Dii’f‘“ —1-a....(2)

Put Equation 2 in Equation 1 gives
Vo = Vg(l— Cl!:] e (3]

Equation 3 describe the realtion between input dc source voltage and
average output voltage for Type B chopper.



Four Quadrant Chopper or Type
E Chopper or Class E Chopper

In this topic, you study Four Quadrant Chopper or Type-E Chopper
or Class E Chopper v-i plane, working principle, quadrant operation,
and Circuit diagrams.

Type E chopper is a four-gquadrant chopper.

Vo—ip plane

The Type E chopper operates in the four quadrants of vo—ip plane as
shown in Figure 2. Here v is the output voltage, Vipis the average output
voltage, ipis the output current and I is the average output current of

Type E chopper circuit.
Quadrant II Ay, Quadrant I
Forward Braking Forward Motoring
Vo
>
-Ip lo io
_ : Vo _
Reverse Motoring Reverse Braking
Quadrant 111 Quadrant IV

Figure 1 Type E chopper vg-ip plane



Circuit Diagram

The Type E chopper circuit diagram as shown in Figure 1. Here the
motor load is assumed, R, and L, armature resistance and inductance of
the motor respectively. Ep is the back emf of the motor.

5 { I Ji 5 I D,
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Figure 2 Circuit diagram of Type E chopper

Quadrant I operation when Switch §; turned on

The Type E chopper equivalent circuit diagram for Quadrant I is shown
in Figure 3. Here switch 54 operated, Switches 54 and S; conduct, output
voltage vpand the output current iy both are positives, power flows
from source to load and inductor stores energy, the motor rotates in the
forward direction hence called forward motoring.
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Figure 3 Equivalent eirenit disgrmn | of Type E chopper



Quadrant I operation when Switch §; turned off

The Type E chopper equivalent circuit diagram for Quadrant I is shown
in Figure 4. Switch §; turned off but switch 5; and diode D, conducts,
output current iy is positive and the output voltage vy becomes zero,
inductor release energy and freewheeling action using diode D, takes
place, the motor rotates in the forward direction hence called Forward

motoring.
5 rF Y iy 5 I D,
© Q
R, - 5, £y
¥s
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Figure 4 Forward Motonng Fquivalent eircuit diagram 11 of Type E chopper



Quadrant II operation when Switch §; turned on

The Type E chopper equivalent circuit diagram for Quadrant II is shown
in Figure 5. Let us assume that the motor is running in the forward
direction. Here switch S, operated, Switch 5> and diode D, conducts,
output voltage vpis zero and Ep is responsible for the negative output
current i;, machine behave as generator and inductor stores energy.

Figure 5 Forward Brakmg Equivalent cireuit dingram [11 of Type E chopper

The Type E chopper equivalent circuit diagram for Quadrant II is shown
in Figure 6. Switch S; turned off, diode D, and diode D; conducts, output
voltage vy becomes positive and the output current i, is negative,
inductor release energy using diodes D, and Dy, power flows from load
to source and hence called as reverse braking.

5 n

oy

Figure & Forward Braking Equivalent circut diagram IV of Type E chapper



Quadrant IIT operation when Switch S3 turned on

The Type E chopper equivalent circuit diagram for Quadrant III is shown
in Figure 7. The polarity of back emf E; must be reversed. Here switch 55
operated, Switches 55 and 5; conducts, output voltage vgand the output
current ip both are negatives, power flows from source to load and
inductor stores energy, the motor rotates in the reverse direction hence
called as reverse motoring.

C
? . 1
: A D
"
v T
5y I Dy

Figure T Fouivalent eircuil diagram V of Type E chopper



Quadrant ITI operation when Switch S; turned off

The Type E chopper equivalent circuit diagram for Quadrant III is shown
in Figure &. The polarity of back emf E; must be reversed. Switch 55
turned off but switch §; and diode D, conducts, output current i is
negative and the output voltage v, becomes zero, inductor release
energy and freewheeling action using diode D, takes place, the motor
rotates in the reverse direction hence called as Reverse motoring.

O B A< B

e

Figure 8 Reverse Motoning Equrvalent circoit disgram V1 of Type E chopper



Quadrant IV operation when Switch §; turned on

The Type E chopper equivalent circuit diagram for Quadrant IV is shown
in Figure 9. The polarity of back emf E, must be reversed. Let us assume
that the motor is running in the reverse direction. Here switch Sy
operated, Switches 5, and diode D, conducts, output voltage v is zero
and Ep is responsible for the positive output current ip, machine behave
as generator and inductor stores energy.

AN

Figure 8 Reverse Broking Equrvalent areuit diagram VII of Type E chopper



Quadrant IV operation when Switch §; turned off

The Type E chopper equivalent circuit diagram for Quadrant IV is shown
in Figure 10. The polarity of back emf E, must be reversed. Switch S,
turned off, diode D> and diode D5 conducts, output voltage v, becomes
negative and output current i is positive, inductor release energy using
diodes D; and D3, power flows from load to source and hence called as
reverse braking.

oy

Figure 10 Reverse Braking Equrvalent circuit dingram V111 of Type E chopper



Type —E chopper or the Fourth-Quadrant Chopper

Type E or the fourth quadrant chopper consists of four semiconductor switches and four
diodes arranged in antiparallel. The 4 choppers are numbered according to which quadrant
they belong. Their operation will be in each quadrant and the corresponding chopper only be

active in its quadrant.

E-type Chopper Circuit Diagram With Load emf E and E Reversed
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E-type Chopper Circuit diagram with load emf E and E Reversed

e First Quadrant

During the first quadrant operation the chopper CH4 will be on . Chopper CH3 will be off and
CH1 will be operated. AS the CH1 and CH4 is on the load voltage vp will be equal to the
source voltage Vs and the load current ig will begin to flow . vo and ip will be positive as the
first quadrant operation is taking place. As soon as the chopper CH1 is turned off, the positive
current freewheels through CH4 and the diode D2 . The type E chopper acts as a step- down

chopperin the first quadrant.

s Second Quadrant

In this case the chopper CH2 will be operational and the other three are kept off. As CH2 is
on negative current will starts flowing through the inductor L . CH2 ,E and D4. Energy is
stored in the inductor L as the chopper CH2 is on. When CH2 is off the current will be fed
back to the source through the diodes D1 and D4. Here (E+L.di/dt) will be more than the
source voltage Vs . In second quadrant the chopper will act as a step-up chopper as the

power is fed back from load to source



¢ Third Quadrant

In third quadrant operation CH1 will be kept off , CH2 will be on and CH3 is operated. For
this quadrant working the polarity of the load should be reversed. As the chopper CH3 is on,
the load gets connected to the source Vs and wg and ig will be negative and the third

quadrant operation will takes place. This chopper acts as a step-down chopper

+ Fourth Quadrant

CHA will be operated and CH1, CH2 and CH3 will be off. When the chopper CH4 is turned on
positive current starts to flow through CH4, D2 ,E and the inductor L will store energy. As the
CH4 is turned off the current is feedback to the source through the diodes D2 and D3, the
operation will be in fourth quadrant as the load voltage is negative but the load current is

positive. The chopper acts as a step up chopper as the power is fed back from load to source.

FOUR QUADRANT CHOPPER, OR TYPE E CHOPPER




e :
cHi / o1 GB;
L
e |
Vs il T*H CHI-CH2 : on \%k

mz'l / D2 CH4

FIRST QUADRANT:

CH4 is kept ON

CH3 is off

CH1 is operarted

Vo=Vs

ig= positive

when CH1 is off positive current free wheels through CH4,D2

so Vg and I3 is in first quadrant.



SECOND QUADRANT:

CH1,CH3,CH4 are off.

CH2 is operated.

Reverse current flows and | is negative through L CH2 D4 and E.
When CH2 off D1 and D4 is ON and current id fed back to source. S0

,E+.-Lﬂ

dt is more than source voltage V.,
As iy is negative and V; is positive, so second quadrant operation.

THIRD QUADRANT:

CH1 OFF, CH2 ON
CH3 operated. So both V; and iy is negative.
When CH3 turned off negative current freewheels through CH2 and D4.

FOURTH QUADRANT:

CH4 is operated other are off.
Positive current flows through CH4 E L D2.

Inductance L stores energy when current fed to source through D3 and D2.V; is negative.

1.2.8 Four-Quadrant Chopper



The four-quadrant chopper is shown in Figure 1.6c. The input voltage is positive, and the
output voltage can be either positive or negative. The switches and diode status for the
operation are shown in Table 1.1. The output voltage can be calculated by the formula

kV; QI _operation
(1-kWV; QII _operation
2 . (1.7)
-kV, QIII _operation
—(1-k)V, QIV _operation

TABLE 1.1
Switches and Diodes” Status for Four-Quadrant Operation

Switch or Diode Quadrant]l QuadrantIl QuadrantIIl QuadrantIV

S, Works Idle Idle Works
D, Idle Works Works Idle

S, Idle Works Works Idle
D, Works Idle Idle Works
S, [dle Idle On Idle
D, Idle Idle Idle On

S, On Idle Idle Idle
D, Idle On Idle Idle
Output A Vi ly Vo, 1, Voo kg,

2.12.4 Four quadrant Chopper or Tvpe E Chopper

)

Fig (2.12.4) Four quadrant Chopper or Type E Chopper



Forward Motoring Mode

For first quadrant operation of fisure CH4% is kept on, Cl-13 1s kept off and CHI1 1s
operated. when CHI and CI-I4 are on, load voltage is equal to supply voltage i,e, Va =
Vs and load current ia begins to flow. Here both output voltage va and load current ia
are positive giving first quadrant operation. When CH4 is turned off positive current
freewheels through CH-4,D2 in this way, both output voltage va, load current ia can

be controlled in the first quadrant. First quadrant operation gives the forward
motoring mode.

Forward Braking Mode

Here CH2 is operated and CH1, CH3 and CH4 are kept off. With CH2 on, reverse (or
negative) current flows through L, CH2, D4 and E. During the on time of CHZ2 the
inductor L stores energy. When CH2 is turned off current is fedback to source through
diodes D1, D4 note that there [E+L di/dt] is greater than the source voltage Vs. As the
load voltage Va is positive and load current ia is negative, it indicates the second

quadrant operation of chopper. Also power flows from load to source, second quadrant
operation gives forward braking mode.

Reverse Motoring Mode

For third quadrant operation of figure, CHI is kept off, CH2 is kept on and CH3 is
operated. Polarity of load emf E-must be reversed for this quadrant operation. With
CH3 on, load gets connected to source Vs so that both output voltage Va and load
current ia are negative. it gives third quadrant operation. It is also known as reverse
motoring mode. When CH3 is turned off, negative current freewheels through CH2,
D4. In this way, output voltage Va and load current ia can be controlled in the third
quadrant.
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Reverse Brakine Mode

Here CH4 is operated and other devices are kept offLoad emf E must have its polarity
reversed, it'is shown in figure . With CH4 on, positive current flows through CH4, D2,
L and E. During the on time of CH4, the inductor L stores energy.

When CH4 is turned off; current is feedback to source through diodes D2, D3. Here
load voltage is negative, but load current is positive leading to the chopper operation
in the fourth quadrant.

Also power is flows from load to source. The fourth quadrant operation gives reverse

braking mode.

2.13 Braking

In braking, the motor works as a generator developing a negative torque which
oppose the motion. It is of three types

1. Regenerative braking
2. Plugging or Reverse voltage braking
3. Dynamic braking or Rheostatic braking

2.13.1Regenerative braking

In regenerative braking, generated energy is supplied to the source,for this to happen
following condition should be satisfied

E > V and negative Ia

Field flux cannot be increased substantially beyond rated because of saturation, therefore
according to equation ,for a source of fixed voltage of rated value regenerative braking is
possible only for speeds higher than rated and with a variable voltage source it is also
possible below rated speeds .

The speed —torque characteristics shown in fig. for a separately excited motor.
In series motor as speed increases, armature current, and therefore flux decreases

Condition of equation cannot be achieved .Thus regenerative braking is not possible
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2.13.2 Plugging

The supply voltage of a separately excited motor is reversed so that it assists
the emf in forcing armature current in reverse direction .A resistance Rp is also
connected in series with armature to limit the current.For plugging of a series
motor armature is reversed.

A particular case of plugging for motor rotation in reverse direction arises
.when a motor connected for forward motoring,is driven by an active load in the
reverse direction.Here again back emf and applied voltage act in the same
direction.However the direction of torque remains positive.

This type of situation arises in crane and the braking is then called counter —
torque braking.

Plugging gives fast braking due to high average torque.even with one section
of braking resistance RB.Since torque ia not zero speed,when used for stopping a
load,the supply must be disconnected when close to zero speed.

Centifugal switches are employed to disconnect the supply.Plugging is
highly inefficient because in addition to the generated power,the power supplied by
the source is also wasted in resistances.
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2.13.3 Dynamic braking

In dynamic braking .the motor is made to act as a generator,the armature is

disconnected from the supply .but it continues to rotate and generate a
voltage.The polarity of the generated voltage remains unchanged if the
direction if field excitation is unaltered.

But if a resistance is connected across the coasting motor,the direction of the
armature current is reversed .because the armature represents a source of
power rather than a load.

Thus a braking torque i1s developed .exactly as in the generator,tending to
oppose the motion.

The braking torque can be controlled by the field excitation and armature
current.

3.3.3 Four-quadrant Chopper

The circuit of a four-quadrant chopper is shown in Fig. 3.15 in which the inductor
L is assumed to be composed of the armature inductance and an external inductor.
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Fig. 3.15 Circuit of a four-quadrant chopper

Three methods of control are possible for the operation of this chopper as

elaborated below.




Method 1 The circuit is operated as a two-quadrant chopper to obtain (a) first-
and second-quadrant operation as well as (b) third- and fourth-quadrant operation.

Sequence ! To obtain mode (a), Chy is permanently kept on; terminals a and b
are always kept shorted by ensuring conduction by either Chy or Dy and terminals
a and ¢ are always kept open. The choppers Ch; and Ch; are controlled as per
the following four steps.

(a)

(b)

(©)
(d)

If Chy and Chy are turned on at { = 0, the battery voltage E will be applied to
the load circuit and current will flow from X to ¥ as shown in Fig. 3.16(a):
this direction is the positive one. Thus the load voltage during this interval
is kept at +E.

When Ch; is turned off at tow, the current due to the stored (1 JE}LF
energy of the inductor L drives the current through D> and Chy as shown in
Fig. 3.16(b). Ch;. which is turned on at Toy, does not conduct because it is
shorted by D5.

Ch,, which is on, conducts the current when it reverses, as shown in
Fig. 3.16(c).

Finally, when Ch; is turned off at r, current flows through the path consisting
of the negative of the battery, D4, the motor, L, )|, and the positive of the
battery as shown in Fig. 3.16(d). If the machine were to be operated as
a generator, this circuit facilitates regenerative braking. The zero crossing
instants of the current waveform depend upon the values of E, Ej, L, and the
armature resistance R, of the motor. It is seen that Ch; does not conduct till
fjg becomes positive and Ch; does not conduct till ijy lows in the negative
direction. Also, D4 conducts the reverse current and applies a reverse bias
against Chy. The devices that conduct during each of the intervals are shown
in Fig. 3.17(a), which gives the waveforms of this mode.
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Fig. 3.16 Circuit conditions of a four-guadrant chopper with method |: (&) Ch, and
Chy wermed on; (b) Chy urned off, Che remaining on; (c) Cha turned on,
Chy shorted by Ds; (d) Che turned off, Che, shorted by Dy

Sequence 2 For the circuit to provide third- and fourth-quadrant operation, Ch; is
permanently kept on. Terminals @ and ¢ remain shorted due to conduction by either
Chz or Ds;terminals @ and b remain open throughout. The relevant waveforms are
shown in Fig. 3.17(b) (in the figure, [g denotes the current through the battery).
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Fig. 3.17(a)

(a) Chyistriggered on at f = 0 but starts conduction only when a reverse current
Aows through the path consisting of the positive of the battery, Chs, the
motor, L, Chs, and the negative of the battery. A voltage equal to —E is
applied at the load terminals.

it} When Cha is turned off at toy. the inductor continues to drive the current in
the reverse direction through the path consisting of Chz, the motor, L, and
. The load voltage then becomes zero.

(c) Chy is triggered at 1,y but starts conduction only when the current flows in
the positive direction, lowing through the closed circuit consisting of Chy,
L, the motor, and Ds.

(d) When Ch is turned off at T, a negative battery voltage is applied to the load
but positive current flows through the negative terminal of the battery, D,
L. the motor, Ds, and back to the positive terminal of the battery.



It is seen that either Ch, or Chy conducts current when iy, becomes positive
or negative, respectively. This is because, even though their control signals are
present prior to the zero crossing of the load current, the conducting diodes D
and D apply a reverse bias, respectively, across Chy and Ch;. The devices that
conduct during each interval are given in Fig. 3.17(b).

This circuit suffers from the disadvantage that either Chs or Chy are kept on for
a long time, which may lead to commutation problems. An imporiant precaution
to be taken is that the choppers Ch; and Ch; should not conduct simultaneously,

as otherwise the source gets shorted through them. To ensure this, a small interval
of time has to be provided between the turn-off of Ch; and the turn-on of Ch; and
vice versa; this feature, however, limits the maximum chopper frequency.
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Figs 3.18(a) and (b)

Method 2 1n this method, the four-quadrant chopper provides first- and fourth-
quadrant operation similar to method 2 of the two-quadrant type-B chopper. Thus
the chopper pair Chy, Chy and the diode pair 2, D5 conduct alternately; the other
chopper pair is permanently kept off. Accordingly the waveforms will be identical
to those of Figs 3.13(a) and (b), respectively. Likewise, for obtaining second- and



third-quadrant operation, the chopper pair Chz, Chz and the diode pair Dy, Dy
of Fig. 3.15 conduct in alternate intervals with the chopper pair Ch,, Chs always
kept off. The waveforms in this case will be similar to those of Figs 3.13(a) and (b)
except for the fact that the instantaneous current in both cases is always negative.
Thus the operating point will be in either the second or the third quadrant.

Method 3 This method consists of operating the same combinations of chopper
pairs, as in method 2, to provide four-quadrant operation. However, the chopper
pairs are controlled in such a way that if one of them conducts during some
interval. the other pair is off. The waveforms for the first. fourth, second, and
third quadrants are given, respectively, in Figs 3.18(a), (b), {c), and (d).
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Fig. 3.18 ‘Waveforms for four-quadrant chopper operation (method 3): (a) first-
quadrant operation, (b} fourth-gquadrant operation, (¢} second-quadrant
operation, (d) third-quadrant operation
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Fig. 3.17 Four-quadrant chopper: (a) waveforms for sequence |—first- and

second-quadrant operation, (b) waveforms for sequence 2—third- and
fourth-quadrant operation

4.3 FOUR-QUADRANT CHOPPER CIRCUIT

A four-quadrant chopper with transistor switches is shown in Figure 4.2. Each tran-
sistor has a freewheeling diode across it and a snubber circuit to imit the rate of rise
of the voltage. The snubber circuit is not shown in the figure.

The load consists of a resistance, an inductance. and an induced emf. The
source is dc, and a capacitor is connected across it to maintain a constant voltage.
The base drive circuits of the transistors are isolated. and they reproduce and
amplify the control signals at the output. For the sake of simplicity, it is assumed that
the switches are ideal and hence, the base drive signals can be used to draw the load
voltage.



First-quadrant operation corresponds to a positive output voltage and current. This
is obtained by triggering T, and T, together, as is shown in Figure 4.3: then the load
voltage is equal to the source voltage. To obtain zero load voltage, either T, or T, can
be turned off. Assume that T, is turned off; then the current will decrease in the
power switch and inductance. As the current tries to decrease in the inductance. it
will have a voltage induced across it in proportion to the rate of fall of current with a
polarity opposite to the load-induced emf, thus forward-biasing diode D,. D, pro-
vides the path for armature current continuity during this time. Because of this, the
circuit configuration changes as shown in Figure 4.4. The load is short-circuited.
reducing its voltage to zero. The current and voltage waveforms for continuous and
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Figure 4.2 A four-quadrant chopper circuit
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Figure 4.3 First-quadrant operation with positive voltage and current in the load
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Figure 4.5 Voltage and current waveforms in first-guadrant aperation



discontinuous current conduction are shown in Figure 4.5. Note that. in the discon-
tinuous current-conduction mode; the induced emf of the load appears across the
load when the current is zero. The load voltage, therefore, is a stepped waveform.
The operation discussed here corresponds to motoring in the clockwise direction. or
forward motoring. It can be observed that the average output voltage will vary from
0 to V_; the duty cycle can be varied only from 0 to 1.

The output voltage can also be varied by another switching strategv. Armature
current 1s assumed continuous. Instead of providing zero voltage during turn-off
time to the load, consider that T1 and T2 are simultaneously turned off. to enable
conduction by diodes D3 and D4. The voltage applied across the load then is equal
to the negative source voltage, resulting in a reduction of the average output volt-
age. The disadvantages of this switching strategy are as follows:

(i) Switching losses double, because two power devices are turned off instead of
one only.

(i)) The rate of change of voltage across the load is twice that of the other strat-
egy. If the load is a dc machine, then it has the deleterious effect of causing

higher dielectric losses in the insulation and therefore reduced hife. Note that
the dielectric is a capacitor with a resistor in series.

(iii) The rate of change of load current is high, contributing to vibration of the
armature in the case of the dc machine.

(iv) Since a part of the energy is being circulated between the load and source in
every switching cycle, the switching harmonic current is high, resulting in addi-
tional losses in the load and in the cables connecting the source and converter.

Therefore, this switching strategy is not considered any further in this chapter.

4.3.2 Second-Quadrant Operation

Second-quadrant operation corresponds to a positive current with a negative voltage
across the load terminals. Assume that the load's emf is negative. Consider that T, or
T, is conducting at a given time. The conducting transistor is turned off. The current in
the inductive load has to continue to flow until the energy in it is depleted to zero.
Hence, the diodes D, and D, will take over, maintaining the load current in the same
direction, but the load voltage is negative in the new circuit configuration, as is shown
in Figure 4.6, The voltage and current waveforms are shown in Figure 4.7. When
diodes D, and D, are conducting. the source receives power from the load. If the



source cannot absorb this power, provision has to be made to consume the power. In
that case, the overcharge on the filter capacitor is periodically dumped into a resistor
connected across the source by controlling the on-time of a transistor in series with a
resistor. This form of recovering energy from the load is known as regenerative brak-
ing and is common in low-HP motor drives, where the saving in energy might not be
considerable or cost-effective. When the current in the load is decreasing, T, is turned
on. This allows the short-circuiting of the load through T, and D, resulting in an
increase in the load current. Turning off T, results in a pulse of current flowing into the
source via D, and D. This operation allows the priming up of the current and a build-
ing up of the energy in the inductor from the load’s emf. thus enabling the transfer of
energy from the load to the source. Note that it is possible to transfer energy from load
to source even when E is lower in magnitude than V_. This particular operational fea-
ture is sometimes referred to as boost aperation in de-to-de power supplies. Priming up
the load current can also be achieved alternatively, by using T, instead of T..

-+

Figure 4.6 Second-quadrant operation, with negative load voltage and positive curreni
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Figure 4.7 Sccond-gquadrant aperation of the chopper

4.3.3 Third-Quadrant Operation

Third-quadrant operation provides the load with negative current and voltage. A neg-
ative emf source, — E. is assumed in the load. Switching on T, and T, increases the cur-
rent in the load. and turning off one of the transistors short-circuits the load.
decreasing the load current. That way, the load current can be controlled within the
externally set limits. The circuit configurations for the switching instants are shown in
Figure 4.8. The voltage and current waveforms under continuous and discontinuous

current-conduction modes are shown in Figure 4.9. Note the similarity between first-
and third-quadrant operation.
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Fipure 4.8 Maodes of operation in the third guadram
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4.3.4 Fourth-Quadrant Operation

Fourth-quadrant operation corresponds to a positive voltage and a negative current

in the load. A positive load-emf source

E is assumed. To send energy to the dc

source from the load, note that the armature current has to be established to flow
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Figure 4,10 Fourth-quadrant operation of the chopper

from the right side to the left side as seen in Figure 4.2. By the convention adopted
in this book, that direction of current is negative. Assume that the machine has been
operating in quadrant I with a positive current in the armature. When a brake com-
mand is received, the torque and armature current command goes negative. The
armature current can be driven negative from its positive value through zero.
Opening T, and T, will enable D, and D, to allow current via the source. reducing
the current magnitude rapidly to zero. To establish a negative current, T, is turned
on. That will short-circuit the load, making the emf source build a current through T,
and D,. When the current has reached a desired peak. T, is turned off. That forces D,
to become forward-biased and to carry the load current to the dc input source via
D, and the load. When the current falls below a lower limit, T, is again turned on, to
build up the current for subsequent transfer to the source. The voltage and current
waveforms are shown in Figure 4.10. The average voltage across the load is positive,
and the average load current is negative. indicating that power is transferred from
the load to the source. The source power is the product of average source current
and average source voltage, and it is negative, as is shown in Figure 4.10.
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Figure 4.15 Class E four-quadrant chopper.

#.7.3 Four-Quadrant Control

The four-quadrant operation can be obtained by using the class E chopper shown in
4.15. The chopper can be controlled using the following methods.

Method I. If S, is kept closed continuously and S; and S, are controlled, one
gets a two-quadrant chopper as shown in figure 4.12a. This provides a variable posi-
tive terminal voltage and the armature current in either direction, giving the motor
control in quadrants I and II.

Now if S; is kept closed continuously and S, and S, are controlled, a two-
quadrant chopper is obtained, which can supply a variable negative terminal voltage
and the armature current in either direction, giving motor control in quadrants III
and IV. S

For the changeover from forward motoring to reverse motoring, the following
sequence of steps is followed.

" In the first quadrant S, is on continuously, and S, and S, are being controlled.
For the changeover, 8 is reduced to its minimum value. The motor current reverses
[equation (4.33)] and reaches the maximum permissible value. The current control



loop restricts it from exceeding the maximum permissible value. The motor deceler-
ates at the maximum torque and reaches zero speed. Now S, is opened, S; is continy-
ously closed and & for the pair S;, S, is adjusted corresponding to the desired speed.
The motor now accelerates at the maximum torque in the reverse direction and its
current is regulated by the current-control loop. Finally it settles at the desired speed.

This method of control has the following features: The utilization factor of the
switches is low due to the asymmetry in the circuit operation. Switches S; and §,
should remain on for a long period. This can create commutation problems when the
switches are realized using thyristors. The minimum output voltage depends directly
on the minimum time for which the switch can be closed. Since there is always a re-
striction on the minimum time for which the switch can be closed, particularly in
thyristor choppers, the minimum available output voltage, and, therefore, the mini-
mum available motor speed, is restricted.

To ensure that the switches S, and S,, and S, and S, are not on at the same
time, some fixed time interval must elapse between the turn-off of one switch and
the turn-on of another switch. This restricts the maximum permissible frequency of
operation. It also requires two switching operations during a cycle of the output
voltage.

Method II.  Switches S, and S, with diodes D, and D, provide a circuit iden-
tical to the chopper of figure 4.13. This chopper can provide a positive current and a
variable voltage in either direction, thus allowing motor control in quadrants [ and
IV. Switches S; and S; with diodes D; and D, form another chopper, which can
provide a negative current and a variable voltage in either direction, thus allowing
the motor control in quadrants II and III.

The switch-over from quadrant | to quadrant III can be carried out using the
following sequence of steps. In quadrant I, the switches S, and S, are controlled
with 0.5 <8 < 1.0. The armature current has the direction shown in figure 4.15. For
the changeover, 5, and S, are turned off. The armature current now flows through
diode D, source V, and diode D,, and quickly falls to zero.. The motor back emf has
the polarity with the left terminal positive. Now the switches S, and S, are controlled
with § in the range 0 <8 << 0.5, but approaching 0.5. The motor current flows in the
reverse direction and reaches the maximum value [equation (4.39)]. The current-
control loop regulates & to keep the current from exceeding the maximum permis-
sible value. The motor decelerates at the maximum torque and reaches zero speed.
Now & is set according to the desired speed (0.5 <8 < |). The motor accelerates at
the maximum torque, with its current regulated by the current-control loop and set-
tles at the desired steady-state speed in the reverse direction.

This method of control has the following features compared to method I: At
near-zero output voltage, each switch should be on for a period of nearly T sec., un-
like in method I where it should be on for a period approaching zero. Thus, there is
no limitation on the minimum output voltage and the minimum motor speed. There
1s no need for a delay between the turn-off of one switch and the turn-on of another
switch. Consequently, the frequency of operation can be higher. The switching loss
is less because of only one switching per cycle of the output voltage compared to
two in method I. Due to the symmetrical operation, the switches have a better uti-
lization factor.



Method I1I. This method is a modification of method II. In method II,
switches 8, and S, with diodes D, and D, form one chopper, which allows motor
control in quadrants I and IV. The second chopper, providing operation in quad-
rants II and III is formed by switches S; and S,, and diodes D; and D,. In method [I,
these choppers are controlled separately. In the present method, these choppers are
controlled simultaneously as follows.”

The control signals for the switches $,—S, are denoted by i, i, i, and 1.4,
respectively. As with the convention adopted, a switch conducts if its control signal
is present and it is forward biased; otherwise it remains open. The control signal i,
10 ic4, and the waveform of v,, i,, and i, for forward motoring and forward regenera-
tion are shown in figure 4. 16a and b, respectively. Switches S, and S, are given con-
trol signals with a phase difference of T secs. Switch S, receives a control signal
from t =0 to t = 28T, where 8 =t,,/2T. The control signal for switch S, is present
fromt=T to t=T + 28T. Switches 5, and 8,, and 5, and S§; form complementary
pairs in the sense that the switches of the same pair receive control signals alter-
nately. Usually some interval must elapse between the turn-off of one switch and the
turn-on of another switch of the same pair to ensure that they are not on at the same
time. This interval has been neglected in drawing the waveforms of figure 4.16.

In a duration of 2T seconds, which is also the time period of each switch, the
chopper operates in four intervals, which are marked as I, II, III, and IV in
figures 4.16a and b. The devices under conduction during these intervals are also
shown. The operation of the machine in quadrant I can be explained as follows.

In interval I, switches S, and S, are conducting. The motor is subjected to a
positive voltage equal to the source voltage and the armature current increases. At
the end of interval I, S, is turned off. In interval II, switches S, and S; receive con-
trol signals. Since the motor is carrying a positive current, it flows through a path
consisting of D; and S,. Now v, is zero and i, is decreasing. Switch S; remains off
as it 1s reverse biased by the voltage drop of the conducting diode D,. At the begin-
ning of interval III, S, is turned on again. Now v, =V and i, is increasing. At the
end of interval III, switch S, is turned off. In interval IV, switches S, and S, receive
control signals. The positive motor current flows through S; and D,, and S, does not
conduct due to the reverse bias applied by the drop of diode D,.

Note that the output voltage waveform is identical to that of figure 4.14a.
Hence, equations (4.38) and (4.39) are applicable.

The forward motoring operation is obtained when I, is positive. The operation
can be transferred from forward motoring to forward regeneration by decreasing & or
increasing E to make V, <E or I, negative [equation (4.39)]. The waveforms for
forward regeneration are shown in figure 4.16b. The devices in conduction in the
four intervals of the chopper cycle are also shown. The operation of the chopper is
explained as follows.

In interval I, switches 5, and S, are receiving control signals. The positive
back emf forces a negative armature current through diode D; and switch S;. During
this interval, |i,| increases, increasing the energy stored in the armature circuit induc-
tance. Switch 5; does not conduct due to the reverse bias provided by the drop of the
conducting diode D;. Switch S, is opened at the end of interval I. The armature cur-
rent is forced through diode D5, source V, and diode D,, and the energy is fed to the



source. Although switches S, and S, are receiving the control signals, they remain
open due to the reverse bias provided by the voltage drops of diodes D; and D,. The
motor terminal voltage is now V and |i,| is decreasing. S, is turned on in interval III.
The armature current now flows through switch S, and diode D,. Switch S, also re-
ceives a control signal; however, it does not conduct due to the reverse bias applied
by diode D4. The armature current magnitude again builds up. Sy is turned off at the

end of interval III. The armature current is forced again through diode D, the
source, and diode D, and the energy is fed to the source.

The motoring and regenerative braking operations in the reverse direction are
obtained when 0<8& < 0.5, for which V, is negative. Reverse motoring is obtained
by setting & such that [V,| > |E| and reverse regeneration is realized when [E| > |V,].

This method has a simpler control circuit compared to methods [ and II. Since
some time must elapse between the tum-off of one switch and the turn-on of another
switch of each of the complementary pairs formed by S,, 'S4 and 5, 5i, the maxi-
mum permissible frequency of operation must be lower compared to that of
method I1.
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Example 4.5
The motor of example 4.3 is fed by a four-quadrant chopper controlled by method III,
The source voltage is 230 V and the frequency of operation is 400 Hz.

1. If the motor operation is required in the second guadrant at the rated torque
and 300 rpm, calculate the duty ratio.

2. What should be the value of the duty ratio if the motor is working in the third
quadrant at 400 rpm and half of the rated torque?

Solution: At the rated conditions of operation
E.=230-90x0.115=2197V
1. Equation (4.39), which is applicable to method III is reproduced here:

_2V(5-05)—E

I
3 R

(4.39)

The motor is working in the second quadrant, therefore,

I,=-90 A
300 ano
_ﬁxEr-ﬁx 219.7=1318V

Substituting in equation (4.39), gives

_2X230(6 - 0.5)—131.8 ¢
0.115

—90

121
6=05+—=.76.
460

2. At half the rated torque and in the third quadrant

I,=—-45 A
400
= —— S =- 5
E 500 219.7 1753V

Substituting in equation (4.39), gives

2 x 230(8 — 0.5) + 175.7
D.115

-45=

or

181
ﬁ—ﬂ.i—m——ﬂ.ll_



Four-quadrant Operation with Field Control

When field control is required for getting speeds higher than base speed and the tran-
sient response need not be fast, the four-quadrant operation is obtained by a combi-
nation of field and armature controls as shown in figure 4.17. Both armature and
field are supplied by the class D two-quadrant choppers of figure 4.13. The reversal
switch RS is employed for the field reversal. The armature chopper provides opera-
tion in the first and the fourth quadrant with a positive field current and operation in
the second and the third quadrant with a negative field current. When the field con-
nection is to be reversed, first the field current should be reduced to zero. The use of
the class D two-quadrant chopper allows a reversal of the field terminal voltage,
which forces the field current to become zero fast. The main advantage of this circuit
is the lower cost compared to the class E four-quadrant chopper of figure 4.13, be-
cause of the lower current ratings of the components of the field chopper.

Ss

(a) (b)

Figure 5.12 (a) Two-quadrant and (b) four-quadrant dc voltage converters.



5.4.2 Four-quadrant converter

The rotation of a dc electrical machine may be reversed by means of a
four-quadrant dc converter (Figure 5.12b).

The converter may operate in four modes.

Quadrant 1. The electrical machine operates in the motor mode, with
forward rotation. An output-voltage pulse is formed at the motor input
when transistors VI1 and VT2 are switched on simultaneously, and
u,, = E. To create an inactive interval, it is sufficient to switch off one of
the transistors—say, VI2. Then the motor current flows through VT1 and
diode VD3; U, =0 and iy = 0. In this quadrant, the converter resembles a
step-down dc/dc converter: U, = VE.

Quadrant II. The motor turns in the same direction, but with recupera-
tive braking. Consequently, the machine operates in the generative mode,
and the current i, is reversed. Two modes alternate in the converter.

¢ Aninterval of length ¥T,, in which all the transistors are on; current
passes through diodes VD1 and VD2; and the motor current flows
through source E, to which energy is returned.

¢ An interval of length (1 —y)T_,, in which transistor VI3 is on; the

load current passes through the circuit VI3-VDI1, bypassing the

source; and 7y = 0. The same results may be obtained by switching on
VT4, which forms a circuit with diode VD2.

In the second quadrant, the converter resembles a step-up dc/dc con-
verter, in which the energy source is the emf E .



Quadrant III. The direction of rotation is reversed; the directions of
the voltages and currents in the electrical machine are the opposite to
those shown in Figure 5.12b. When transistors VI3 and VT4 are switched
on simultaneously, u,,, = -E; energy is sent from the source to the motor.
When one of those transistors is switched off, current flows through the
circuit consisting of a transistor and a diode, bypassing the source: 1, = 0;
ip=0; and u,, =—YE.

Quadrant IV. Recuperative braking occurs. When all the transistors
are switched off, the current in the electrical machine, whose direction is
as in Figure 5.12b, passes through the circuit VD3-VD4, returning energy
to source E. When transistor VT1 is turned on, current 7, flows through
diode VD3, bypassing the source. The same result may be obtained by
switching on transistor V12, which forms a circuit with diode VD4.

We may note the similarities between multiquadrant voltage convert-
ers and voltage source inverters (Section 6.1). The circuit in Figure 5.12a
corresponds to a half-bridge voltage inverter with asymmetric connection
of the load and the circuit in Figure 5.12b to a single-phase bridge inverter.

54.1 Two-quadrant converter

In Figure 5.12a, we show the circuit diagram of a two-quadrant dc con-
verter. The load considered is a dc motor, which is replaced by an equiva-
lent circuit consisting of the motor’s counteremf E , its resistance R, and
its inductance L,,,.

When an electrical machine operates in the motor mode, only transis-
tor VT1 operates in the converter, and transistor VI2 is always off. When
transistor VT1 is turned on, it connects source E to the motor; motor cur-
rent i, = ip passes through VT1. When transistor VT1 is turned off, the
motor current passes through diode VD2, and the voltage applied to the
motor is zero. It is readily evident that the conducting section of the circuit
corresponds to a step-down dc/dc converter (Section 5.2.1). In that case,
neglecting the losses, we write the output voltage in the form

T
Uow = E—L= = yE. (5.32)

W

In recuperative braking, the motor continues to turn, and the polar-
ity E,, is unchanged. However, on switching to the generator mode, the
polarity of current i, will be the opposite of that in Figure 5.12a. In this

out



mode, no control pulses are sent to transistor VI1. When transistor VI2is
off, current flows through diode VDI, the polarity of current 7y is reversed,
and the motor energy is recuperated to source E. When transistor VT2 is
turned on, it transmits the currenti_ . Operation in the recuperation mode
corresponds to a step-up dc/dc converter (Section 5.2.2), if we assume that
the energy source is the motor’s counteremf E,,..

Braking

y 2 ¥
Ay F, 0

Separately excited motor Separately excited motor

lr"]nrl.l

Motoring

0 T

Braking

(b) Series motor Series motor



6.5. THE FOUR-QUADRANT CHOPPER

A d.c. brush motor with separate excitation 1s fed through a four-quadrant chopper (Table 6.1e). Show the waveforms of
voltage and current m the thud and fourth quadrants.

Solution:

The basic circuit of a four-quadrant chopper 1s shown m Figure 6.9.

T2 \\r.u: b~ T4 l.\nsx.

o |

Figure 6.9. D.c. brush motor fed through a four-quadrant chopper

If Ty 15 on all the tme, Ti{-Dy and T2-D2 provide first- and (respectwely) second-quadrant operations as shown m
previous paragraphs. With T, on all the tme and T3-D3 and. respectwvely, T4-Dy the thwrd- and fourth-quadrant operations 1s

obtamed (Figure 6.10). So, n fact, we have 2 two-quadrant choppers acting m tums.
However, only 2 out of 4 main switches are turmned on and off with the frequency f, while the third main switch is kept on

all the time and the fourth one is off all the time_

! L
=

-+ g *

L - |

e

Figure 6.10. Four-quadrant chopper supplyiga

d.c. brush motor
a.) Third quadrant: sav="0, Vav=0; b_) Fourth quadrant: 1av>=0, Vav=10.

Four-quadrant operation 1s required for fast response reversible vanable speed drives.
As expected, discontinuous cumrent mode is also possible but it should be avoided by increasing the switching frequency

foy oradding an mductance m senes with the motor.

Let us assume that:
A d.c. brush motor, fed through a four-quadrant chopper, works as a motor m the third gquadrant (reverse motion). The

main data are Vi = 120V, By =050 L, =2 5mH_rated cument I, = 20A; rated speed ny, = 3000 rpmy separate excitation.

a. (Calculate the rated emf_e o and rated electromagnetic torque. T,.

b. Forn=-1200rpmand rated average cument (1, = —I;,) determme the average voltage Vi tc / T = 05y, and maxmmm and
mmimumvahies of motor curmrent Ly, and L ;,, for 1kHz switchmg frequency.

Sohation:
a. The motor voltage equation for steady state 1s:



Vo= Ryl +g,
for rated values V,, =V, =120V, 1, =1, =20A. thus

=K, =V, ~R,i, =120-20-05=110

[22]

e 110
KhApy=—=—+-=1212
n, 30 Wb
b. The motor equation i the third quadrant is
Vo= Raiy +e,=05-(-20)+22-(-20)=-54 y;

the conductmg tome t. for Ty (Figure 6.10a) 15

1 1 B
t,=T045= —.045= —-045=04510""s
fa 10

Form ((6.40)+(6.41)) the motor current vanation (Figure 6.10a) 1s descnbed by

V. '-e Y
i,=——2L4+he ™ 0D<tgt,

R,

g -['-"d]&
1.'-—R—'+ﬂ'e bt <tsT

'I;'il' |
[A'— —'J IA}
Rl
The second condition 15 obtamed fromthe average current expression
1% ‘
== |1, dt+ |4, dt|=
JISRE
RI

From (6.62) and (6.63) we obtam:

1 —f‘h
[ﬂ'—v—'] fh=e ™
R

Vy'=-Vy, e, =KA,n=22(-20)=-44V

-120 PP L
[ﬂ'+%}fﬁ= & N 0914

A, .
V. '-e e -1, = (-1, 1=
L Mt,——'(T-t.hh[[l—e = ]A +."31'[1—e e

(6.54)

(6.55)

(6.56)

(6.57)

(6.58)

(6.59)

(6.60)

(6.61)

(6.62)

(6.63)

(6.64)



-0= m'{mum 1071 - %ﬂ_ﬁ 1071

-1 4 B3 _maaypa A4
+2.5-1D [[1_ B—nmu WJA+A'[1- . ga310 ﬁ']}
05

-20=-20+0434A + 052054'
0434+ 05205A'=0
A4240 =0.9144

A =137 62, A'= 113 92

Now we may caleulate I;, =1,(0)

Vy'me ~120 - (- 44)
lm=4 L = 13702 o ————— = 1508
R, 05 A
Also Ly, =1,(t)
By '[' 44)
g = &-—==-11392 4+ ——= = -2502
R, 05 A

7.4 4-Quadrant Chopper

The circuit diagram to facilitate 4-quadrant operation is given in Fig. 75{a). This circuit
contains four controlled switches and four diodes. Here, v, and i, are indicated with refer-
ence to motor terminals A and AA. The controlled switches are realized using IGBTs in
this chapter. This circuit is capable of providing motoring, regenerative braking, operation
of the motor in the reverse speed and regenerative braking in that direction corresponding
to the four quadrants of V-I diagram, which is shown in Fig. 75(b). The following section
explains the converter fed drive characteristics in four different quadrants.

(6.65)
(6.66)
(6.67)
(6.68)

(6.69)

(6.70)

(6.71)
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FIGURE 7.5
{a) 4-quadrant chopper circuit. (b) V-1 diagram.

7.4.1 Motoring in the Forward Direction

Fig. 7.6(a) shows the devices conducting during the motoring of the drive in the forward
direction. During the period T, of the converter, the IGETs T, and T; are simultaneously
gated so that v, = V. and the armature current i, is positive. During the OFF period of
the dc/dc converter, T, alone is switched OFF, such that the armature current i, now free-
wheels through T; and D,, making the motor terminal voltage zero. The motor terminal
voltage and current waveforms for continuous mode are shown in Fig. 76(b). As seen in
this figure, the average values of voltage and current are positive, thus the average output
power is always positive, leading to first-quadrant operation as indicated in Fig. 7.6(c). It
may be noted that freewheeling of the armature current is also possible through D, and T,
which is indicated by a dotted line.
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FIGURE 7.6

First-quadrant circuit. {a) Equivalent circuit. (b) Motor voltage and current waveforms. (c) ¥-1 diagram.

7.4.2 Regenerative Braking after Forward Rotation

When regenerative braking is required, the IGBT T, is switched OFF. For the regenera-
tive braking to take place, the electromagnetic torque (T.) must be made negative. Because
T. = (d],), reversal of polarity of T. is possible by changing the polarity of either &, or [,.
We consider the case of reversal of I, alone because reversal of &_ requires more time due
to the increased field time constant.

Consider Fig. 77(a). Assume that freewheeling was taking place through T and D, and
that the regenerative braking command has come during the freewheeling action. To initi-
ate the armature current reversal process during regenerative braking, T, is triggered and
the gating signal to T; is continued till armature current goes to zero. Although T, is gated,
the forward voltage drop across D; prevents T, from conducting and, as such, T--D; contin-
ues to cause freewheeling armature current. When this current drops to zero, the back-emf
E; causes reversal of armature current through T, and D.. Armature current, i, now flows
from A to AA and is in the negative direction as shown in Fig. 77(b). This current rises
exponentially, and when T, is turned OFE the armature current maintains its direction
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FIGURE 7.7
Second-guadrant operation. {a) Circult during transition. (b) Circult during regenentine braking. () Motor voli-

age and curnent waveforms. id) V.l diagram.

through Dy-Dy flowing to the source leading to regenerative braking. Pulse-width modula-
tion of T, results in uniform braking. Armature voltage and current during regeneration
are sketched in Fig. 77(c). This is a second-quadrant operation in the V-I diagram and is
given in Fig. 77d). It may be noted that free-wheeling of motor current can also take place

through Dy-Ty.

7.4.3 Motoring in the Reverse Direction/Third-Quadrant Operation

Mow the motor should be accelerated in the reverse direction. To achieve this, IGBTs T,
and T, are switched ON, and both v, and i, get reversed. The product of v, and i, is posi-
tive, indicating that the process is in the motoring operation. Because i, is reversed, the
direction of electromagnetic torque is also reversed, so the motor is accelerated in the
opposite direction. Freewheeling of the armature current can take place either through
T,-I; or Dh-T,. The power circuit, steady-state voltage, current waveforms, and V-1 dia-

gram are given in Fig. 78
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FIGLURE 7.8

Motoring in reverse-braking,. ia) Equivalent circuit. (b) Motor voltage and current waveforms. () V-1 diagram.

7.4.4 Regenerative Braking after Speed Reversal

A process similar to that for second-quadrant operation takes place for the regenerative
braking mode. Referring to Fig. 7.%(a), DT, is the path of freewheeling, and when T, is
triggered for regenerative braking, Ty is prevented from conducting because of the for-
ward voltage drop across Dy, The devices Dy-T; stop conducting when the armature cur-
rent becomes zero, and the back-emf now drives the armature current through O and T,
MNow armature current i, flows from A to AA and hence is positive. When T, is turned OFF,
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Fourth-quadant operation. () Circuit during transiton. (b Circuit during regenerative braking. (¢} Motor
voltage and current waveforms. (d) V-1 diagram.

regeneration takes place through D,-D; and leads to fourth-quadrant operation. The power
circuit, typical steady-stabe waveforms, and V-1 diagram are given in Fig. 79.



7.4.5. Four-quadrant Chopper, or Type-E Chopper _ .
ircuit di - rant chopper is shown in Fig. 7.10 (). It consists
of foﬁgﬁczgzﬁifwﬁfgﬁalfmﬁﬁd four diodes D1 to D4 in antiparallel. Workin~
of this chopper in the four guadrants is explgined as under : . o3 i
First quadrant : For first-quadrant operation of Fig. 7.10 {(a), CH4 is kep:r ;1:;5& e
kept off and CHI is operated. With CH1, CH4 on, load-v‘ultmf. ve=V, (an:rdroe g
load current i, begins to flow. Here both v, and i, are positive giving first qu ' ant ope hotl;
When CH1 is turned off, positive current freewheels through CH4, D2. In this manner,
V,, Ip can be controlled in the first quadrant. , —
Second quadrant : Here CHZ is operated and CHI, CH3 and CH4 are kept off. W1

i d E. Inductance L stores
o {or negative) current flows through L, CHZ, D4 and E.
Sn}gg:rn:ifin?thg O3 is on. When CH? is turned off, current is fed back to source

di ), ltage V, As load
thr?ugh diodes D1, D4. Note that here | E + L 2|18 more than the source voltage v,

voltage V, is positive and I, is negative, it is second quadrant operation of chopper. Also,
ower is fed back from load to source. . ‘
’ Third quadrant : For third-quadrant operation of Fig. ".-'.;.0 (a), CH::LI 1:0 :?;11: :zugﬁi;z
: 3 is operated. Polarity of load emf E must be reverse _ :
ﬁgii::;.a‘;idthCCHS on,pl’:ad gets connected to source V so that both v, iy are negat:I\ratl:admﬁ
to third quadrant operation. When CH3 is turned °fF~ negat:'n_re current freewheels throug
Cﬁz, D4. In this manner, v, and iy can be controlled in the third quadrant.

Fourth quadrant : Here CH{ is operated and gther devices are kEpt: Oﬂ‘.inL':E: F::lli;ti
must have its polarity reversed to that shown in Fig. 7.10 (a) for operation

gquadrant. With CH4 on, positive current flows through CH4, D2, L and E. Inductance L stores
energy during the time CH4 is on. When CH4 is turned off, current is fed back to source
through diodes D2, D3. Here load voltage is negative, but load current is positive leading to
the chopper operation in the fourth quadrant. Also power is fed back from load to source.

The devices conducting in the four quadrants are indicated in Fig. 7.10 {b).

CH2 operated

§ > ——~-—l—---+- - CH2: D4 : L, stores |V g:: g‘:;"“
-CH4 : on
P P energy .
| ! ! CH2 : off : then D1-D4 CH1 : off ; then CH4-D2
‘ CH'IE / i jall 03 conduct \ N conduct
Loomnt L L =l N ,&\ Ig
Ve >0 N =3

psi  CH3 :gcf}ll1 :d flpceln CH2-D4 | GH4-D2 : L, stores enargy

GHI operatad - CH4: g:;dl::;n Dz, D3
o
{&) CH4 aperatad

! -
l ha t CH3-CH2 : on \\\\

{a) .
Fig. 7.10. Four-qudrant, or Type-E chopper
{e) circuit diagram and (b) operation of conducting devices.
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Example 8.16 A four-quadrant chopper is driving a separately excited dc
motor load. The motor parameters are R = 0.1 ohm, L = 10 mH. The supply voltage is
200 V d.c. If the rated current of the motor is 10 A and if the motor is driving the rated
torque. Determine:

(i) the duty cycle of the chopper if £, = 150 V.

(i1) the duty cycle of the chopper if E, = - 110 V.

Solution:
For a four-quadrant chopper, the average voltage in all the four-modes is given by
Ey=2E, - (a-0.5)

R

(i) The average current, iy = E";E" =

_ 2x200(a-0.5)-150
0.1

Since, a > 0.5, this mode is forward-motoring

10 - a=0.876

_ 2%200(a=0.5)-110
0.1

As ar < 0.5, this mode is reverse motoring mode.

s a=0228

(ii) Now, 10

8.5.5 Four-Quadrant Chopper (or Class E Chopper)

Figure 8.25(a) shows the basic power circuit of Type E chopper. From Fig.
8.25, it is observed that the four-quadrant chopper system can be considered as
the parallel combination of two Type C choppers. In this chopper configuration,
with motor load, the sense of rotation can be reversed without reversing the
polarity of excitation. In Fig. 8.25, CH,, CH; D, and D, constitute one Type C
chopper and CH,, CH;, D, and D, form another Type C chopper circuit. Figure

8.25(b) shows Class-E with R-L load.

If chopper CH, is turned on continuously, the antiparallel connected pair of
devices CH, and D, constitute a short-circuit. Chopper CH; may not be turned

on at the same time as CH, because that would short circuit source £

With CH, continuously on, and CH, always off, operation of choppers CH,
and CH, will make E; positive and /, reversible, and operation in the first and
second quadrants is possible. On the other hand, with CH, continuously on and
CH, always off, operation of CH; and CH, will make E; negative and [;

reversible, and operation in the third and fourth quadrants is possible.



The operation of the four-quadrant chopper circuit is explained in detail as
follows:

When choppers CH| and CH are turned-on, current flows through the path,
Es.. — CH, - load — CHy — E4 . Since both E; and 1, are positive, we get the
first quadrant operation. When both the choppers CH, and CH, are turned-off,
load dissipates its energy through the path load-D; — Ey, — E4. — D, — load. In
this case, E; is negative while J;, is positive, and fourth-quadrant operation is
possible.

When choppers CH, and CH; are turned-on, current flows through the path,
Ey.. — CH; - load — CH, - E; . Since both E; and I, are negative, we get the
third-quadrant operation. When both choppers CH, and CH; are turned-off,
load dissipates its energy through the path load- D, - E; .~ E;, - D, —load. In
this case, E; is positive and [; is negative, and second-quadrant operation is
possible.

This four-quadrant chopper circuit consists of two bridges, forward bridge
and reverse bridge. Chopper bridge CH, to CH, is the forward bridge which
permits energy flow from source to load. Diode bridge D, to D, is the reverse
bridge which permits the energy flow from load-to-source. This four-quadrant
chopper configuration can be used for a reversible regenerative d.c. drive.

o . . .
o] Ha | BES v

] | 7\ D, CHy | 1 7\ Ds
CH| ! | ? 1 :
i - al

X

+Ey

Iy

-Ep
Fig. 8.25(a) Type E chopper circuit and characteristic
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Fig. 8.25(b) Class E chopper with R-L load



The bridge type converter shown in Fig. 9.13 a is connected to the ar-
mature circuit of a DC motor; it may be supplied with constant voltage up
from a DC bus or a battery. The converter contains four electronic switches
where two in each half-bridge are drawn in the form of a transfer switch (at
the same time excluding accidental short circuits of the DC bus); the diodes
which can be part of the electronic switches allow an inductive load current
to continue during the short protective intervals, when all contacts are open
(similar to the red-light-overlap on a signal crossing).

By assigning logic symbols S;, S2 to the otherwise ideally assumed
switches, the voltage equation of the load circuit is

Lﬂ 'id_:'i'Rﬂ:'a +ﬂ='u-a_, [9'8}

where, depending on the switching state

1 . 1 .
Ug = 5{51 — Sz) up and ip = E{Sl — S2) 1a (9-9)

holds.

Unipofar modulation Symmetrical modulation Cyclical modulation

Fig. 9.13. Four-quadrant DC/DC converter with inductive load,
(a) Circuit, (b)Different modulation patterns



The pulse-width-modulation (PWM) of the converter at the frequency
f = 1/T can follow different switching strategies, as illustrated in Fig. 9.13
b with the output voltage u, during a switching period:

¢ Unipolar modulation
One of the switches is assumed to be stationary, e.g. S2 = -1 = const.,
whereas the other half-bridge is pulse-width-modulated, Sz = +1, so that
the output voltage u, assumes the values up or zero; the same applies with
S1 = —1 = const. for negative output voltages.

e Symmetrical modulation
With this modulation pattern the switches are operated in diagonal pairs,
51 = - S3, so that the short circuit interval is omitted and the output
voltage alternates between the values up and -up. During the unavoidable
(but in Fig. 9.13 neglected) protective intervals the diodes are carrying the
load current.

e Cyclical modulation
With this modulation scheme the two transfer switches are operated se-
quentially, so that the output is alternatively short circuited at the upper
or lower supply bus. Hence the output voltage u, assumes a ternary wave-
form, u, = up, 0, -up. Whereas with symmetrical switching only the mean
of the output voltage can be controlled in steady state, the cyclical modu-
lation offers an additional degree of freedom that may for instance be used
for eliminating harmonics of the output voltage u,.
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Fig. 9.14. DC Servo drive with voltage source DC/DC converter



A four-quadrant converter with IGBT-switches is depicted in Fig. 9.14 as
frequently used for DC servo drives; protective circuitry is again omitted. For
simplicity an On/Off device is drawn for current control but a linear current
controller with constant frequency PWM would normally be preferred.

A diode rectifier followed by a smoothing filter, whose capacitor C ab-
sorbs also the modulation-induced ripple components of the link current ip
serves as the supply of the DC link with constant voltage up. For instance,
when rapidly braking the drive, power released from the kinetic energy flows
back into the DC-link causing negative current ip and, because of the uni-
directional line-side rectifiers, could result in an overcharge of the capacitor;
this is prevented by dissipating the energy in a resistive ballast circuit that
can also be pulse-width-modulated, depending on the link voltage. In view
of the losses this is only practical with small drives or when it happens only
occasionally; otherwise a reversible line-side supply (an active front-end con-

verter) is preferable as will be shown in Fig. 9.18 and further discussed in
Sect. 13.2.

Some of the steady state waveforms in a converter like the one in Fig.
9.14 are indicated in Fig. 9.15, showing the output voltage u. alternating
between up and -up and the alternating current components of i p, which
must be absorbed by the capacitor. The control can be arranged as before;
an inner current loop controlling the converter via a pulse-width modulator
is important for safe operation. The current controller in Fig. 9.14 is again
drawn as an On/Off switch, but this is only an illustrative example.
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Fig. 9.15. Waveforms of DC/DC converter with symmetrical modulation
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The typical response time of the current loop, employing a switched tran-
sistor converter in combination with a DC disk motor, is 1 or 2 ms. For many

applications this justifies the assumption that the current control loop acts
as controllable current source having instantaneous response. Current limit
is achieved by limiting the current reference produced by the superimposed
speed controller. The next higher level of control could be a position control

loop as shown in Fig. 15.9, where the response may be further improved by
feed-forward signals from a reference generator.

Transistor converters have the important advantage that they can be
switched at frequencies > 5 kHz, thus enlarging the control bandwidth as
compared to line-commutated converters. With field effect transistors or
IGBT’s, the frequency can even be increased beyond the audible threshold
> 16 kHz, so that the drive is no longer emitting ob jectionable acoustic noise.

Table 12.3 DC motor drive systems employing de—de converters

de—de converter tupology Ouadrant|s) of operation

- —
i !
J iD, | XD, Feverse braking | Forward motoring
s sz
i Dh&Dy ON | 5 &5 0N
Vo LR oL B el B
I i S o ey p=h | BB,
v, EEELE TR
- K * AD e} = 5
el S nim | mi=g
Reverse motoring | Forward braking
d) Four-quadrant full-bridge chopper

L L
E"'K Dy Feverse braking | Forward motoring
Dy & Dp ON| 5 &5 0N
V| i, R, L, Ey o ot
T — M@—
Yy 3 .od Va
D, & S 2

&) Two-quadrant or half-bridge chopper




1" gquadrant operation

1" gquadrant np#alinn
Forward motoring Forward motoring in freewheeling
L L : -

R, 4

Vi W, f
—_|_— o v L - Dx | v, L.
Tl=1'-in= i'J =0 EE E

B-0 BE=P, v,=0, L,=0,B, =0

Figure 12.12 Operating modes of the step-down or first quadrant chopper presemed in
Table 12.3.

1™ gquadrant operation 7™ guadrant operation
Forward dynamic braking Forward regenerative braking
D i, i D iy
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Figure 12.13 (dperating modes of the step-up or second quadrant chopper presented in
Tahle 12.3.

1" quadrant operation
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Figure 12.14 Operating modes of the two-quadrant converter presented in Table 123,
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¥

E, L
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L= Kol

Dunng this mode of operation only the
diodes D: and D are conducting
apphing negative woltage to  the
armzture but creating a positrve flow of
armature current. The machine m this
mode operates as a pgenerator with
counter clockwise  speed  and,
consaquently, a regemersfrve braking

Figure 12.15 Operating modes of the full-bridge four-quadrant converter presented in
Table 1.3,

12,5.4. Four-quadrant Chopper Drives

In four-quadrant de chopper drives, a moter can be made to work in forwai-d-motcring
mode (first quadrant), forward regenerative braking mode (second quadrant), reverse
motorj.ng ‘mude (third quadrant) and reverse regenerative-braking mode (fourth quadrant).
The circuit shown in Fig. 12.24 (a) offers four-quadrant operation of a separately-excited dc

motor. This ci'rcuit consists of four choppers, four diodes and a separately-excited dc motor.
Its operation in the four quadrants can be explained as under :

Forward motoring. meode. During this mode or first-quadrant operation, choppers CH2,
CHS are kept off. CH# is kept on whereas CH1 is operated. When CH1, CH4 sre on, motor



voltage is positive and positive armature current rises. When CH1 is turned off, positive
armature current free-wheels and decreases as it flows through CH4, D2. In this manner,

conmrolled motor cperation in first quadrant is obtained.

Forward regenerative-braking mode.. A dc motor can work in the
regenerative-braking mode only if motor generated emf is made «0 exceed the dc source
voltage. For obtaining this ode, CH1, CH3 and CH4 are kept off whereas CHZ is operated.
‘When CH2 is turned on, negative armature current rises through CH2, D4, E, L, r,. When
CH?2 is turned off, diodes D1, D2 are turned on and the motor acting as a generator returns
energy to the de sou.ce, This results in .forward regenerative-braking mode in the

second-quadrant.

Reverse motoring mode. This operating mode is opposite to forward motoring mode.
Choppers CH1, CH4 are kept off, CH2 is kept on whereas CH3 is operated. When CH3 and

" CH2 are on, armature gets connected to source voltage V, so that both armature voltage V,
and armature current i, are negative. As armature current is reversed, motor torque is
reversed and consequently motoring mode in third quadrant is obtained. When CH3 is turned
off, negative armature current freewheels through CHZ2, D4, E, L, r,; armature current
decreases and thus speed control is obtained in third quadrant. Note that during this mode,

polarity of E, is opposite to that shown in Fig. 12.24 (a).

CHZ operated| CHY operoied
CH1,CH3,CHacH| CH2,CH3 ot
Forwarded Forwarded
Motering

cH3 operoted | CH4 operated
CHI,CHA off | CH1,CHZ,CH3 off
Reverse Reverse Reg

8 Braking

Moloring M

L

(a) (b
Fig. 12.24. Four-quadrant de chopper drive (a) eircuit diagram and (b) four-quadrant diagram.

Reverse Regenerative-braking meode. As in forward braking mode, reverse
regenerative-braking mode is feasible only if moter generated emf is made to exceed the dc
source voltage. For this operating mode, CH1, CH2 and CH3 are kept off whereas CH4 is
oberated. When CH4 is turned on, positive armature current i, rises through CH4, D2,
Ty Ly B, When CH4 is turned off, diodes D2, D3 begin to conduct and motor acting as a
generator returns energy to the de source. This leads to reverse regenerative-braking
operation of the de separately-excited motor in fourth quadrant.

Note that in Fig. 12,24 (), the numbering of choppers is done to agree with the quadrants
in which these are operated. For example, CH1 is operated for first quadrant, ...., CH4 for
fourth quadrant ete.



Vi Tm

L L
Second quadrant First quadrant Reverse braking | Forward motoring
{(inverter mode) (rectifier mode)
E,>0.i,<0 £,>0.7,>0 T.>0,w<0 T.>0,0>0
= g = 1)
Third quadrant Fourth quadrant Reverse motoring | Forward braking
(rectifier mode) (inverter mode)
E<0,i,<0 En<0,i,=0 Ta<0, w<0 Tn<0, =0
L "
(a) Operation modes by voltage and (b) Operation modes by torque and
current polarities rotating direction
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126 FOUR-QUADRANT dc/dc CONVERTER DRIVE

(c) Circuit

A simplified schematic diagram of a four-quadrant chopper drive system is shown in
Fig. 12.6-1. Typical steady-state waveforms that depict the operation of the conver-
ter are shown in Fig. 12.6-2. As the name implies, four-quadrant operation (current
versus voltage) is possible. That is, the instantaneous armature current i, and the
instantaneous armature voltage may be positive or negative. In fact, four-quadrant
operation is depicted in each switching period in Fig. 12.6-2. In particular, I, is nega-
tive and 1 is positive and v, is vg durin g interval A and —v; during interval B: how-
ever, the average v, and the average i, are positive. Therefore, from an average-value
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Figure 12.6-1 Four-quadrant chopper drive system.,
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Figure 12.6-2 Typical waveforms for steady-state operation of a four-quadrant chopper
drive.



point of view, the dc drive system depicted in Fig. 12.6-2 s cper_uting as a motor if
the rotor speed w, is positive (ccw). This is st quadrant operation .u[' an average-
current versus average-voltage plot even though four-quadrant operation of iz versus
v, occurs each switching period. One must distinguish bc!;weatn four-quadrant opera-
tion during a period and four-quadrant average-value operation. o
If v, is positive and i, is negative (average or inst&mm?eious], then Dpﬂl‘a[t(li? is in
the 4th quadrant of an i, versus v, plot; and it o, is pD!iILWE (c:clw;l, mc_rpuchmc [s
operating as a generator. In the 2nd quadrant, v, is negative and i, is pnmpve; an(‘i if
e, is negative (cw), we have generator operation. In the 3rd quadr_ant, Va 1S negative
and i, is negative; and if v, is negative (cw), we have motor ope rratmn. Itisim pnr_tanl
to emphasize that one-, two-, and four-quadrant chopper operation has been dehrfad
from the plot of i, versus v,. However, the T, versus w, plot is a|SL:: used to define
drive operation where the 1st and 3rd guadrants depict motor np-em!l,mn and the 2nd
and 4th quadrants depict generator operation. At first glance, one might assume that

the quadrants of the i, versus v, plot can be assigned the same modes of operation.
Actually this is only the case if w, is positive (ccw) when v, is positive and negative
(cew) when v, 1s negative as stipulated above, In order to illustrate this, let us assume
that v, and i, are both positive and e, is positive (ccw); the machine is operating as a
motor, and operation is in the 1st quadrant of i, versus v, and in the 15t quadrant of
T, versus o, If v, and i, are positive and w, is zero, the power [v,i,) is being dis-
sipated in r, and the machine is neither a motor nor a generator. If, however, ¢, is
made slightly negative by supplying an input torque, v, and i, can still both be posi-
tive (1st quadrant) and yet generator action is occurring because T, is positive and w,
is negative (2nd quadrant of T, versus w,). Therefore, we must know the direction
(sign) of , when assigning motor or generator action to the four quadrants of the i,
versus v, plot.

There are numerous switching strategies that might be used with a four-quadrant
chopper. The switching depicted in Fig. 12.6-2 is perhaps one of the least involved.
In this case, there are only two states. In the first state, which occurs over interval A,
51 and 52 are closed and 53 and $4 are open. The second state occurs over interval B,
wherein the §3 and 54 are closed and $1 and §2 are open. As in the case of the
previous de/de converters, we will consider the switches and diodes as being ideal.

During interval A, ST and 52 are closed and 53 and §4 are open. At the beginning
of the interval, i, is negative (/) in Fig. 12.6-2. Because S1 and $2 cannot carry
negative armature current, /; must flow through diodes D1 and D2. Note in
Fig. 12.6-2 that —ip), —ip2, —iss, and —igy are plotted for the purpose of a direct
comparison with i,. During interval A, the armature voltage v, is vs: and because
vs 1s larger than the counter emf, the armature current increases from the negative
value of f; toward zero, During this part of the interval, the source current is —inl,
which is also —ip>. When i, reaches zero, D1 and D2 block positive armature current
flow; however, S1 and 2 are closed ready to carry a positive i,. Hence, the current
increases from zero to I> through S1 and S2. During this part of the interval, the
source current iy is ig, which is also is.



During interval B, v, is —vg and are S1 and 52 are open with S3 and 54 closed. At
the beginning of interval B, i, is positive (/5 ); however, $3 and $4 cannot conduct a
positive armature current. Hence at the beginning of interval B the positive /3 flows
through diodes D3 and D4. This continues until i, is driven to zero by —vy, During
this part of interval B, the source current is is —ipy or —ips. When i, reaches ZETT,
diodes D3 and D4 block negative i,; thus, §3 and $4 carry the negative armature
current to the end of interval B where i, = Ij, which is negative. During this part
of interval B, the source current iy is is: or igy. We have com pleted a switching cycle.

Expressions for I; and /I, can be derived by a procedure similar to that used in the
case of the previous choppers. It can be shown that

2e~U-MTu _ o Tl _ 171 hom,
h="% L - -2 (12.6-1)
Fa | — T/ Fa
v [1 = 2% 4 o~ TI%] ko, .
fh=— ; — 12.6-2
2 ra |: 1 — E_T" Ty s { )

If k and vy do not change significantly from one switching period to the next, the
average armature voltage may be expressed as

e T )
ﬁﬂz—“ 1r'3r1'§+J '1.-’5{11(_:]
Tl kT
- -;_-[km- — (1 = K)Tvs]
= (2k — 1)vs (12.6-3)
Note that when k = 0, v, = —vs and when k = 1, v, = vs. It is clear that the time-
domain block diagram for the four-quadrant chopper drive is the same as that shown

in Fig. 12.5-3 for the two-quadrant chopper drive with v, = kvy replaced with
vy = (2k = 1)vg which is (12.6-3).
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Figure 13.13. Four-gquadrant dc chopper circuit, showing first quadrant i, and v,
references.

13.6 Four-guadrant de chopper

The four-quadrant H-bndge dc chopper 1s shown m figure 13.13 where the load
current and voltage are referenced with respect to Ty, so that the quadrant of
operation with respect to the switch number 15 persevered.

The H-bridge 1s a flexible basic configuration where its use to produce single-
phase ac 1s considered in chapter 14.1.1. while its use in smps applications is
considered i chapter 15.8.2. It can also be used as a dc chopper for the four-
quadrant control of a dc machine.

With the flexibility of four switches, a number of different control methods can be
used to produce four-quadrant output voltage and current (bidirectional voltage and
current). All practical methods should employ complementary device switching in
each leg (either T; or Ty on but not both and either T or T; on. but not both) so as
to minimise distortion by ensunng current continuity around zero current output.
One control method mvolves controlling the H-bridge as two virtually mmdependent
two-quadrant choppers. with the over-nding restriction that no two switches 1n the
same leg conduct simultaneously. One chopper 1s formed with T, and T4 grouped
with D; and D;, which gives positive current 7, but bidirectional voltage £v, (QI
and QIV operation). The second chopper 1s formed by grouping T, and T; with D,
and D, which gives negative output current -i,. but bi-direction voltage +v, (QII
and QIII operation).

The second control method 15 to unify the operation of all four switches within a
generalised control algorithm

With both control methods, the chopper output voltage can be erther multilevel or
bipolar, depending on whether zero output voltage loops are emploved or not.
Bipolar output states increase the ripple current magnitude, but do facilitate faster
current reversal, without crossover distortion. Operation 15 mdependent of the
direction of the output current 7,

Since the output voltage is reversible for each control method. a triangular based
modulation control method, as used with the asymmetrical H-bridge dc chopper in
figure 13.9, 15 applicable 1n each case. Two generalised umfied H-bnidge control
approaches are considered.



12.6.1 Unified four-gquadrant dec chopper - bipolar veltage output switching

The simpler output to generate 1s bipolar output voltages. which use one reference
carrier triangle as shown in figure 13.14 parts (c) and (d). The output voltage
switches between + V., and — V, and the relative duration of each state depends on
the magmtude of the modulation mndex 4.
If 4 =0 then T; and Ts: never turn-on since T> and T; conduct continnously
which mmpresses — I; across the load.
At the other extreme, if & = 1 then T; and T; are on continuously and V; 1s
impressed across the load.
If 6 = ¥ then T,; and T, are tumed on for half of the period T, while T, and T,
are on for the remaining half of the period. The output voltage is — V, for half
of the time and + V; for the remaming half of any penod. The average output
voltage 15 therefore zero, but disadvantageously, the output current needlessly
ripples about zero (with an average value of zero).

The chopper output voltage i1s defined n terms of the triangle voltage reference
level v, by

® Va4, V=-V;

¢ vy <6, Vvp= 1V
From figure 13.14¢c and d. the average output voltage varies linearly with & such
that

V = lU ! +Ka’r+IT—K dr)
T 0 i
(13.105)

&

1 ot
=—(2t,-TW.=|2L-1|F
:r{‘" ]"[:r ]

Examination of figures 13 14¢ and d reveals that the relationship between fr and &
must produce

when 5 =0.f, =0and v, =V,

when d =% f, =%Tandv, =0

whend=1L¢ =T andv =+F
that 1s

5=t
T

which on substituting for 77 /T 1 equation (13.103) gives



Fﬂ:[zi_]_]p:
r

=(26-1)¥V, for 0=5=1

The average output voltage can be positive or negative, depending solely on 4. No
current discontinuity occurs since the output voltage 1s never zero. Even when the
average 1s zero. ripple current flows though the load.

The rms output voltage 1s independent of the duty cycle and 1s ;.

The output ac ripple voltage 15

K= V: —I'r:

Lol L]

= Vi -(26-1)7? =27,,[5(1-06)

The ac ripple voltage 1s zero at 6 = 0 and 6 = 1. when the output voltage 15 pure dc,
namely - V; or V, respectively. The maximum nipple voltage occurs at 6 = ¥, when
V="V

The output ripple factor 1s

(13.106)

(13.107)

v 2 K: !'5{1— )
. (o1, (13.108)
2J6(1-5) '
-~ (26-1)
Circuit operation 1s charactenized by two time domain equations
During the on-period for T1 and T4, when v,(t)=TF
1% Ri +E=V
dt
which yields
erj:?j[l-ﬁ]ﬁﬁ for 0=r<t, (13.109)
Duning the on-period for T2 and T3, when v, (t)=- F;
di
L 3: +Ri +E=-V
which. after shufting the zero time reference to fr. gives
’ - A =t
fn{r]:—K;E[l—eTHIe’ for 0=f=T-t (13.110)
: J

The 1mtial «t:a:mn:ii1::i+::r1:15jr a.n.df are determuned by using the usval steady-state
boundary condition method.

- -T
where 1:21_29—_‘:" _ £ (A)
R l-e* R
) B (13.111)
W ‘)T_ T
ma j-l2e71%er B A
R - R



Example 13.7:  Four-quadrant de chopper

The H-bridge, de-to-de chopper in figure 13.13 feeds an inductive load of 10 chms
resistance. 30mH inductance, and back emf of 33V dc, from a 340V dc source. If
the chopper 15 operated with a 200Hz multilevel carrier as in figure 13.14 a and b,
with a modulation depth of § = %4, determine:
i the average output veltage and switch T cn-tune
ii.  the rms output voltage and ac ripple voltage
ui.  the average output current, hence gquadrant of operation
iv. the electromagnetic power being extracted from the back emf E.
If the mean load current is to be halved, what is
v.  the modulation depth, 4, requirement
vi.  the average output voltage and the corresponding switch Ty on-time
vii.  the electromagnetic power being extracted from the back emf E?

Solution
The main circuit and operating parameters are
* modulation depth 6 =14
s period Togng = 1fagrie= 1/200Hz = 5ms
¢ F=33V and I'=340V dc
* load time constant 1 = L/R = 0.05H/100 = 3ms

i. The average output voltage is given by equation (13.114), and for & = 1%,
7 =[i'—1jrj =(26-1)7,
’ T
=340Vx(2x% - 1) =-170V
where

t, =26 T=2x%x(¥%x5ms) = 1. 25ms

Figure 13.14 reveals that the carmer frequency is half the switching frequency, thus
the 3ms in the above equation has been halved. The switches Ty and T: are turned
on for 1.25ms, while T; and T; are subsequently turned on for 3.75ms.

ii. The rms load voltage, from equation (13.118), is



v.=\V1-2 T,
= 340Vl - 2% = 240V rms

From equation (13.119), the output ac ripple voltage is

v =27, [5(1-25)
=2 <340V, [t (1 - 2x%) = 170V ac

iti. The average output current is given by equation (13.117)
- V.-E (26-1)V-E
" R R
340V (2= - 1} - 55V
100
Since both the average output current and voltage are negative (-170V and -22.5A)
the chopper with a modulation depth of 5 = V4, is operating in the third quadrant.

= 21354

iv. The electromagnetic power developed by the back emf E is given by
F =EI =35V=({-223A) =-12375W

v. The average output current is given by

; (7 —E% _((25-1)7,- E%

when the mean current is -11.25A 5 =0.413, as derived in part vi.
vi. Then. if the average current is halved to -11.23A
7 =E+1R
=53V - 11.23A =108 = -537.5V
The average cutput voltage rearranged in terms of the modulation depth & gives
7
§= &':{ 1+—
A

™

{14 2V
340V

=0.415

The switch on-time when & < 2 is given by
t,=26T= 2Kﬂ.415><{1~“'3><5ms} =2.07ms

From figure 13.14b both T and Ts are turned on for 2.07ms, although, from table
13.3B, for negative load current, f,, =-11.23A. the parallel connected freewheel
diodes D; and Dy conduct alternately, rather than the switches (assuming I < 0).
The switches T) and Ty are turned on for 1.23ms, while T; and T; are subsequently
tumed on for 2 93ms.

vii. The electromagnetic power developed by the back emf F is halved and is given
by _

F =EJ =35V« [:-1 1.15}".} =_618.75W

If the cutput current never goes positive, that is Iis negative, then Ty, T4, D5, and
D; do not conduct, thus do not appear in the output device sequence. The
conducting sequence is as shown in table 13.3B for J < 0.

Unlike the bipolar control method, the output sequence is affected by the average
output voltage level. as well as the polarity of the output current swing. The
transition between the six possible sequences due to load veltage and current
polarity changes. is seamless. The only restriction is that devices in any leg do not
conduct simmltanecusly. This is ensured by inserting a brief dead-time between a
switch terning off and its leg complement being turned on.



Figure 21.70
Four-quadrant dc-to-dc converter,

Example 22-5
A trolley-bus is driven by a 150 hp, 1500 r/min,
600 V series motor. The nominal full-load current is
200 A and the total resistance of the armature and
field is (1.1 €1. The bus is fed from a 700 V dc line.

A chopper controls the torque apd speed. The
chopper frequency varies from 50 Hz to 1600 He,
but the on time T, is fixed at 600 ps.




Figure 22.18a
See Example 22-5.

a. Calculate the chopper frequency and the current
drawn from the line when the motor is at stand-
still and drawing a current of 240 A.

b. Calculate the chopper frequency when the mo-
tor delivers its rated output,

Sedution
a. Referring 1o Fig. 22.18a. the armature /R drop
is 240 A x 0.1 2 = 24 V, and the cemf is zero
because the motor is at standstill.
Consequently, £y = 24 Vand E, = 700 V.
We can find the frequency from

E,=EfT, (21.14)
24 =700 f x 600 x 10°°
f=57.14 Hz
T,+ T,= lf=1/57.14

= 17 500 ps (Fig. 22.18b)
The dc current drawn from the catenary is

| =1, = PIE_= 24 % 240/7(0)

= 823A
Tat rh
'r- 17 500 s —.{
0] 1, To
-
Figure 22,18b

Current pulses I, drawn by the chopper from the
700 V source when the motor is stalled.



(Note the very low current drawn from the line
during start-up)

b. At rated output the voltage across the motor
terminals is 600V (Fig, 22.19a). The required
frequency is therefore given by:

Ey = E T,
600 = 700 f x 600 x 10°°
f= 1429 Hz

'If'" + Th = |15f= III-I]'*J
— 700 s (Fig. 22.19b)

Line current /-

! =1_= PIE,
= 600 = 200/700
=171 A
trolley wires
700V

(al

Figure 22.19a
Conditions when the motor is running at rated torque
and speed.

woa T00 us |-—

_
- f——mu,:

b}

Figure 22.19b
Corresponding current pulses /. drawn by the chopper
from the 700 V source.



Example 22-6
Referring to Example 22-5 and Fig. 22.18a, calcu-
late the peak valueof currents /, and / when the mo-
tor is at standstill.

Serlution

a. Although the average value of [_is 8.23 A it
peak value 1s 240 A. The current flows n a se-
ries of brief, sharp pulses. On the other hand,
the armature current [, is steady at 240 A,

b. The average value of line current fis 8.23 A,
The voltage across the capacitor fluctuates and
so current [ will have a ripple because inductor
L, does not have infimite inductance.
Consequently, the peak value of / will be
slightly greater than the average value.

21.42 Four-quadrant
dc-to-dc converter

The 2-guadrant converter we have studied can only
be used with a load whose voltage has a specific po-
larity. Thus, in Fig. 21.69, given the polarity of £y,
terminal 1 can only be (+) with respect to terminal
2. We can overcome this restriction by means of a
d-quadrant converter. 1t consists of two identical
2-quadrant converters arranged as shown in Fig.
21.70. Switches Q1. Q2 in converter arm A open
and close alternately. as do switches Q3. Q4 in con-
verter arm B. The switching frequency (assumed to
be 100 kHz) is the same for both. The switching se-
quence is such that Q1 and Q4 open and close si-
multaneously. Similarly, Q2 and Q3 open and close
simultaneously. Consequently. if the duty cycle for
QI is D, it will also be D for Q4. It follows that the
duty cycle for Q2 and Q3 is (1 — D).

The dc voliage E, appearing between terminals
A, 2 is given by



E. = DE
The dc voliage £ between terminals B, 2 1s

The dc voltage E, ; between terminals A and B is
the difference between £, and E:

Evp = Eq — Ey
= DE,— (1 = D)E,
thus

Equation 21.24 indicates that the d¢ voltage is
zero when D = (.5, Furthermore, the vollage
changes linearly with D, becoming + £y when D =
|, and — £, when D = 0. The polarity of the output
voltage can therefore be either positive or negative.
Moreover, 1t a device is connected between termi-
nals A, B. the direction of de current flow can be ei-
ther from A to B or from B to A, Consequently, the
converter of Fig. 21.70 can function in all four
quadrants.

The instantaneous voitages E,, and Eg, oscil-
late constantly between zero and + £, Fig. 21.71
shows the respective waveshapes when D = (.5,
Similarly, Fig. 21.72 shows the waveshapes when
D = 0.8. Note that the instantaneous voltage E u
between the output terminals A, B oscillates be-
tween + £y and —Ey. In practice, the alternating

components that appear between terminals A, B are
filtered out. Consequently, only the dc component
E\ , remains as the active driving emf across the ex-
ternal device connected to terminals A, B.



Consider, for example, the block diagram of a
converter feeding dc power o a passive load R (Fig.
21.73). The power is provided by source Ey;. As we
have seen, the magnitude and polanty of £, can be
varied by changing the duty cycle D. The switching
frequency f of several kilohertz is assumed to be
constant. Inductor L and capacitor C act as filters so
that the dc current flowing in the resistance has neg-
ligible ripple. Because the switching frequency is
high, the inductance and capacitance can be small,
thus making for inexpensive filter components.

The dc currents and voltages are related by the
power-balance equation Eyly = E;  [;. We neglect
the switching losses and the small control power as-
sociated with the D and finput signals.

Fig. 21.74 shows the converter connected to an
active device E;;, which could be either a source or
a load. If need be, the polarity of £, could be the re-
verse of that shown.

In all these applications we can force power 1o
flow from E, to E,, or vice versa, by simply ad-
justing the duty cycle D. This 4-quadrant de-to-dc
converter is therefore an extremely versatile device.

The inductor L 1s a crucially important part of the
converter. It alone is able 1o absorb energy at one

voltage level (high or low) and release it at another
voltage level (low or high). And it performs this
duty automatically, in response to the electronic
switches and their duty cycle.
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Figure 21.71
Voltage output when D = 0.5. The average voltage is

Zero.
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Figure 21.72

Voltage output when D = 0.8. The average voltage
E. is 0.6 Ey.

A ;
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4-quadrant R
deto-de |y TV R
converler
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4 4
D

Figure 21.73
Four-quadrant dec-to-dc converter feeding a passive dc
load A.
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Figure 21.74
Four-quadrant dc-to-dc converter feeding an active de
source/sink E,.

Example 22-7
A 25 hp. 250V, 900 r/min dc motor is connected to
adc-to-de converter that operates at a switching fre-
quency of 2 kHz. The converter is fed by a 6-pulse
rectifier connected to a 240 'V, 3-phase, 60 Hz line
(Fig. 22.21a). A 500 pF capacitor € and an induc-
tor L, act as filters. The armature resistance and in-
ductance are respectively 150 m{} and 4 mH. The
rated dc armature current 1s 80 A. We wish to deter-
mine the following:

a. The required duty cycle when the motor devel-
ops its rated torque at rated speed

b. The waveshape ol currents /,, I, and [,

¢. The waveshape of voltages £, and E 5.



E|2=324V  Ecp=250V

3 i
— 240 V
—1 3-ph
. recti-
fier

Figure 22.21a
See Example 22-7.

thus,
250 =3242D — 1)
and so,
D = 0.886

The 250 V appears between terminals A, B (Fig.
22.21a).

Because the motor develops rated torque, the ar-
mature draws its rated current, namely 80 A. The
voltage drop in the armature resistance is

BOA X 01580 =12V



The induced armature voltage, or counter emf, at
000 r/min 1s, therefore,

E,=250—12=238V
The dc power input to the motor 15

P =250V X 80A =20000W

Neglecting the losses in the converter, and recalling
that the dc output of the rectifier is 324 V, it follows
that current /4 is given by

324 1, = 20 000
IL,=61.7TA

i
The frequency of the converter is 2 kHz and so the

period of one cycle is

= 1= 112000 = 500 s

fd=ﬁ1.?ﬁn Iy
— ™= =80A Esc=324-250=74V
L

—m L 'F-'I_H- = - ESD 1'Il'll

g

Figure 22.21b
Circuit when Q1 and Q4 are “on.” Current [, is increas-
ing. E{_TA _?4 !UII

The on and off times of Q1 (and Q4) are. respec-
tively,

T, = DT = 0.886 x 500 = 443 ps

T, = 500 — 443 = 57 ps
It follows that the corresponding on and off times of
Q2 (and Q3) are 57 ps and 443 ps.

We recall that Q1 and Q4 operate simultane-

ously, followed by Q2 and Q3, which also open and
close simultancously.



When QI and Q4 are conducting, the armature
current follows the path shown in Fig. 22.21b. This
lasts for 443 ps and during this time /, (= 80 A)
flows in the positive direction. Note however, that
the rectitier only furnishes 61.7 A, wherecas the ar-
mature current is 80 A, It follows that the difference
(80 — 61.7) = 18.3 A must come from the capaci-
tor. The capuacitor discharges, causing the voltage
across it to drop by an amount AE given by

AE=0/C = I83A X 443 ps/500 pF = 16V

Q1 and Q4 then open for 57 ps. During this in-
terval Q2 and Q3 are closed (Fig. 22.21¢), but they
cannot carry the armature current because it is flow-
ing opposite to the direction permitted by these
IGBTs. However, the current must continue to flow
because of the armature inductance. Fortunately. a
path is offered by the diodes D2 and D3 associated
with Q2 and Q3, as shown in the figure. Note that /,

=617 A
L 80 A
_m ° S~ -~ - g = ===
I :
141.7A ‘D3
Fy
[ [—— k
500 uF T .
9 .F:A(_':—S?'dvu
(57 us) Eep=+250V
S S
M
Figure 22.21c

Circuit when D2 and D3 are conducting. Current [, is
decreasing.



(= 80 A) now flows toward terminal I, which is op-
posite to the direction it had in Fig, 22.21b.

Meanwhile, current /4 furnished by the rectifier
continues to flow unchanged because of the pres-
ence of inductor L. As a result, by Kirchhoff's cur-
rent law, the current /5 must flow into the capacitor
and its value is (80 + 61.7) = 141.7 A. This high-
lights the absolute necessity of having a capacitor in
the circuit. Without it. the flow of armature current
would be inhibited during this 57 us interval. The
capacitor charges up and the increase in voltage AE
is given by

AE = QIC = 141.7A X 57 ps/500 uF = 16 V

Note that the increase in voltage across the capacitor
during the 57 ps interval is exactly equal to the de-
crease during the 443 ps interval. The peak-to-peak
nipple across the capacitor is, therefore, 16 V. Thus,
the voltage between points 1 and 2 fluctuates be-
tween (324 + 8) = 332 Vand (324 — 8) = 316 V.
This 2.5 percent fluctuation does not affect the op-
eration of the motor.

Let us now look more closely at the armature
current, particularly as regards the ripple. In Fig.
22.21b the voltage across the armature inductance
can be found by applying KVL:

Exe +250+0—-324+0=0



Hence
E.c =74V

Therefore, the volt seconds accumulated during this
443 psinterval 1s 74 % 443 = 32 782 ps-V. The re-
sulting increase in armature current A/, 1s

Al = AL, = 32782 x 10 “/0.004 =8 A (2.28)

Next, consider Fig. 22.21c. The voltage across the
armature inductance can again be found by apply-
ing KVL:

Enc T Ecg T Egy + Ej3 + E5, =0
Epe +2504+0+324+0=0

Hence, E,~ = —574 V. This negative voltage causes a
very rapid decrease in the armature current. The decrease
during the 57 s interval is given by

Al, = 574 x 57 % 10 "/0.004 = § A (2.28)

The 8 A decrease during the 57 ps interval is pre-
cisely equal to the increase during the previous 443
ws interval. The peak-to-peak ripple 1s, therefore,
¥ A which means that the armature current fluctu-
ates between (80 + 4) = 84 A and (80 4) =
76 A, Figure 22.21d shows the waveshapes of the
various voltages and currents.



Example 22-8

We now consider the question of lJ"r"Ild[TI]L braking.
The same motor i1s used as in Example 22-7, and we
assume 1t 15 running at 900 r/min at the moment that
braking is applied. We further assume that the iner-
tia of the motor and its load 1s very large. As a re-
sult, the speed cannot change quickly. The connec-
tion between the converter and the 6-pulse rectifier
is removed and a braking resistance of 20 () is con-
nected between terminals | and 2. along with the
500 wF capacitor (Fig. 22.22). We assume that a
braking torque equal to 75 percent of nominal
torque is sufficient. Consequently, the required ar-
mature current is .75 > 80 A = 60 A. The switch-
ing frequency remains unchanged at 2 kHz. We

wish to determine the following:



»34 o ) I I
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444 us
-324 || L
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443 us
4 \
500 ps

Figure 22.21d
Waveshapes of curfents and voaltages in Example 22-7,

1 Ey
fn|
v
200 | ¢
500
uF
e
Figure 22.22

Dynamic braking. See Example 22-8.

a. The voltage across the resistor
b. The duty cycle required
¢. The braking behavior of the system



Sellution

a. Because the motor is turning at 900 r/min at the
moment that braking is applied, the induced
voltage £, remains at 238 V. However, the mo-
tor must now operate as a generator and so the
60 A braking current flows out of the (+) ter-
minal, as shown in Fig, 22,22,

The voltage drop across the armature resis-
tance is 0158 X 60 A =9 V.

The dc voliage between terminals A, B is
(238 — 9) = 229 V, which is the required aver-
age output voltage E, ; of the converter.

To calculate the dc input voltage E,; between
terminals 1. 2 of the converter, we reason as
follows:

Due to the large inertia, the speed will re-
main essentially constant at 900 r/min for, say,
10 eyeles of the converter switching frequency.

The power output of the generator during
this 10-cycle period is equal to the power ab-
sorbed by the 20 () braking resistor, Thus,

220V x 60 A = (Ey)/20 ()
hence Ey=E,=524V

This voltage is much higher than the previ-
ous operating voltage of 324 V. It is actually an
advantage because the higher voltage automati-
cally prevents the input rectifier from continu-
ing to feed power to the drive system. On the

other hand, the voltage should not be too high,
otherwise it could exceed the withstand capabil-
ity of the switching IGBT devices.

The average current in the resistor is
524 V200 = 26 A.



b. Knowing the input and output voltages of the
converter, we can determine the value of the
duty cycle:

E,=E4 2D-1) (21.24)
220 =542 D - 1)
Therefore
D =072
The on and off times of Q1 (and Q4) are, therefore,
T, = DT = 0.72 % 500 = 360 ps
T, = 500 — 360 = 140 s

It follows that the corresponding on and off
times of Q2 (and Q3) are 140 ps and 360 ps.
Q1 and Q4 sull operate simultaneously, as do
Q2 and Q3.

When Q2 and Q3 are closed, the armature
current follows the path shown in Fig. 22.23.
This lasts for 140 ps and during this time /, (=
60 A) flows out of terminal 1. The current in
the resistor is still 26 A. It follows that a current
(60 + 26) = B6 A must come from the capaci-
tor. The capacitor discharges, causing the voli-
age across it to drop by an amount AE given by

AE = QIC = 86 A X 140 us/S00 pF = 24 V

1
"“l —= 60 A . -
26 A rBEA 4 150 i i ]
+ A M cmo B Q3
200 - ]
h -— ¥ -
60A 233V

Figure 22.23
Current flows through IGBTs Q2 and Q3.
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Figure 22.24
Current flows through diodes D1 and D4,

Next, when Q2, Q3 open and Q1, Q4 close, the
current has to circulate via diodes DI and D4
(Fig. 22.24). Applying KCL,, a current of (60 —
26) = 34 A must flow into the capacilor during
360 ps. The resulting increase in voltage is

AE = QIC = 34 A x 360 ps/500 pF = 24V

Thus, the increase in voltage during 360 ps is
exactly equal to the decrease during the remain-
ing 140 ps of the switching cycle. The voliage
across the resistor fluctuates between 524 +
12=536Vand 524 — 12 =512 V.

This example shows that the converter can
transfer power to the passive braking resistor. In
50 doing, the motor will slow down and the
voltage between terminals A, B will decrease
progressively. By continually adjustung the duty
cycle during the deceleration peniod. it is possi-
ble 1o maintain the 60 A braking current until
the speed is only a fraction of its rated value.
This adjustment is of course done automatically
by means of an electronic control circuit.

EXAMPLE 6.1
A dc motor with a rated terminal voltage of 110V is to be fed from a 220 V dc mains with
the help of a dc/dc converter. Find the duty ratio required for the converter.
SOLUTION:
Vi =220V, V. =110V
Vegary =D - Vi

D=%xlﬂﬂ=5ﬂ%



EXAMPLE 6.2

A separately excited dc motor fed from a 250-V mains through a dc/dc converter is run-
ning at 1,500 rpm and produces a back-emf of 195 V. Given an armature resistance 1 £},
and the duty ratio of the chopper is 80%. Calculate the armature current.

SOLUTION:
V.=250V E.=195V D=80%
Vi =D Vi, = 0.8 250 =200 V
V,—E, 200-195
I, = - —5A
R. 1
EXAMPLE 6.3

A first-quadrant chopper drives a separately excited dc motor with the following
details: Vo =110V, L,=1mH, r, =025 Q, E, = 11 V, T = 4,500 ps, T, = 1,000 ps. Find 1.,
Ir.n.:x.r aﬂd vcl:avll-
SOLUTION:
BT

_ &[ e~ "-1| E

L= I,

1_ el= 1

Linin

05 oot

— 1
- _110| e -1 11
025 2E ssieant . 0.25

al=10

I

Imin =16.0759 A

If L, is positive, then the motor current is continuous.

—Iy

il
_ Vd.: 1-el Eb

Im.:x fa 1 _L—mT - ra
—g -2
_ 5 g
[ - llﬂ[e b —1-’ 11
min = s _ -
G_E[E—meﬁ_lj 0.25
I, =10011 A
Ton
Vﬂi:!\':l = Vd:T
1000 x 1078
=110 ——
“1E00=10°
Voawy =244V

EXAMPLE&A4

A first-quadrant chopper drives a separately excited dc motor with the following
details: V. =200V, L,=2mH, r,=10 0, E, =40V, T =10 ms, T, = 7 ms. Calculate I ;..
Ir.n.::-i.r ﬁﬂd Vcl:av'l-



SOLUTION:

et -1
[ — i
_200] e10 -1 40
==
1 Eﬁ;unﬂﬁ B 1
lpin =3.572 A

[ -
I _Vi 1-el a E,
man =y
. | l—e['“T .
[ —L ar?
_E 1—g Zx1073 R
1 1 —1m3\m\1n3 1
— e
loae =155276 A
T..
1iilrl:vn[a'l.-] =Vd|: T
7x107
=200% ———
“10x10°
VD[“] =140V

EXAMPLE&.5

A first-quadrant chopper drives a separately excited dc motor with the following
details: V; =200V, L, =08 mH, r, =065, E, =120V, T=3ms, T, =025 ms. Find [_;,,
Imax.r E‘lnd Vc-l:av'l-

SOLUTION:
B
I-—Vd: gl -1 _Eb
oL R I,
el —1
08 saan?
200 | er=e® 1| 120
T 065 2= et | 065
EEI.S.-']EI _1

Lin = 1779857 A

A negative sign indicates that the motor current is discontinuous.



Hence, 1., = 0. From Equation (6.6),

| - Ve =By [1— e_[r-_I-“Tm ]

I3

065 __
- 200-120 1_@ 08T FLEa
0.65
Loy =22.6245 A
t*=— L In E,
Iy - on R on
tﬂfd_:[l—e b ]+Eb[e te }
__[I'.Bxlﬂ'3 In 120
ET T :
0.65 ?_lIl'( 1 Emg-ﬂ.br’lﬂ : ]+ IZD[EWMHE ]
t* =01423 ms
T.. T. t*
Vot = Vdf?*Eb[l‘?‘T]
3 3 -3
200 0.25x% 1_[:' + 120/ 1- 0.25x 1[:' 01423 x_l;:l'
3x10 3x 107 3x10

Vi = 1200812 V

EXAMPLE 6.6

A first-quadrant chopper drives a separately excited dc motor with the following
details: V3. =110 V, L, =02 mH, r, = 0.25 Q, E. = 40 V, T = 2,500 ps, T, = 1,250 ps. Find
Ir.nj:u Ir.|1.:4:|||.-I and vc{av'!"

SOLUTION:
=,
I_=1'l'rd: E.Lal —1_Eb
mini e L,
. als —IJ
%]mm*
L. — 110 | o= -1 B 40
025 L= asoacs 0.25
UENT _
loin =—83.754 A

A negative sign indicates that the motor current is discontinuous.



Hence I..;, = 0. Now, using Equation (6.6),

B
Im“ =[ vdci Eb )[1_ E-TTm ]

—025 5
=[ 110 ‘mJ 1—@ 0zx107 tEan
025

Il:n.:x = 221 -312 ."!'L
t'=——In E,
2 L _mq
‘h’d:(l—e L }"'Eb [E- La ]
"= 02107 In 40
o s =
= 110[1— g0z mwa]+ m[em’—“’\‘”"]
t* =0.6948 ms

T.. T t
V= Vo + B 1= |

=110

1250 % 10°° 1250:10°  0.6048 107
e e TA0 1= e 3
250010 250010 25000107

V. = 63882V

)



EXAMPLE 6.7

A first-quadrant chopper is feeding a separately excited motor rated 200 V, 10 A,
1,300 rpm. The chopper is supplied from a constant bus bar voltage of 300 V. If the SCR
turn-OFF time is 38 ps, compute the value of commutation components.

bty Va

" F(x) «l.

where t; = circuit turn-OFF time (and must be greater than SCR turn-OFF time) and
Vi = source voltage:

M]Etl =Mm— Es\i.ﬂ_] [l]= F{x}
X

I.: Maximum load current
I.: Peak capacitor current

Vi =300V
hh=38+38=T6pus
x=15
L=10A
- 763 107 % 300
n—Esm'L[i] x1.5%10
15
L—903.61 uH
_ b %1,
Fix) Vg
c Thx 107" % 1.5 10
n—zsin-L[i) x 300
15
C=2.259 uF
EXAMPLE 6.8

First-quadrant chopper using current-commutated SCRs is used to drive a 230-V, 25-A,
1,450-rpm separately excited dc motor. If the motor is supplied from a 110-V busbar and
the turn-OFF time of the SCE is 25 ps, design the commutation circuit.



SOLUTION:
_ K Vae
~ Fix) «,

Wyt =T—2sin" [%)= F(x)

V=110V
tp=25+25 =50 ps
x =15
LL=25A
- 0% 107 x 110
s (L
[n 2sin [IIE]]XI.ExZS
L=87.19 uH
_ t; XI,
~ E(x) Va
Co B0x10°%x1.5x25
_2sin (L
[n 2sin [1.5]}(11“
C=10.13 pF
EXAMPLE 6.9

The speed ofa 230-V, 25-A, 150-rpm separately excited dc motor is controlled by connect-
ing a current-commutated first-quadrant chopper in the armature. The input voltage to
the chopper is 300 V. The circuit turn-OFF time is fixed at 25 ps and the peak capacitor
current is twice the load current. Compute the values of commutating components.

SOLUTION:
Vi =300V
t =25 ms
x=2
LL=25A
_f Ve
 F(x) xI,
Lo 253107 % 300
[rr— Zsm“[%)]xzxﬁ
L=71.62 uH
_ b
" F(x) Vi
Co 25x10°x2x25

[rr— 251.1"[%]}@00

C=1.989 uF



EXAMPLE?Z1

A 230-V, 6-A, 1,500-rpm separately excited dc motor has an armature resistance of 5.1 2.
A 1-quadrant chopper supplied from a 300-V dc bus is operating at a duty ratio of 60%
and supplies power to the motor armature at rated current. Compute the motor speed.

SOLUTION:
At rated condition,

El:rrated = V.: _Iambad L e
—230—(5.1x6)
=1904V

Ebmbad. o 1,500 er{Nmmd }

At 60% duty ratio, Eg, = N,.
Armature voltage = 300 x (60,/100)
=180V
Back-emf, Ey; = 180— (5.1x6)
=1404V
Therefore,
I""11 = Eu lend.
b rated
1494
EXAMPLE 7.2

A first-quadrant dc/dc converter is fed from a 300-V dc bus. When the converter sup-
plies power to a separately excited dc motor at 40% duty ratio, the average armature
current is 5 A at 1,560 rpm. What is the duty ratio required to reduce the speed to
1,300 rpm for the same armature current? The armature resistance is 5.1 €.

SOLUTION:
At 40% duty ratio, armature voltage is

40
V. =300 % .
*100

=120V



Back-emf at 40% duty ratio, Ey, = 120—(Lr. )

~120-(5x5.1)
=045V
Eb]_ et 1;56[] r[}m

Now back-emf, Ep, at 1,300 rpm can be related as Ey; = 1,300 rpm.

N;
Ew = N—:Ebl =78.75V

Armature voltage, V, = E; + L1,
V,=300xD
Therefore,
D=3475%

EXAMPLE?7.3

A separately excited dc motor is fed from a 440-V dc source through a single-quadrant
chopper, r, = 0.2 £}, and armature current is 175 A. The voltage and torque constants
are equal at 1.2 V/rad/s. The field current is 1.5 A. The duty cycle of chopper is 0.5. Find
(a) speed and (b) torque.

SOLUTION:
a
E,=220-175x02=185V
=12xm xI;
w, =185/{1.2x1.5)
=102.77 rad/s
=9081.38 rpm
b.
Torque=1.2x15x175=315 N-m
EXAMPLE74

A separately excited dc motor has the following name plate data: 220V, 100 A, 2,200 rpm.
The armature resistance is 0.1 £, and inductance is 5 mH. The motor is fed by a chop-
per that is operating from a dc supply of 250 V. Due to restrictions in the power circuit,
the chopper can be operated over a duty cycle ranging from 30% to 70%. Determine the
range of speeds over which the motor can be operated at rated torque.



SOLUTIOMN:
Because e torque is constant, i, is the same for all the kvalues of D.

Vo =DV
AtD=023,
Votawy = 0.3 3 250
=75V
Ebinz = Votaw) — Lak
=75 (100 0.1)
=66V
AtD=07,
Vygay = 0.7 % 250
=175V
Esian = 175 10
=165V

Under rated conditions, ¥V, =220V, =100 A, r,=01 £}
Ejasg = 220 (1002 0.1)

=10V
Ny = 2200 rpm
No7 _ Epon
MN:  Ebjrma
165
Mim = —x 2200
T
=1,728.5714 rpm

65
Nigs = x 2200
03 =910

= 680.95 rpm

Hence speed can be varied in the range 680.95 <N =1728.5714.

EXAMPLE7.5
A separately excited dc motor has an armature resistance 2.3 €, and armature cur-

rent is 100 A. (a) Find the voltage across the braking resistance for a duty ratio of 25%.
(b) Find the power dissipated in braking resistance.

SOLUTION:
Average current =1, (1-D)=100(1-0.25)=75 A

Average Voltage = Iy x Re =75 x2.3=1725V
P, = Ibe(l—D}

P, =100° x 2.3%(1-025)=17250 W



EXAMPLE 7.6

A separately excited dc motor has the following name plate data: 200 V, 75 A, and
1,500 rpm. The armature resistance is 0.2 {. If dynamic baking takes place at 600 rpm
at rated torque, compute the duty ratio. The braking resistance is 5 (1.

SOLUTIOMN:
E; under rated condition,

E't{mbad.] =V- Iara

= 200— (75%02)
=185V
E /s00) __N
E':{mbad.] lerd
N
Eisoo = E
b{&00) [ N } brased

600 )
Eb:d-lxl:- —[ﬁ)}( 185=74V

Mow,

Epjseo) = L (1. + Ry (1- D))

Because braking takes place at rated torque, [, = Lws =75 A,
ie., Eyg =75(0.2+5(1- D))
74=75x02+75x5(1-D)
~D=0384

EXAMPLE 7.7

A dual-input dc/dc converter is supplied from two dc sources: 12-V and 24-V batteries.
The duty ratio of the power switch connected to the first source is 40%, while that of the
second source is 25%. Compute the average output voltage. The load consists of large
inductance and resistance.

SOLUTIOM:
40 25
Volav) =12 x 100 + 24 100
=48+6
=108V
Example 7.1

An electrically-driven automobile is powered by a d.c. series motor rated at 72V, 200 A,
The motor resistance and inductance are respectively 0.04 €2 and 6 milli-henrys. Power is



supplied viaan ON/OFF controller having a fixed frequency of 100 Hz. When the machine
is running at 2500 rev/min the generated-e.m.f. per field-ampere, k15 0.32 V which may be
taken as a mean “constant” value over the operating range of current. Determine the
maximum and minimum currents, the mean torque and the mean power produced by the
motor, when operating at this particular speed and with a duty-cycle ratio é of 3/5.
Mechanical, battery and semi-conductor losses may be neglected when considering the
relevant diagrams of Fig. 7.1a.

v

H‘Er

= _HTErminuI voltage ¥

~~t
L1
Ry /’—\I T b | ____.e______fz —

Thyristar
0

b e ™ _
OFF o Time
Falg
fa
RE
Tirr;e

(b) GENERATING {Generating conventions)



fo

Y

Speed

——--=Cycle | ———»=+—Cycle 2 —=f=—Cycle 3 —~‘
(¢ ) Acceleration between limits

Fic. 7.1. Chopper-fed d.c. machine.

Chopping period = 1/100 = 10 msec and for 6 = 3/5; ON + OFF = 6 + 4 msec.

The equations are:

for ON period: V' = k. i+ Ri+ Lpi—from eqn (7.2a).

Substituting: 72 = 0.32i + 004 + 0.006 di/dt.

For OFF period: 0 =10.32i+ 004i + 0.006di/dt—from eqn (7.2b).
Rearranging:

ON 00167 di/dt +i=200=1_,,,
OFF 00167 difdt+i=0=1_,,.
Current oscillates between a “low™ of i, and a “high” of i,, with t = 0.0167 second
ON iy =i, +(200 =i, )(1 —g 000000167,
iy = 200 — (200 —i;)e " "3° = 60.46 + 0.698i,.
OFF i, = iy + (0 =iy )1 g~ 0-004/0.0167)
i,o=i, € "% = 0.787i,.
Hence, by substituting: i, = 60.46 + 0.698 x (.7871,,
from which i, = 134.1 A and i; = 1056 A.

; kraj p kl's .2
Torque =k i= — xi=—1i".
0.32 134.1% + 105.6?
Mean torque = 750 _;ciﬁ;_’ﬁﬂ(_ ——— —--) = 17.8 Nm.

2
Mean power = w1, = £ % 2500 x 17.8 = 4.66 kW = 6.25 hp.




Example 7.2

The chopper-controlled motor of the last question is to be separately excited at a flux
corresponding to its full rating. During acceleration, the current pulsation is to be
maintained as long as possible between 170 and 220 A. During deceleration the figures are
to be 150 and 200 A. The total mechanical load referred to the motor shaft corresponds to
an armature current of 100 A and rated flux. The total inertia referred to the motor shaft is

1.2kg m?. The battery resistance is 0.06 2 and the semiconductor losses may be neglected.
Determine the ON and OFF periods for both motoring and regenerating conditions and
hence the chopping frequency when the speed 1s 1000 rev/min.

Calculate the accelerating and decelerating rates in rev/min per second and assuming
these rates are maintained, determine the time to accelerate from zero to 1000 rev/min and
to decelerate to zero from 1000 rev/min. Reference to all the diagrams of Fig. 7.1 will be
helpful.

Rated flux at rated speed of 2500 rev/min corresponds to an em.f.:
E=V-RI,=72-004x200=064V
At a speed of 1000 rev/min therefore, full lux corresponds to 64 x 1000/2500 = 256V
Acceleration Total resistance = R, + Rg = 0.04 + 0.06 = 0.10Q2
For ON period Eg=E+Ri, + Lpi,,
72 = 256+ 0.1i, + 0.006 pi, .

Rearranging: 006 di,/di+i,=464=1_,,.

Solution is: iy =iy + (I, — i )(1 —e—TON/T)

and since i, and i, are known: 220 = 170 + (464 — 170)(1 —e ~‘on/006),
20170 oo
464 — 170

from which: tony = 001118,

For OFF period 0 = 25.6 + 0.04i, + 0.006pi, (note resis. = R,).
Rearranging: 0.15di, /dt+i, = —640 =1, .

Solution is: iy =iy + ([, —iz)(] —e ~1OFF/T),
Substituting i, and i;: 170 = 220 + ( — 640 —220)(1 —e ~fOFF/015),
170-220 — | —e —tOFF/OIS

— 640 - 220
from which: topr = 0.008985  ton + topr = 0.02017 second.

Duty cycle & =001118/0.02017 =0.554. Chopping frequency = 1/0.02017 =
49.58 Hz.



Deceleration

Thyristor ON 0=E—R,i,— Lpi,.

Substituting:
Rearranging:
Solution is:

= 25.6 —0.04i, —0.006pi, .
0.15di,/dt +i, =640 = I__.

iy =ig+ (I, —ig)(1 —€~ON/T),

Substituting: 200 = 150 + (640 — 150)(1 —e —ON/015),
200150 o
640 — 150
from which: ton = 001614,
Thyristor OFF Eg = E —Ri, — Lpi,,
72 = 25.6 —0.1i, — 0.006 Lpi,.
Rearranging: 0.06di,/dt +i, = —464 =1 _,..
Solution is: iy = iy + (I, —i3)(1 —e ~HOFF/T),
Substituting: 150 = 200 + ( — 464 — 200)(1 —e —'oFF/0.06),
M =1 _:—[grp,fllm
— 464 —200
from which: topr = 0.004697 1o + torr = 0.02084 second.

Duty cycle & =001614/0.02084 =0.774. Chopping frequency = 1/0.02084 =

4798 Hz.

Accelerating time

E
Load torque = k I, = —1I

64
S — — x 100 = 2445 Nm.
w, " 2500 x 2n/60 2 =

During acceleration:

Constant dcum

64 2204170
k"l‘lﬁ!lll = x
2500 x 21/60 2
T, —T, 4767-2445

d = 1] m
et J 12

= 0.2445 x 195 = 47.67Nm.

= 19.35rad/s per second

60
=1935x o = 184.8 rev/min per sec.

1000
Accelerating time to 1000 rev/min = 1848 = 5.41 seconds.

Decelerating time
During deceleration: k /., = 0.2445(—200 —150)/2 = —428Nm.

Note that this electromagnetic torque is now in the same sense as 7, opposing rotation.

The mechanical equation is: T, =T +Jdw,/dt,

—428 = 2445+ 1.2daw,,/dt.

from which:

daw
de

Time to stop from 1000rev/min with this torque maintained = 1000/535.1 =

1.87 seconds.

=" = —56.04rad/s per second = —535.1 rev/min per second.




Example 4

A separately excited d.c. motor with R, = 1.2 ohms and L, = 30 mH . 1s to be
controlled using class-A thyristor chopper as shown in Fig.9.11 .The d.c. supply F
= 120V . By ignoring the effect of the armature inductance L, . it is required to:

(a) Find the no load speed and starting torque of the motor when the duty cycle
v =].

(b) Draw the speed torque characteristics for the motor when the duty cycle
y=1. The motor design constant Ke@® has a value of 0.042 V/rpm.

(c) Find the speed of the motor n (rpm) when a torque of 8 Nm is applied on the
motor shaft and the duty cycle is set to y = 0.5.



Solution ‘ B , -
+ I Tl‘ r
The average armature voltage 1s DEC hopper R,
Viw=vyVy =1x 120=120V v
av d Va DFH' L, a
The motor’s speed: + -

v R e, ()
av a T, | _ﬂ‘i&_

Tl = - —
K. K K, 0° “
Fig. Y.11 Thynstor chopper drive.

At no load T; =0, hence
_yVe 120 2857
Mo =%.6 004z ' TPM

or

At starting, n = (0. The starting torque T, may be found as:
]"Vd Ra

= - Tse
K.0 K+K,0*

n=10

9.55 yV,

v e
R,

_ 9.55x120

w =———x 0.042=40N.m

Speed 4

F1g.9.11 Speed-torque characteristics

85713 |-t

40

Torque (N.m)



(b) At 7 =0.5
V,=yV,;=05x120=60V

Wa _ 0 _ 4085

Mo =K@ —00az ~oooTPm
9.55 x 60

Ty =————>x 0.042=20N.m

At =05, T.=8 N.m

60 1.2
T 0042 9.55(0.042)?

n x 8 =857.13 rpm

Note: Ky = Torque constant = 9.55 K,



Example 5

In the microcomputer -controlled class —A IGBT transistor DC chopper shown in
Fig.12.6, the input voltage Vy= 260V, the load is a separately excited d.c. motor
with Ra = 0.28 Q and L, = 30 mH . The motor is to be speed controlled over a

range () — 2500 rpm , provided that the load torque is kept constant and requires an
armature current of 30A .

(a) Calculate the range of the duty cycle y required if the motor design constant
K. has a value of 0.10 V/rpm.

(b) Find the speed of the motor n (rpm) when the chopper is switched fully ON
such that the duty cycle y = 1.0.

DL vallags

Fig.12.6 IGBT Chopper drive.

Solution

(a) With steady — state operation of the motor, the armature inductance L,
behaves like a short circuit and therefore has no effect at all.

Atstand stilln=0 , and therefore E, = 0 , hence from Eq.(12.22)

V. —E Vao — 0
fa=ﬂR a _ Yao —304
a

“ Vo =028 Xx30=84V
At full speed n = 2500 rpm
Eppsoo = K, ¢ =0.1 x 2500 = 250 V

For separately excited d.c. motor,



Vazsoo = Eq + IaRa = 250 + 30 X 0.28 = 258.4 V

Therefore the range of the duty cycle y will be:

_ Yoo _ 84 _ 0.0323
o= 7= 260~ %
Smmlarly
v 2584
¥a2so0 = a;:nu = 260 = 0.9938

(b) When the chopper is switched fully on, i.e. y=I1,then V,=V;=2
At this condition,
l’::l{]":]-):Eﬂ-l_!ﬂRﬂ: E¢H+IGRII =260V

0.1n+30x0.28 = 260 - n=2516rpm



Example 11 A SePafcthEB ~extived d.c. motrer with Rq:-.a-g,ﬂ?
and La = I5mH (s +eo be ar-::ci Contrelled over o ra

0- 2000 rpm. The d-c. Supp'g is 2zov. The load %nﬂ:lm: is

constany and fres an ave armarure Cvrrent

(a) Calculate the mg; a""l‘-{u :J:g‘_cddc Y r'-'=1m'r¢dl :a,‘ fﬂjﬂ

Motor --L-.san constant Ke  =0.1p02 Vfcpm .

Solurion : In the Sknb-mh_f-@-m Armature inductance
.F‘M ne "ﬁ'tﬂ' - TThe wived mator derminal Va'rl-uag_: are:
At ﬂ:ﬂ’Eb:ﬂlsﬁ o
Vic = Eb +IgRa = LlaRa = 2503 = 7.5V
At N= 2age rpm
Eb=Kedn =0.l1002 X2000 =200-4 V+
-: Vdg =Eb+1¢£¢ = 200.44+25x0.3 = £0F 9 V.
o ¥ Vs 7.5
Teo aa’\rr_ Vo = £:5V ot -5 o X2ty or 3:‘-'E:G+ﬁﬂ
To al."r: o= 2079V oo fu'f-‘f-'-th.:f gea

2077
ad Bfluu = E.:ﬂ' = 0-943 .

ﬁmg‘- aa‘ ARG N SN A

al de Lg, .s-m'-i‘-c.due.) H” anr,
(b] tf e c‘,‘#—rﬁfrsfemf #Ti'l“_ motor o ham Jg'if_ 1.

what is
sl whn ¥ =1, Vo =220 L
p Ep Ep = Vo ToRa= 220 -25K0:3=41%
oe I :W 5
[

2125 _ 2421 rem

awe ——

n=



Emﬂpf-?:
An afachfm;:{pinm cwtomobide 15 powered &
d.c. senes groter rated ar t6oV, 200l - The otor
e sysfance and inductance are res ccnvely ©- 65 J2
a.no‘f & mH - power i 5 sunn-h‘:d‘ fram ;'J:qf&a#y
of tgoV via clase-A d-c. chopper fraving a fixed
f-r-:?um.i aaﬁ loo Hz . The machine Constanr Heuwra»aaﬂsbx’.
anel ﬁ;l. Lo r Sre:f x5 Z5ao0 rpm- Determne +he_
MoK imurtr and Minimum Cvrrent s, the mean Farque and the
mean power I’:ruda.:g.l k; tHe mator ewhen -rm'r:;wi-

2506 rpm wr Fh 9&7 ca..cfe ¥ .Orsfs.

s aludven:
r:h-ﬂw? pened T =}_L - _:1 {0 ms
fan:TT"":{Ia" Ems

Lmax = Vav toff Var = BV -+ =it IV

Ra * 2. ., Ra 2La

2 .

=¥ 120 4 x10 3
=_5 L= Z.x120)

<5 ?_xtmﬁ‘(*

- T A
- la-F 4+ % - 134
Lmin = Vaw  _ Vo Vow

Re. 2ia _ 86 A -

- na+ - 29 -

ﬁf S @ yies motal )

L O
ﬁgnm-r, : fr::-‘: Kr ¢ Tay = 955 Ke & ( In,,ﬁg{...@
7 = 9.55Xa.00025 QIS‘I-‘-F-!- EE*‘?G)‘-

2

— 30 N-m-

—

Meon Pt ~ e :_%_T.g-,(zsan X 30=F.85 xW

peuer & =10-5 hp.






DC-DC MOTOR DRIVES (Choppers)

A chopper directly converts a fixed-voltage DC supply to a vaniable-voltage DC supply.

Step-Down Chopper (Motoring)

&
HUIr'.'
vV | :
a o . S B | I S I Mean voltage
Ia """""""""""""""""""""""""" w Mean current
—T — — -t




Vs = l.’.E + Va
de
Vs —Va=L%
dt
di = ——"dt
L
_ ¥Fe=V¥n

AIZIE_II— L tﬂ,“

(1)

(2)

(3)

(4)

During t,5 time

0=-L% +Va (5)
di
Va =L (6)
di = =" dt (7)
Va
al = Tt"'”. (8)

tow = DT, topp = (1 — D)T whereD is the Duty cycle

Equating Als
__ ¥Fe=Va _ 'l"_n _

Al = . Eop = m tnh"
To find currents

I‘Iﬂﬂ-ﬂ" = fl+!z

2

adding (10) to (4) or (8)

212 = zfmeun + h;"“‘tnu

IZ = 'rmeaﬂ + 2L tﬂrt
similarily

'r:l = ‘rmeaﬂ - Tton

Vs—-Va
L

(2)

or

or

or

DT = "1—“[1 — D)T => Va = DVs

ll + IZ = z‘rmeaﬂ (lﬂ)

Va
212 = 2"Irrlrum + Ttn-_ff

Va

In = I can +Htaff

'ri = ,memt

— 5 Loff



V DC source to supply a motor load with Ba = 0.85 ohms, La=0.32 mH. The required
torque genrated by the motor 1s 20 Nm_ at 1000 rpm, and field current 1s measured to be 1A
IfKv=1028345 V/A-rad/S, determine (a) the duty cvcle for the switching pulse, (b ) the mean
load current, and (c) the max & min load currents.

(a) V, = DV, = I,R, + E, I,=? E,=?

T = Kylply => I, = o—— = 23.96 A

0.8345 x

1000
E, = Kywl; = 0.8345x 2 x rral 87.38V

V, = 23.96 x 0.85 + 87.38 = 107.75 therefore D = “;;';* = 0.89 = 89%
(b) Lyean =1, = 23.96 A
Vs=Va Va
(C’) Imu.: = I'll'l-i‘ﬂ'ﬂ + Tton or 'frmz.t = Imrnn + Etaff
Weknow t,, =DT, t,;y =(1—=D)T and T=1/f
B 120V =107.75V 1
lnar = 23.964 4+ ST * (.89 =* 000 32.4TA
Ve-V V
Iin = Inoan — %tnn or Iy = lnsan — ﬁtaff
120V-107.76V 1
i = 23.964 = 2220 4 g9y L= 15454

Example : A separately excited DC motor 15 powerd by a DC chopper from a 600 V dec
source. The armature resistance Ra = 0.05 ohms. The back e.m f constant of the motor 15
kv=1.527 V/A-rads/s. The armature voltage 1s continuous and ripple free. If the duty cycle of
the copper 1s 60%, determine (a) the input power from the source, (b) the equivalent input
resistance of the chopper drive, (¢) the motor speed, and (d) the developed torque.

(a) Pipu=7,  Pigpw = DV, = 0.6 x 600 x 250 =90 kw

Vs Vs 600V
(b) Reg="7. Req Is Dis  0.6x 2504 28

(c) =7 E;=kwo . E=7. V,=LR, +E.. V,=7. V,=DV. =06x600=360V

E-=360-250x005=3475V

347.5V

e r 60
== 91.03 rad/s or 91.03 x ;—869.3 rpm

(d) Tp=2, Tp=k, ;L=1527Tx250x 2.5 =954 38 Nm



Step-Up Chopper — (Regenerative Braking)

V
5
V
a
IL Mean current
During t,, time During t,5 time
. =g
Ve = Ldr (1) Ve L'h +Vs (4)
di = "—L'd: (2) di = "';"" dt (5)
Ve Vs-Ve
J‘I:I.Z_I].:Ttﬂll (3} d’=fz_,1= 3 ta.l"f (6}
Equating Als
Ve ¥Fe=Ve Ve Ve—-Ve
.df=f:-f1 =Tt““= Ttﬂ'f == TDT: f {I—D]T [?]

VeD =Vs — Ve —VsD +VeD == Vs =

Va

(8)

Since average voltage across L 1s zero, therefore Ve=Vaand Vs =

To find currents
Iy +r2

Imean = 2 (9) Iy +1; = 21,ean (10)




adding (10) to (3)or(6) remembering Ve = Va

¥V ¥s— ¥
2I; = 21,000 T Tntnn or 21, =21 0qn T+ %fnﬂr
i Va . . T Ve=Va
I; =lnean + Etﬂil or Iy = lpean + Tntnff
similarily
' Va Ve=V
Iy =Ilnean — 2L Lon or Iy = FLyean — Tﬂ ta-j"f

Example : In a battery powered car_ operating a frequency of 3 KHz, the batterv voltage 1s
120 V. It is driven by a DC motor and employvs chopper control. The resistance of the motor
15 0.2 ohms and 1ts inductance 1s 0.3 mH. Dunng braking, the chopper configuration 1s
changed to voltage step-up mode. While going down the hill at a certain speed, the back emf
of the motor 1s 110 V and the breaking current 1s 10 A. Detrermine (a) the copper duty cycle,
and (b) Max and Min values of the current.

Lﬂ =0.3mH

120W

110v

Va laRa+Eg laRa+Eg 110V+40.2x10
a)D="7 =—=——>1-D= = => D = 6.67
@ Va 1-D 1-D 1-D Ve 120 D %
Vi 112x0.0667
() Tnax = Dyean + Et"" = 104 + 7v03r10-322000 16.22 A
_ Va . 11220.0667
Tmin = Tmean = 3y ton = 104 = 5y t0-x2000 ~ - 784

Problem-Eepeat above for 50V back emf.

Motoring and Regenerative Braking Two-Qunadrant Chopper (buck-boost

Example 13.1:  DC chopper with load back emf (first quadrant)

A first-quadrant de-to-de chopper feeds an inductive load of 10 ohms resistance,
50mH inductance, and back emf of 55V de, from a 340V de source. If the chopper
is operated at 200Hz with a 25% on-state duty cycle, determine, with and without
{rotor standstll) the back emf*



i.  the load average and rms voltages;
. therms ripple voltage, hence ripple factor;
i, the maximum and minimum output current, hence the peak-to-peak
output ripple in the current;
v, the current in the time domain;

v.  the average load output current, average switch current, and average
diode current;
Vi, the input power, hence output power and rms output current;
Vil effective input impedance, (and electromagnetic efficiency for £ = 0);
vili.  sketch the output current and voliage waveforms.

5. The speed of a separately excited DC motor is controlled by a chopper. The DC
supply voltage 1s 120 V, armature circuit resistance 15 0.5 £}, armature circuit
inductance 1s 20 mH, and back emf constant is 0.05 V/RPM. The motor drives a
constant torque load requiring an average current of 20A. Assuming the motor current
to be continuous, determine the range of speed control and the range of duty cycle.

Given Data:

V=120 volts, R,=0.5 ohms, L,=20mH, K=0.05 V/RPM. [,.=20A
Constant Load, Separately excited DC motor
Find

¥ The range of Speed Control

¥ The range of duty cycle

Assume Continuous current mode



Solution

1,=20 A

|

DC
V=120V CHOPPER D

FF¥

|

(1) Range of Duty cycle
Average output voltage of the motor
V.=E, +IR,
aV,=E, + LR, [ V. :ﬁii‘}
E,=KN
al, =KN+I R,
As motor drives a constant load, T 1s constant and I, 1s 20A and minimum possible speed
is ZERO
ex120 = (0.05)x0+(20x0.05)
120z =10
10

a=——=10.08
120



Maximum possible speed corresponds toe =1, 1.e. when 120 volts 1s directly applied to
the motor. Therefore the range of duty cycle 1s
008=sa=<l
(1)  The range of Speed

alV, =KN+1I R,

Minimum speed N=0

Maximum speed at a =1

1x120 = 0.05xN +(20x0.5)

120=0.05N +10

120-10
N= = 2200rpm
0.05

The range of speed control 1s 0 < N < 2200RPM




6. A 230 volts, 960 rpm, 200 Amps separately excited DC motor has an armature
resistance of 0.02 €. The motor 1s fed from a de source of 230 volts through a
chopper. Assuming continuous conduction

a) Calculate the duty ratio of chopper for monitoring operation at rated torque and
350 rpm

b) If maximum duty ratio of chopper 1s limited to 0.95 and maximum permissible
motor speed obtainable without field weakening

Given Data

V=230 volts, N=960 rpm, [;=200 amps, R,=0.02 ohms separately excited DC

motor, chopper drive for both motoring and braking operation, Assume continuous

conduction
Find
(1) e = 7at rated Torque and Speed =350rpm.
(11) If & =0.95 and current 1s twice rated calculate speed
Solution

(i) At rated operation
'E] = Ifu - "ru'Ru
= 230-(200x0.02) = 226volts
Eat350rpm(1e)E, =7

From rated condition



E =Ko,
220 = Kxa,

260x27 _ | 00 53rad /sec

[il_'j]:

K:ﬁ—ziﬁll olts sec/ rad

100.53
E, at 350 rpm 15 given by

o, 350x27 36651
- 60

coE, =36.65x2.24 =82 WWolts

Motor terminal voltage at 350 rpm 1s
Vicormn = 82.1+(200x0.02) = 86.1Volts

V
ﬂ' — 35”1[.!.11 — Eﬁ']' =ﬂ_3?
V 230

il rpim

(11) Maximum available
V =al
=0.95x230 =218.5 Volts
~E=V, +IR, =2185+(200x0.02)= 222 5Volts

Speed at 222.5 volts Ep 15

E, =Km

22245 =99 330rad / sec

N = w = 94353rpm

2



7. A DC series motor 1s fed from a 600 volts source through a chopper. The DC motor
has the following parameters armature resistance 1s equal to 0.04 €2, field resistance 1s
equal to 0.06 Q, constantk =4 x 10° Nm/ Amp* . The average armature current of 300
Amps 1s ripple free. For a chopper duty cycle of 60% determine

1. Input power drawn from the source.
1. Motor speed and
1. Motor torque.

Given Data

V=600 volts, 1,=300 amps, R,=0.04 ohms, R~0.06 ohms, K= 4x107 Nm/ ampz d=06

DC SERIES motor.

Solution
a Power input to the motor=P =} 1_
Vo=a81, =0.6x600=3601olts
o P =360x300=108KW
b. For a DC series motor
E, =K, go,
— Kl [-¢=1]
=4x107 x300x @,

V. =E+I(R,+R )=Kl w_+I(R, +R)
= 0.6x600 = 4x10° x300xe,_ +300(0.04 +0.06)

W = % =27 .5rad [ sec(or)2626rpm
Motor Torque T = Kagl, = K1

= 4x107 x300°
=360 N-M



8 A 230 V, 1100 rpm, 220 Amps separately excited DC motor has an armature
resistance of 0.02 Q. The motor 1s fed from a chopper, which provides both motoring
and braking operations. Calculate

1. The duty ratio of chopper for motoring operation at rated torque and 400 rpm

1. The maximum permissible motor speed obtainable without field weakening, if
the maximum duty ratio of the chopper 1s limited to 0.9 and the maximum
permissible motor current 1s twice the rated current.

Given Data

V=230 volts, N=1100 rpm, ;=220 amps, R,=0.02 ohms separately excited DC

motor, chopper drive for both motoring and braking operation, Assume continuous

conduction
Find
(1) o = 7at rated Torque and Speed =400rpm.
(1i1) If ez = 0.9 and current is twice rated calculate speed
Solution

(i) At rated operation

E] = Ifnr - "ru'Ru
= 230-(220x0.02) = 225 6volts
Eat400rpm (1e)E, =7

From rated condition

E =Km,
o, = 02T 11 100,04 /sec
60
K = ﬂ =1.95Volts.sec/ rad
115.192
E, at 400 rpm 1s given by
_ 30027 _ 41 887 rad /sec

S E, =41 887x1.95=81.68Volts

Motor terminal voltage at 400 rpm 1s

Vigorm = 81.68+(220x0.02) = 86.1Wolts
II

gt 861,
V 230

1 100 rpm



(11) Maximum available
V =al,

=0.9x230 = 207 Volts
~E=V, +1R =207+(2x220x0.02)= 215 8Volts
Speed at 222 5 volts Ep 18

E =Ko

= y =110.667rad /sec
1.95

_ 110.667x60

2T

N =1056.78rpm



9. A DC chopper is used to control the speed of a separately excited de¢ motor. The DC
voltage 1s 220 V, R,= 0.2 £} and motor constant K. 4-0.08 V/rpm. The motor drives a
constant load requiring an average armature current of 25 A. Determine

iv. The range of speed control
v. The range of duty cycle. Assume continuous conduction

Given Data:

V=220 volts, R,=0.2 ohms, L,=20mH, K=0.08 V/RPM. [,;=25A

Constant Load, Separately excited DC motor

Find
v" The range of Speed Control
v" The range of duty cycle

Aszsume Continuous current mode

Solution
(1) Range of Duty cycle
Average output voltage of the motor

V.=E,+LR,

i

vV, =al
al, =E +1 R, o
: E,=KN

ol , =KN+1I R,

As motor drives a constant load, T is constant and I, is 25A and minimum possible speed
1s ZERO

ax220 = (0.08)x0 +(25x0.2)

220 =10

o= 10 =0.04

220

Maximum possible speed corresponds toer =1, i.e. when 120 volts is directly applied to

the motor. Therefore the range of duty cvele 1s

0Md=a=l

(i)  The range of Speed
alV, =KN + 1 R,
Minimum speed N=0
Maximum speed at e =1
1x220 = 0.08xN +(25x0.2)

220=0.08N +5

N= 220;5 = 2687 Srpm

The range of speed control is 0< N <2687 5RPM



Solution

The main circuit and operating parameters are
on-state duty cycle d = %

period "= 1/f,= 1/200Hz = 5ms
on-period of the switch f7=1.25ms

L]
L]
L]
+ |oad nme constant r = L/R = 0.05H/100 = 5ms

Figure Example 13.1.
Circuit diagram

1. From equations {13.2) and (13.3) the average and rms output voltages are both
independent of the back emf, namely

V. =Lv =4,
1
= V340V = 85V
V= 'Tf V=3V

=4V = 240V = 120V rms

il. The rms ripple voltage hence ripple factor are given by equations (13.4) and
(13.5), that is
V=L =rf5(1-5)

= 34ﬂv1ll|'rf4x{l -‘/4} = 1472V ac

and

1
= [— -1 =4f3=1732
Y J—



Mo back emf, E=10

tii. From equation (13.13), with £=0, the maximum and minimum currents are

i 125
R A - 340V 1-
f=— — = »

I3

—— =11.90A
l1-e° 1002 1—6%

Vet —1 340V eF -1

I=F T = *

=562A

- 106 e =1

e’ —1

The peak-to-peak ripple in the output current 1s therefore
I, =1-1

=11.90A - 5.62A = 6284
Alternatively the ripple can be extracted from figure 13.4 using F/r=1 and d = 4.

iv. From equations (13.11) and (13.12), with £ = 0, the time domain load current
equations are

i =F—J[]—E-T]+}E-T
R
:u{r}=34x[1—ﬁ1+5.azxe%

—34-2838xe™ (A) for 0<r<125ms

i, = :’ er
i (1)=1190xe= (A) for 0<r<375ms
v. The average load current from equation (13.17), with £=10, is
T._V./—8sv/ _
L=V /= 3V 0q= 85
The average switch current, which is the average supply current, is

- - (V-
7 -7, -20E) ¢

S Wt N
maick R II[ )

Vax 340V -0
_ Yax( ) . OIS L (11.90A - 5.62A) = 2.22A
1002 Sms

The average diode current is the difference between the average load current and
the average input current, that is

Ly = ‘T.- - F.
=B50A-227A=628A

vi. The input power is the dec supply multiplied by the average input current, that is
P =V T =340Vx2 22A = 754 8W
P =P =7548W
From equation (13.18) the rms load current is given by




Load back emf, E = 55V

1. and i1. The average output voltage, rms output voltage, ac npple voltage, and
ripple factor are independent of back emf, provided the load cumrent is continuous.
The earlier answers for £ =0 are applicable.

ui. From equation (13.13), the maximum and minimum load currents are

-V 1-e- E 340V 1-g*™ 55V
et - - = 6.40A
R, = R 100 |, = 1m0
1-¢ 1—¢
jle -l £=34ﬂ\-’xrlu*—l _ 55V _ o1aa
R o7 _1 B 100 & -1 1002
The peak-to-peak ripple in the output current is therefore
I =I-1
Pﬂ

=64A-0.12A =6.28A

The nipple value 1s the same as the £ = 0 case, which is as expected since ripple
current 15 independent of back emf with continuous output current.
Alternatively the ripple can be extracted from figure 13 4 using It =1 and 5=".

iv. The time domain load current is defined by

i =—‘a'_£[l—e%]+}e__’l
I
f,{:}=za_sx[1-e57J+n_1zfﬁ
—285-2838=  (A) for 0<¢<1.25ms
i =—£[|—£-T]+}£-T
f
i(t)=-535 }xc[l—leglﬁfr.d.&'ﬁ

—_55+119¢%  (A) for 0<¢<375ms



v. The average load current from equation {13.37) is

— I';—.E
="

= B5V-55V =
Vion = 3A
The average switch current is the average supply current,

JlV -E o

SN R TR
R r

Yax(340V - 55V)  Sms

N 1002 " Sms

The average diode current is the difference between the average load current and
the average input current, that is

;dl'.ur =?u _T:
=3A - 0.845A =2.155A

*(6.40A - 0.12A) = 0.845A

vi. The input power is the de supply multiplied by the average input current, that is
P =V 1 =340V=0.845A = 287 3W
P =P =2873W

From equation {13.18) the rms load current is given by

- P —ET
7 » —EI,

s R

=J23?.3W-55W3A
102

= 3 5A rms

a1 L ps cpobber eyecnac wbnp nubegavce 12

The electromagnetic efficiency is given by equation (13.22), that is
_El
P

_55Vx3A
2873W

n

=574%

viil. The output voltage and current waveforms for the first-quadrant chopper, with
and without back emf, are shown in the figure to follow.
Conducting device

ET1 i D, E T1E D ET|E D ET1 i D, ET' i D: ET1 H D:
" . Py P .
A A119a | 7 ! r o - o
Ve ANl l Pl P
I [/~ Tai=s28a /-t 1 Pa P o
! 5624 i N E - :/N
: P Pl L+ b= de 2 =6.28A 4=
H [ HIEL I 1 p.128 =] r)-
) ’ 1
& T P : b b
Vol i 1 [ v"‘ ' Vo o
H o v ' i '
1 i ] ! ] H : ! i :
Vi 240V Ve 340V
mhF-f—-———t—}-asv— 1] e el fvbent i iyt e il
e | — 1= — =i i

. 1
I".l Tlléms 5ms

0 E =55V
Figure Example 13.1. Circuit waveforms.



6. A step-down chopper supplies a separately excited de motor with a supply
voltage £ = 240 V and back emf £, = 100 V., Other data are total inductance

= 30 mH, armature resistance R, = 2.5 £2, chopper frequency = 200, and duty
cycle = 50%. Assuming continuous current determine [y, g, and the current
ripple.

Solution
The circuit and waveforms are given in Fig. 3.3. From Eqn (3.17),

; I (I —e ﬁm”‘«) Ey
my = o\ 55— -
R, | —e /T R,

|
- 200

TN _ 05 and 7t — 0.005
T

Hence,
0.5

_ 005
TON = 300 2

La 3010 3
R, 2.5

Ton  0.0025

T, 0.012

T, = = 0.012

v 0.005

T, 0.012

(1 —e ™n/lay 0,188, (e ™/ 1) = 0.2316

(1 ¢ ""T"}—ﬂ+34, (e /T 1) = 0.5169
Hence,
240  (.188 100

= — - — = 13,
o = 55 %535 ~ 35 — 130A
From Eqn (3.18),
F [eon/ls E,
f'"m:E [m] - R_a
0.2316 00
240 % A — l_ = J.0A

~ 25 705169 25
The current ripple is

I 133
Aiy = "'““2"'"'” _ ! — = 5A




7. A step-down chopper feeds a dc motor load. The data pertaining to this chopper-
based drive is E =210V, R, =7 €2, L (including armature inductance) = 12 mH.
Chopper frequency = 1.5 kHz, duty cycle = 0.55, and E, = 55 V. Assuming
continuous conduction, determine the (a) average load current, (b) current ripple,

(c) RMS value of current through chopper, (d) RMS value of current through
Dy, and (e) effective input resistance seen by the source, and (f) RMS value of

load current.

T

o | ] |
L L [ —
—Chy—i 5
i
e
I-—“q:,N—--E-—:Lp-E : .*E i !—l-

H f—
’ E /I E /I
0 Tont T T ! —
e (b)
i61 I [ |
f—-—
1 .._cr.,_..i.._..i
IquE
f—
f—
t—s

Fig. 3.3 Step-down chopper: (a) circuit, (b) waveforms for discontinuous
conduction, (c) waveforms for continuous conduction



(a)

Fig. 3.3(a)

Solution
(a) The circuit and waveforms are given in Fig. 3.3. The average load current is

given by Eqn (3.21) as
Eron L

f =
TR T Ra

Substitution of values gives

210 35
fy=— %055 — —
M= X 7
=8.64 A
E (1 —e /My E,
Iy = ———— — 3.17
max Rﬂ (I — e I.”’n) R" ( )
and
E (efon/t — 1) [,
Imin = R—um - R_u (3.18)
The current ripple can now be obtained as
_ ; 0 aTondTy _ aToms /Ty
Aig = ‘o —lon _ B [1+e7F—e ¢ (3.19)
2 2R, eTe — |

(b) The current ripple is given by Eqn (3.19) as

E 1+t — ptonila _ ptom/Ts
Al =
TS I e 1 }
Here,
La 12 x 1072
T ==— = ——
R 7
L1 1x107
1S x 108 1.5
T 7
— = = 0.389
T, 15x12
0.55 % 10°% 7
r;_‘ﬂ = ;(7.5 x E X ]0_1 = 0.2[4
a -
Tore 0.45 % 10 3 7 4
_2B 0 L0 = 0175
T, G x 3 x 10 0.17

Substitution of values gives
. 210 14 1.475 - 1.239 — 1.191
Al = 357 1.475 1 = LAZA




(c) It 1s assumed that the load current increases linearly from ly, to [, during
(0, Ton). Thus the instantaneous current iy can be expressed as

, [ —
iy = fpin + Mf. 0 =t=r1tN
TonN

The RMS value of the current through the chopper can now be found as

] Ty )
Lenmmsy = [ = f (i1 )2dt
T fo
Here,

T (f — I ]2
fch(ltMS} = I\/%N |:f|§m + Inin(limax — Tnin) + H]]

where

E [eton/Te - E
=7 | S| - &

Ry | ev/Te — 1 R,

210 [ 1.239 — 1 55

T —e Tonil )
fmux = R_n I:I—é‘—:”“] - f!-h,'JR.rr

210(1 = 0.807) 55
=——— — — =117, — 7.857 = 10.
T 1 =0.678) 7 17.981 — 7.857 = 10.12 A

Thus,

Ienirmsy = \/% [?.242 +7.24(10.12 — 7.24) 4

= 4/(.55 x 76.03
=6.46 A

(10,12 — '.-'.24)2]
3

(d) The RMS value of current through Dy can be found as

I In|_'|.' )
I pwcrms) = ;f (f)dt’ (1" =1 — ToN)
1]

. 2
= [ [(m.u)? + (2.2?!)

= 10.12 % 2.88]
T

(Whﬂﬂc Ir"mx = fmin — I{]-lz - ?-24 = 2-38 A)
=4/0.45 x 76,02 = 585 A

(e) Average source current = (Ton/T)x average load current

= 0.55 x w = 0.55 x B.68 = 4.7T A

Hence, the effective input resistance seen by the source = 210/4.77 = 44 .
1 Tomn . ) Tonw .
(H) RMS value of load current = \/; [[ lig(D)dt + f I!m(l’)lzd!"} = 8.72A
1] i}

with 1" = — ton. This is seen Lo be nearly equal to the average load current,
namely, 8.68 A,




8. A step-down chopper has the following data: Ry =04082, =420V, £, =25V,
The average load currentis 175 A and the chopper frequency 15 280 Hz. Assuming
the load current to be continuous, and linearly rising to the maximum and then
linearly falling, calculate the inductance L which would limit the maximum ripple
in the load current to 12% of the average load current.

Solution

The circuit is given in Fig. 3.3(a). The expression for the current ripple in
Eqn (3.19) can be written with substitutions Ty = 87 and Ty = (1-8)T, where
disintherange 0 < & < 1. Thus,

Aby =

E T1+4 e/ — oftiTa _ o01-80/T,
2Ru [ EI;T# ] ]

withd = toy/T. Differentiating the ripple current with respect to § and equating
this to zero gives the value of 8 for maximum ripple:

This yields
P PR B Y
or

§=1-98

This gives § = (1.5, Substituting this value of 8 in the expression for Aiy gives

Aiy =

E ]+€r;?], o kl‘!.irﬁ?‘,
2R, [ et/Ta — | ]

(05T _ 1)2
=E/2R, [(etj.ﬁr!'ﬂ. — )3Tt 4 l}:l

E e:}.ﬁrj'ﬁt —1
T 2R, I:eu.ﬁr,f'r, + ]]
L R,
= tanh
R, AL

where f = 1/t is the chopper frequency. If 4 == R,, then tanh (R, /4fL)
=~ R,/4fL. Thus,

E R, E
2R, 4FL  8fL
The condition Alyymaxy = 12%1y gives

E

8fL

Al ld{max) =

= 012 x 175

Hence,

E - 420
8 x0.12x 175 8x 280 x 0.12 % 175
= 8.9 mH

= 0.0089 H



9. A 240-V, separately excited de motor has an armature resistance of 2.2 2 and
an inductance of 4 mH. It is operated at constant load torque. The initial speed
15 600 rpm and the armature current is 28 A. Its speed is now controlled by a
step-down chopper with a frequency of 1 kHz, the input voltage remaining at
240 V. (a) If the speed is reduced to 300 rpm, determine the duty cycle of the
chopper. (b) Compute the current ripple with this duty cycle.

Solution
(a) The equation for the motor is

V= Ky, + IR,
Substitution of values gives
240 = Ey + 28x2.2
Thus,
Ey = 240 — 28 %22 = 1784V

Other quantities on the right-hand side of the expression for F, remaining
constant, it can be expressed as

Ey = kN
or
178.4 = k600
178.4
k = <00 = 0.297

The new speed is 300 rpm. Hence,
Eppewy = 0.297 % 300 = 8O.1V

The new applied voltage with the same load torque, that is, the same armature
current, is

Voew = Ep + IR, = 89.1 4 28 x2.2 = 1507V

The duty cycle of the chopper (Ton/T) can be determined from the relation

View = TN x input voltage
T
This gives
g 50.
v o Vwew  DOT g
T input voltage 240

(T, = LRy = 4x107%2.2;t = 171000 = 10~*, Therefore,

T 22
—=— = 0.5
T, 4
E = 1':_1-Ni = 0.628 x .55 = 0.345
Ty L
Tor T Tol
= — —— =(.55 — 0.345 = 0.205
!ﬂ‘ fﬂ frj

The current ripple is given as

. E (1 +‘9.T.I"J"n _ (,lunf?'u _ Phu-ll”h]
Ay = 57—

IR, et 1
1507 141733 — 1.412 - 1.227
“2x22 " 1.733 — |

=439 A



10. A dc chopper is used for regenerative braking of a separately excited de motor

as shown in Fig. 7.24(b). The data are E =400V, R =0.2 2, and L, = 0.2 mH.
The back emf constant K} (= Kp¢s), assuming ¢, to be constant, is equal to
1.96 V/rad s, and the average load current is 200 A. The frequency of the chopper
is 1 kHz and (ton/7)g is 0.5. Compute the (a) average load voltage, (b) motor
speed, (¢) power regenerated and fed back to the battery, (d) equivalent resistance
viewed from the motor side when it is working as a generator, and (e) minimum
and maximum permissible speeds for regenerative braking.

L L=ly+l,

L

Fig.7.26 Regenerative braking of a chopper-based dc drive: (a) circuit diagram,
(b) waveforms, (c) voltage across inductor L for one period (1)

-

[—=

Va

[
I'-I'I
i




o e

Solution
(a) The circuit and waveforms are shown in Figs 7.26(a) and (b). The average

load voltage is

V, — E(]—tf[i) — 400 x 0.5 = 200V
4]

l'm:a:l: + l'rrrn'n
2

(b) I, = = 200 A

or Iax + Iin = 400 A. From Egns (7.64) and (7.65),

EE!_[ E 1 — E_T{H‘I‘fTu El'm.l.'lfn _ -l
fmax'i‘fmin:T—E[ =T + T ]
Here,
La 0.0002
To = & = ——5— = 0.001
R 0.2
= l = 0.001
000
Hence,
T ToN 0.0005
— =lad — = —— =05
T, T T 0001
Also
Tork/Ta = 0.5

Substituting the above values in the equation for Iy + Iy gives
2E, 400 [1 — 0.606 1.649 — 1
02 02 [1 ~0368 | 2718 |]
= 10Ey, — 200000.623 + 0.377)

400 =

This gives the value of the back emf as
Ep = 240

. 240 240
Speed in rad/s = K_,! = 796 = 122.4
. 60
Speed inrpm = 5 % 122.4 = 1169 rpm
(c) From Eqgn (7.69), the power regenerated is

E|(E,— E
Py = T lLR)[IUW + Ty(e Tom/Ta _ N — n,m"x(e_ml.-l.-m -1

l‘In'uu = ? E —C‘.'”T" ]

240 400 [1.649 — |
02 022718 -1

Ey I [Fhmif'ﬂ 1 ]

0.649

{718 — 444 A

= 1200 — 2000 x




Substitution of all values in the expression for Py gives

240 400 [ Tonge 'T“

T,
Pn-.s =400 1 0.2 + T(E 03 -1) - ?ﬁ-{nmx("- 03 — ”]}

T

160
=400 { —==10.5+ 10.606 — D] — 1 x 444(0.606 nl

(—160 x 0.106)
0.2

=400 x 90 = 36,000 W or 36 kW
(d) Average generated voltage
f::h _ h’(] - a] + .I.lﬂ Rﬂ = 4[!](' - {].ﬁ} + 2[!] b4 {].2 - 2‘4“ "'h"

Average current through the motor, /, = 200 A. Hence the equivalent resistance
18

=400 1

444 x 0,394 ]»

(¢) Minimum and maximum permissible speeds for regeneration are obtained
from the inequality

E
0= w, < K,}
ar
400
0 = iy = m 204

Thus the maximum permissible speed is 204 rad/s or 1949 rpm. Also the minimum
permissible speed is zero rpm.



13. A de chopper is used for regenerative braking of a de series motor as shown
in Fig. 7.26(a). The data are £ =400V, R, =005 Q, R; =004 @, L = L, +
L ; =0.09 mH. The product K¢, may be assumed to be constant at 1.5 V/rad s
and the average load current is 200 A. The frequency of the chopper is | kHz and
Ton/ T = (1.6, Compute the (a) average load voltage, (b) motor speed, (¢) power
regenerated and fed back to the battery, (d) equivalent resistance viewed from the

motor side when it is working as a generator, and (e) minimum and maximum
permissible speeds.

Cr=—-i

Filter (@)

Solution
(a) Vo = E(1- T) — 400(1 — 0.6) = 160V
(b) The correct value of E), is arrived at as follows:

j‘mmc + ;min

I{J = 2

= 200 A

or

fmux + jirn'drl =400 A

Lot Ly 0.09x10°?

T, = - — 0,001 s
T Rat R, 0.0 ’

- : = 0.001 s

! 1000

 Jfen
From Eqns (7.64) and (7.65),

2y = 400 = lyyy + Inin =

26, E[1—eon/l ol
R _E I el r.”-u + f"r‘r"l"— ]
Thus,

400 =

2E, 400 [ 0.33 N 0.492
0.09  0.09 | 0.632 1.718

Rearranging terms gives

Zl’fh 4[:(]

and we oblain

f?h = ]?‘J.ﬁ\"



This gives

60
Speed N = Ilﬂ.ﬁxz—n = 1141 rpm

E.ﬂ E [etondTa
Imax = ® R [m]

179.6 400  0.492

T0.00 009 1728
— 7245 A

I o E E(I — g Tom/Ta)
min R R—{I P :”.#)
179.6 400 0.33
T0.09 0 0.09 7 0.632

=-325A
{C) Pm _ E |(EEJ - E) [r{""]" + Eie_rnml_;'rﬂ - ])] - Tuflnﬂl{e—l’mq:frﬂ o I]}
T R T T
400 | U726 400 4 10,67 — 1)] — 1 x 724.500.67 — |)l
0.09
—220.4
=400 { 0.00 [0.4 —0.33] — 7245{—[]'.33]}
—-220.4
=400 0.00 :-:D.U?+239}

=400{—171.4 + 239}
=400 x 67.6 = 27,031 W = 27kW

(d) Equivalent resistance = back emf/average current = 179.6/200 =~ 0.9Q
(e) The mimmum and maximum speeds are given as

0 E 60
=" = Ky 2m
ar
400 60
0 N _—
= 1521
This gives

0 = N = 2546 rpm

Hence the minimum and maximum speeds are 0 and 2546 rpm, respectively.



PROBLEMS

10.1  Determine the ripple factor (RF), defined as RF = Vip/Vae = (Vi = VWY
Vi for the following circuits.

(a) Fig. 10,17,
(h) Fig. 10.18, for « = 90°.
What is the significance of the ripple factor?

CHAPTER: |0

[101] car From eguation o]
Ve = 4208
From FBIOJ?
Vims = [k | i sino Y6 = 75
% -f::ﬁ-% -f- 1. 5704

RF = { ( —%’)’_;}i (1.5706 1 )‘L.: 1.204

(6) From eguation /0.2
3 e
Ve = g (14C0300%) = &

Vims = {Elﬁj; (/7 lﬁ.riu&?}"a'ﬂ}?’ﬂ £

i
% = 4-1 -7;1! =,E"-'2‘:2"3
RF = ( 2.2218%~1 )¥ = 1.984

RF is a measure ‘7‘ vipple content



Example 4.5

A chopper is used to control the speed of a dc motor as shown in Fig. 4.20a.
The motor is accelerated under current control (i.e., constant torque). Assume
that the armature current remains constant at /, amperes during start-up.

1 Show that the maximum rms ripple current in the chopper current i,
occurs at a duty cycle of one-half, that is, at a =0.5.

2 For the duty cycle a=0.5, determine the values of the input filter
components L and C for the following conditions: Supply voltage = 120
V. Chopper frequency f-, =400 Hz. Start-up motor current [, = 100 A.
Rms fundamental current to be allowed in the supply is 10% of the dc
component of the source current. Electrolytic capacitor of rating 1000 pF
and 300 V dc can take 5 A rms ripple current. For the design f, > 2.

3 For the values of L and C obtained in part 2, determine the average and
first three harmonic currents (in rms) in the supply.

Solution

1 The chopper current i is in the form of square pulses of magnitude J,
and width a as shown in Fig. 4.21. Therefore, the dc component [ , rms
current /., and ripple current /., are as follows:

If"..t - I i 4

o= ([ 1240) "= 1.5

bogpie=| (LVa ' = (127 ]”

=I(a—a?)'"?

For maximum ripple current

drl .
ripple _
do 0




4
i i,
0 ! =
1
cn I,
0 [ P 1 = tow T
1004
igf-————fF———F————q1—- I —————————
0 0.5 1.0 - 2= fon /T

or
I(1-2
(1-20)
2(a —a?)'?
from which
a=0.235

2 The L-C filter should be selected for the worst case, which corresponds to
a=0.5. At this duty cycle (bottom wave form in Fig. 4.21) the Fourier
series for the chopper current is

4 I
fcu'fr:u,,"';2-:,[31““‘+5i“3”‘+5in5“‘+ rer)
Now,
100
Icp,=—-=50A



The fundamental, third, and fifth harmonic currents in the chopper are

ICH,-ﬂ-‘ﬁA

V2 xmx2
Iew,= 15 A

Ien, =9 A

The dc component of the chopper current comes from the supply only.
The capacitor cannot provide a dc current. Therefore, the dc component
I, of the supply current is

Irn - f('H“- 5ﬂ A

If the fundamental supply current /, is not to exceed 10% of the dc
current /,, then

I,=5A

From equation 4.55

Xe

I, =

X

5=XL—XC

* 45

or
X, =10X,

Fundamental capacitor current /. is

X
I, = e Icu,

XL_'XC

10X,

“Tox.—x. ¥

=50 A

Each electrolytic capacitor can take 5 A of current. Therefore 10 capaci-



tors connected in parallel are required.
C = 10,000 uF

1
27400 x 10* x 10~¢

X, 2=398x10"2Q

X, =10X.=398x10"'Q

0.398
27400

f=—— = 127Hz

2aVILC

L=

=158 uH

which makes

400
Jen= 1275 =315/,

3 From equation 4.58

45

I=—— _=50A
L BasR -1
15
I,= ——=0.17A
(3x3.15° -1
IS‘ 9 = 0.036 A
(5x3.15 =1

and

I,=50 A



Example 1: A transistor de chopper circuit (Buck converter) 1s supplied with
power form an ideal battery of 100 V. The load voltage waveform consists of
rectangular pulses of duration 1 ms in an overall cycle time of 2.5 ms.
Calculate, for resistive load of 10 €2.

(a) The duty cycle v.

(b) The average value of the output voltage V.
(¢) The rms value of the output voltage V.
(d) The ripple factor RF.

(e) The output d.c. power.

Solution:

(a) fu=1Ims |, T=25ms

~ton 1ms B
Y= T 25ms

(b) Ve=V,=yV,=04x100=40V.

0.4

() Vorms = V¥ Vi =V0.4x100=632 V.

-y Jl -0.4
RF = = =1.225
@ J 0.4

14
(e)
_v;_4n_4A
“*TR 10

Py=1V,=4x40 =160 W



Example 2: An 80 V battery supplies RL load through a DC chopper. The load
has a freewheeling diode across it i1s composed of 0.4 H in series with 5Q
resistor. Load current, due to improper selection of frequency of chopping,

varies widely between 9A and 10.2.

(a) Find the average load voltage, current and the duty cycle of the chopper.

(b) What 1s the operating frequency f7

(c¢) Find the ripple current to maximum current ratio.

Solution:

(a) The average load voltage and current are:

Vat':vaz‘]"vd
1 94102
I, = E(Iz +1,) = =964
I =E=& or =
=P TR y==vy

L

Va=06x80=48 V.
(b) To find the operating (chopping) frequency:
During the ON period,

. di
Va=Ri+L% oo (D)

: di
Assuming = = constant

di Al 102-9 12
dt = ton yT 3T
From eq.(1)

di
L—=Vy— Iy R=80-5x9.6 = 32V

I, R 96x5
= =06

80



di 32 32
O 2t _ 2t _goa
it L 04 s

but
di_12_ . 12
dt — yT 06T

_ 12
0.6x80 ms

Hence

1 1
f =7 %100 - MM

The maximum current /,, occurs aty = 1,

yVa 1x80
R 5

Ripple current [, = Al=10.2-9=1.2 A

= 164

e fm =

1 1.2

r
e E = E = (0.075 or ?5[}’:]



Example 3: A DC Buck converter operates at frequency of 1 kHz from 100V
DC source supplying a 10 2 resistive load. The inductive component of the load
is 50mH.For output average voltage of 50V volts, find:

(a) The duty cycle

(b) tan

(¢) The rms value of the output current

(d) The average value of the output current

() Loy and Lyp

(f) The input power
(g) The peak-to-peak ripple current.

Solution:
{EI] Va\r =Un:|= ? Ud
V.
VY 50 0.5
Ve 100
(b) T=1/f=1/1000 = 1lms
_fon
V=1

ton =y T=05xIms= 0.5 ms .
(c) Voms =¥ Vi =v0.5 x100 = 7007 V

(d)

A 50
1w=%=ﬁ=5ﬂ



(e)
_Vaw topp 50 (1-05)x1073

Imax ==+ 5 Vv = 5 ¥ TS0 x 107 X0

=5+0.25=5,25 A

Ve _foy, _S0_(1-05)x107

min =B "3 Vv =10 2x50x 107 X0

=5-0.25= 475 A

(f)
¥
Is(av) = 2 (Imin + Imax) = ¥law = 0.5 x5 = 2.54

Pin = S(Ep}]"r.d =25 x100=250W

(g) Iy = Al = Ly — Ly = 5.25 — 475 = 0.54



DC-DC CONVERTER

l. A class-A transistor chopper circuit shown in Fig. | supplied with power from an
ideal battery of terminal voltage 120 V .The load voltage waveforms consists of
rectangular pulses of duration 1 ms in an overall cycle of 3 ms.

(a) Sketch the waveforms of v and 11

(b) Calculate the duty cyele vy,

(c¢) Calculate the average and r.m.s. values of the load voltage.

(d) Find the average value of the load current if R = 10 ohms.

(e) Calculate the input power and the rnipple factor RF.

Ly

K Fig.1

Questron T -

(ﬂ-) Wa&'?.ﬂﬂm 8,5 v'al'ﬁ'?l

U and currenr Lo
Ore Shown Fg.@?_

(b) 7He oa,? 9{&.’: 7 s

_ten . -
¥= Y S e

—

A
3

- Vo
(<) Vav = & Vin :s-'.:{lsa_ Sa

v’-r«m-s =Vy Vin = .'F'_sz;(-.su - B4-6V .

Eo _ 5 A .
(d) IQ_U:“EEE——-: _3.--;—._ 2
Tav Y = 2.5XL = 0.§33A

= Lin =
(. ) 50 = ]ZEW-

Pr.ﬂ = Vs In = a-833X1\

e ————

! ; 41
- I-¥ = vz = I
R_F \j = J g v oy




2. A class-A DC chopper shown in Fig.2 i1s operating at a frequency of 2kHz
from 96V DC source to supply a load of resistance 8 ohms . The load time
constant is 6 ms. If the mean load voltage is 57.6 V, find duty cycle (mark to

space ratio), the mean load current, and the magnitude of the current ripple.
Derive any formula used.

Fig.2

|
|
5
&
g

[Ans: y=0.6 . lav=T72, A 1=024 A ]

Solurrun :

T=—j—:-l— T e.5 m3 -
Fd Zgwe :
load +rme Censhant T:-ﬁé - & ms ;:,I'2T- ;}73,7(,3
-f'f;.n Curresrt™ WAk ot o in i 5 ﬁ'cm’f«.f chn:r.«r-*.
Vﬁu = \‘(ier- r
o7 = ¥Xes ¥ 5;"6 = 0.6 . — Mark -glace rafis

Mipms =VVT =6 x/ec =T436V-
1 = ;ﬂ = ?ig_ - Z-2A
A= TR s
Cirrrent r.'ﬂt;-,'t_ AT _—( Vi = VM) _.3_;_
‘TE;; Crvm €3 IF’LM .
During  conduchion:
VL-—.LIL:LQ"L‘—'- L& .

at FANS
Al :(Ut' S0 V=S SR Iy Y}
[

At = ton-0 - ton
oL, o1y = (veew) en.
J,)ur;ﬂc? c.'r-]" Pe.r.u.‘\ { frum e.‘i.cnj Vi=u
Tqo1y - (o) (T—ten) Hence

[
ar I, _T=Ve (T-ten) _ \y toff
L i
Also _I—ﬂt.u; L+l
-




Ij_ = I-ﬂ.v'—. V'L -_'E‘-#__ . e Im.ﬁ.'ﬂ
zZL
Lz Tav+e W br = Trax V. = Vo -
2L
i - -7 -
! :%I:Exm; L= €Xie xR = u’xmﬂrg -4 gmp -
—— X -—?
dmx = Lo 2 7.2 4 57.¢Xe2X0° _ 2 5, A
2 X4pXI0F

i
]-_I"hu.ﬂ: II_ = ;ﬁ'l il 5?-6)(:.‘1-2ij - F.of A
2 xe B Xt

&I:‘ 1”‘11:‘1._;{"-"""“1.‘?1 = ?-32——?‘03:0-243&' -



3. A DC Buck converter (class-A chopper) supplies power to a load having 6
ohms resistance and 20 mH inductance. The source voltage 1s 100V d.c. and the

output load voltage 1s 60V. If the ON time 1s 1.5 ms, find:

(a) Chopper switching frequency.
(b) Imax and Imin (I and I;).

{c) The average diode current.
(d) The average input current.
{e) Peak- to- peak ripple current.

TH ]
o
L L
T Dfw ZS Vo Load
*
T

[Ans: fc = 40Hz , Imax = 1.5A,Imin =8.5A, lav(D) = lav= 10A , Al= 3A]

Solunan :
(a) ¥ = Vav - _E¢ - 9.6
' Vi j -5
_ tew . T - 5 ¢ = 2-8m°
= ..._——FT_ —
:._L—_- 1 wie = 4uvo Hz -
T 2.5

-7
2.5 -1-5 ) xio

to :
(5 Tome = Yoo o oy (5t = S0+ 0 (G500
= I0+L__€_3—:m,_|-s = -5 A

r — Vﬂ-\/ " te - B .
j__l'hn"l = -E‘h-— - vaU(_EE_) = lo =15 = g A

(C‘J Iithdﬂ] — E' IL}\V = ﬂ,ﬂx,_hru-: a8 ﬁX?_ = éA

(A Tpeqe = Tav = FL =g =

€) 'P-"E:' Tl.l.ﬂ.I'E ,C‘,'_\.I :Lﬂx —Imu'ﬁ =



4. In a class-A chopper circuit an 1deal battery of terminal voltage 100V supplies a
series load of resistance 0.5 Ohms and inductance of 1.0 mH . The thynstor 1s
switched on for 1 ms 1n an overall period of 3 ms. Calculate the average values of
the load voltage and current and the power taken from the battery. Assuming
continuous current conduction .Also calculates the r.m.s value of the load current
taking the firs two harmonics of the Founer senes.

[Ans: Vav =333V, lav =66.TA, Pin=2223W , [|, .= 69.1A]

Solition
ton = | ms T=3ms
= ‘H,: f'_""" :._'II-
o g
T - T 2 ___,-E_ﬂ.
o 32“1'::%—11- =0T W 10006
Mence v = L0066 . g2o0494-Y rﬂ(ff.f—
1
- __'!2 = !"“EI - 2 mES .
TR DS
—_ — .I_."r'—l'-g:33-?gv .
Vo, = Y V0 = JB ceny Tay = Vocowy - 3333 6 3A.

:.b, Iﬂ"u" :31}{55-?_
- 272.23R .

. e T.
The Mcrzxg-n_ SUPPL-/ f,mpu,{—f_'x.t m') TN lar)

I”['—‘“"’ power Fl'h = “l‘ii‘n(m)

— joog X 22.2%3= 2223 W

I"\
r mm[—a})
The .Jihlpe.cfame %f #n.n load +to Currenr -*‘d F““‘{"

The. fmfamzn&ng Component” GEF( the Lowd Uaf-“y& :

Vo v % r - leo _ 55.43
O1(rm-1) =£—-?r—v Snert + (1—coszrcg)t = = b5+ 976 = ?U_

z

Lo, Volms) o 59013 oA L (remes vk of He fumdon?

L .JE)(E-EI‘ Load current) -




5. In a class-A chopper circuit an 1deal battery of terminal voltage 100V supplies a
series load of resistance 10 Ohms. The chopping frequency 1s f =1 kHz and the duty
cycle 1s set to be (1.5 .Determine:

(a) The average output voltage.

(b) The rms output voltage.

(¢) The chopper efficiency.

(d) The npple factor.

(e) The fundamental component of output harmonic voltage.

[As: Va=110V, Vi ms = 155.56V, 1=100%,RF=1.0, Vi 1m:=99V]

Eﬂl—um'aﬂ:
: i Uil

(a) V,=dVe = o-5X220 = XA )
b) Vepmy sVF Vi ={ois X220 = 13556 V>

. # = Lﬂ—-: I A -
(C} Loy = '1::; = =

Fe. = .I;,- jE = f_.flﬁr fte = |21 W*h
@y = § Lo = 05 XMl = 5.5 A -
) s ' ' 5% - Jzig W

e) V 2N R
( G'{r“mw) = ,._EL.IT J Sin'2w¥ + (\—Coszr¥) ™
220 [ gid Gerekt) (1~ cosgrat))t
Tt R |
— 220 }l 2l 0 _EE‘.’.{ 7006\ 2
“wry o) T Tw



6. In the chopper circuit sown 1n Fig.1 (problem 1) Vi=220V,L=1.5mH,R=0.5
ohm and 1t operating with T = 3 ms and t,, = 1.5 ms.
(a) Determine the mimimum, maximum and average values of load current.
(b) Express the load current variation in terms of ON and OFF periods.
[ Ans: (a) Imin = 165A Imax=275A, 1,= 165+36660 t , 1, =165-36660t ]

o g
= - -
| S .j'r“ﬁf - _
AN B O W
on - = A
TS Tay A AR
AL i B -
LA B ) \ _l.
.:-.I1 ”fthlgl: -“_FT.—.ILQ“ = | 'rj n-»;i._
SR I J 1 1
p fon - -5 Q.5
G - 5
T fa = L‘EI.V fﬁ_ﬁ_ L’{"‘I il
L i ] E =




7. A separately excited d.c. motor with Ra = 1.2 ohms and La =30 mH , 1s to be
controlled using class-A transistor chopper .The d.c. supply 15 120V .

(a) It 1s required to draw the speed torque charactenstics for the motor when the
duty cycle ¥ = 1. The motor design constant Ked has a value of 0.042 V/rpm.

(b) Find the speed of the motor n (rpm) when a torque of 8 Nm 1s applied on the
motor shaft and the duty cycle y = 0.5.

[ Ans :n= 857 ipm ]

‘ "Sniuh‘uw ' L_Léjgcu.nb—_&lﬂ-
__méwan@&—ﬂag_nm_@ﬁie -

= Vav  IRa_ T
Re@  (Ked)xass

1

— ot T

=27 G 57 dikd .- e
|
\

8

<

| E

e o042

wnen n = , [._Tﬂ—

;-“T?—Rq =
g. if(_Hc qb)ﬁ*’ —

....[E.-)J—




Examlpe: A transistor dec chopper circuit (Buck converter) is supplied with
power form an ideal battery of 100 V. The load voltage waveform consists
of rectangular pulses of duration 1 ms in an overall cycle time of 2.5 ms.
Calculate, for resistive load of 10 €.

(a) The duty cycle D.

(b) The average value of the output voltage V.

(¢) The rms value of the output voltage V..

(d) The ripple factor RF.

(e) The output dc power.

(a) D = ton _ 1msec =04
T 2.5msec

(b) V=DV, =04x100=40V
(€) Vims = VDV, =+0.4 x 100 = 63.2V

_ |1-p _ [1-04 _
(d) RF—JD —J » = 1.225

Vac© 402
(€ p = '}"; =5 = 160W

Examlpe: A dc chopper has a resistive load of 20Q and input voltage
V¢=220V. When chopper is ON, its voltage drop is 1.5 volts and chopping
frequency is 10 kHz. If the duty cycle is 80%, determine the average output
voltage and the chopper on time.

V, = 220V
D=-5=08

L
V,e = DV, = % (Ve = Vo) = 0.8(220 — 1.5) = 174.8V

1 1
T==

f:m= 0.1m sec

toy = DT = 0.8 x0.1 x 1073 = 80 sec



Examlpe: buck dc-de converter with Low Pass Filter has the following

parameters:
¥, =50V L =400 pH S = 20kHz
D=04 C = 100 wF R=200

Assuming ideal components, calculate (a) the output voltage Vo, (b) the
maximum and minimum inductor current, and (c¢) the output voltage

ripple.
(a) V,=VD=(50)(04)=20V

® =V(1+1-D) r (l_ﬂ)
max [ R 2L_f Tin O R 2Lf
1 | — 0.4 1.5
_20{5+2(400)(10}‘6(20)(10]3] =1-7 =054
1.5
=1+>=175A

The average inductor current is 1 A, and A1, =1.5 A.

(¢) A¥, 1-D 1 - 0.4

v, 8LCf2  8(400)(10)~°(100)(10)~%(20,000)’
= 0.00469 = 0.469%

Example: Design a boost converter that will have an output of 30V from a 12-V
source. Design for continuous inductor current and an output ripple voltage of
less than one percent. The load is a resistance of 50. and the switching
frequency is 25kHz.
p=1-to -2
Y 30

;DO =Dy® _06(1-0.6)(50)
min 2f ~ 2(25,000)

0.6

=96 pH

To provide a margin to ensure continuous current, let L=120 pH.

I, = Vs - 12 =1.5A
LT =-DAR)  (1-06)%50)
Aiy _ ¥DT _ (12)(0.6) LY
2 2L (2)(120)(10)"%25,000)
I =1.5+12=27A
Iy =1.5-12=03A
D 0.6 48 uF

C= L
R(AY,/V)f  (50)(0.01)(25,000)



Designing a Buck Converter

Assume:

V., =12V

Vour =5 volts

lloap =2 amps

F., =400KHz

D =V, /you=5V/12V=0.416
Define Ripple current:

I =03 el oap (typically 30%)

ripple

For an Inductor: V = L s Al/ AT
Rearrange and substitute:

L =(Vin-Vout) s (D /Fsw ) /lIripple
Calculate:

L=7Ve(0.416 /400 kHz ) / 0.6A

L=12.12 uh

ILOAD + |r|pp|e
+Vin - Vout

—
+ @ L ILo.
T~
Cin D1 Cout Iripple
PWM
|ripp|e
o P
e g = —

Select C, Diode (Schottky),
and the MOSFET
Calculate the Efficiency



The Buck (Step-Down) Converter

Step down chopper as Buck ..

. ! i
converted is used to reduce the input t T-o 1 .
voltage level at the output side. vo| |B
Circuit diagram of a step down l l
chopper is shown in the figure.
When CH is turned ON, Vs directly I o _ _f '
appears across the load as shown in 1 il Ay g
figure. So V=V. :
When CH is turned OFF, Vs is i i T
disconnected from the load. So output i Z% 1[}

voltage V, = 0.

The voltage waveform of step down vo |
chopper

Tgyx — It is the interval in which chopper is in ON state.

Topy — It is the interval in which chopper is in OFF state.

V¢ — Source or input voltage.

Vo — Output or load voltage.

T — Chopping period =T,y + Topp

F=1/T is the frequency of chopper switching or chopping frequency



Operation of Step Down Chopper with Resistive Load

'+ When CH is ON, Vo, = Vs When CH is OFF, V=0

The Average output voltage is

Ton
1 ViTon
Vac =Vo =% Vedt = 7 =Dl
0 - i
Vo=Vs
. _Vac _DV
dc — R - R
T
D=% T =Toy + Torr
Where,

D is duty cvcle = T,\/T. T,y can be varied from 0 to 1, so 0 <D < 1.
The output voltage V,, can be varied from 0 to V.

The rms output voltage is

TUN I — L’;"ms — VIEIFS
";"ms = ? 5 dt = Vs T — D[";

0 hi

V. = V.2 vo 4 ST *

Py = Vimslyms = T;S = DS? Ton .Tuw | ‘ I
The output voltage is always less than the o i
input voltage .m?d I?ence the name step VoR[ o ‘
down chopper is justified.

Ripple factor (RF) can be found from




Methods of Control Y A R
1- Pulse Width Modulation t

pe——— T —=|

ton is varied keeping chopping frequency *f & chopping
period ‘T” constant.

QOutput voltage is varied by varying the ON time tgy t
fe—— 1, — =t =]

2- Variable Frequency Control Variable Frequency Control Method

Chopping frequency *f is varied keeping either tgy or toep | v
constant.

To obtain full output voltage range, frequency has to be
varied over a wide range. Vi

This method produces harmonics in the output and for large
torr load current may become discontinuous e o gl ol

T |

Examlpe: A transistor dc chopper circuit (Buck converter) is supplied with
power form an ideal battery of 100 V. The load voltage waveform consists
of rectangular pulses of duration 1 ms in an overall cycle time of 2.5 ms.
Calculate, for resistive load of 10 Q.

(a) The duty cycle D.

(b) The average value of the output voltage V..

(¢) The rms value of the output voltage V__

(d) The ripple factor RF.

(e) The output dc power.

(a) D = ton _ 1msec <B4
T 2.5msec

(b) V= DI{; =04x100=40V

©) Vims = = V0.4 x 100 = 63.2V
(d) RF = [ *=1.225

V,
(© p = c” _A sow

R 10



=

B ;:A '.-" [ hw.:'}‘" I - .';_ﬁ"r' [ ”M.:',’" =B ;‘/&\.'.;'ﬂn: (%, r-w.:?.p “I'B p .';_ﬁ"' (% -'-“-.._,I, = I ;:A '.;J‘“r-,."-‘_ f.u-l:?.’ = ¥B {.‘l&".;

~ The Buck -Down) Converter

~ The Buck (Step-Down) Converter
il - e i 3 AR i 3 T 5 3 T e sy T P i 9 N

Step Down Chopper with RL Load

CH
- - —'— .
I e—
+ | / i +
Vs FD Vo E
-
1 l )
Vo=Vs
continuous or [ Output
voltage
e values of v '
e Lo _hl"_r‘:-FF — t
. T >
Ly ' Output
L. : current
I ' Continuous
i : : :  current
T t
iy 4 Output
current
E Discontinuous
current
t

Continuous Current Operation When Chopper Is ON (/<t <

> Wh S
R
V,— Vu
T L
The voltage across the inductor is
‘é = VR + VL - —
o L di Vi
=Vetlay % dt L g - ! + Output
DT N\ Lo ; + /[ current
: Vs — Vi Ve — Ve Vs — Vg !
Ai f i dt I DT T ton (1) + Continuous
0_— - . Imn E ' E current
E._ Ai ' Imax = Imin _ Vs — Vi : : 1
dt ton ton L
I — Lni I — Lni Vs =V,
From straight | =] . 4 max  oming, _ Lin + max min, _ Lo + s R¢ (2)

line equation tO N DT



Continuous Current Operation When Chopper Is OFF (7,y <t < 1)

0= VR + VL iy
0=V 4L di di Vi i
= — — —_
BT ™dt dt L | R
torF v Vv 1 I
. R R
Ai = ——dt=——t 3
L f L 7 Lorr (3)
0 o Output
di _ Ai _ Imin = Imax Imax = Imin _ Vr - current
dt topr torr torr L ! Contintons
+ Lontinuous
. . . I“U‘ + current
From straight line equation >0
. Lpin — 1 Vi
loz = lfmcur + M(t - t{}‘N) = Imax - _(t - tON) (4)
torr L

Steady-state operation requires that the inductor current at the end of the
switching cycle be the same as that at the beginning, meaning that the net change

in inductor current over one period is zero.

{Ai.{}closed + (Ai.t}opcn =0

Vs — Vg Vr
I tovn — 5 torr =0 ?

Vs 1 torF

= _1=2 £
Vr ton

E= tDFF"'tDN: T

Ve ton ton
From equation (1)

V. — DV. V.(1-D)D
Ai — 5 5 DT — S( )
L Lf

This requires




At steady state operation, the average inductor current must be the same as
the average current in the load resistor.

VR
L =1, = —
L= TR
The maximum and minimum values of the inductor current are computed as
Al
Lnax = I + E
V(1—D)D Ve(1— D)
I =L +—F—=0 + ——
max L + ZLf L + ZLf
Ai
‘rmin = jrJL - ?
V(1 - D)D Ve(1— D)
Inin = Iy = =—7— =, = ————
2Lf 2Lf
The average dc output voltage and current can found as
Vdc — DV; fdc ~ Imax ; Lnin

Examlpe: A dec chopper has a resistive load of 200 and input voltage
V=220V. When chopper is ON, its voltage drop is 1.5 volts and chopping
frequency is 10 kHz. If the duty cycle is 80%, determine the average output
voltage and the chopper on time.

V. = 220V
Lon
D=—==08
T
Vi =DV, = T(VS — Vey) = 0.8(220 — 1.5) = 174.8V
T—l— = =0.1
=F Tox103 m sec

toy = DT = 0.8 x0.1 x 1073 =80y sec



Step Down Chopper with RL Load

Examlpe: A Chopper circuit is operating at a frequency of 2 kHz on a 460
V supply. If the load voltage is 350 volts, calculate the conduction period of
the thyristor in each cycle.

V. = 460V

Chopping period
1 1
T =}_f=—2x 103 = 0.5m sec
Lon

Vac = DVs = ? 5

- TVge 0.5x107° %350 038

oN =Ty 260 = 0.38m sec

Step Down Chopper with Low Pass Filter

» This converter is used if the — Ao * i _
objective is to produce an output ' i l't l'“
that is purely DC. 70 +L L g}

» If the low-pass filter is ideal, the
output voltage is the average of the

input voltage to the filter. ()

Analysis for the Switch Closed

When the switch is closed in the buck ve=bs

converter circuit of fig. a, the diode is e
reverse-biased and fig. b is an * 5 ¢ :
equivalent circuit. The voltage across " O A T 30
the inductor is

ey =% b

v=V—-V=L " (h)

di, ¥—F

dt L



Analysis for the Switch Closed =V, ¥

Since the derivative of the current
is a positive constant, the current » o+
. . O
increases linearly. The change in

current while the switch is closed is
computed by modifying the

I/

i

O—-
|
y
71
A\

(h)

preceding equation.
DT Ve, —
A/ Vi =V,
Bi)etosea= | =p=2de==7=2DT
L L -
0 =
or ’
dip _Aip_Aip_V-¥ (1
e e T (] £ i
A/
[-’lil)clomd:( . i )DT
br__1 ;

Analysis for the Switch Opened w=V

—C © dLL1I
When the switch is open, the diode
becomes forward-biased to carry the I + i W
inductor current and the equivalent C) b0 T ?
circuit of fig. ¢ applies. The voltage
across the inductor when the switch

is open is (©
di,
=—V=L"*
Ve o dt
diy _ ~,
dt L

The derivative of current in the inductor is a negative constant, and the
current decreases linearly. The change in inductor current when the switch is
open is

Aip,  ANip W,

a-mr_, _v At (1-DT L
Oidapenea= | 2de="F2@ =Dy or

v
0 L (‘lil_]npen= _(E)(l _D]T (2)




Steady-state operation requires that the A
inductor current at the end of the switching T "
cycle be the same as that at the beginning, Lo
meaning that the net change in inductor : S
current over one period is zero. This P b
requires \ |

(aiL}clcsed + (AiL}npen =0 /. El/ i//
Using equations 1&2 -- I

[ ¥ :
(5= on - (%)a-nyr=o -

H} I KD i i I i
T I t
The average inductor current must be the BER| |
same as the average current in the load ‘ !
resistor, since the average capacitor current P A N N
. N N
must be zero for steady-state operation: P b Lo
Ve 1 A e
‘IL = ‘!R = E . I ! ! ! ! 1

The maximum and minimum values of the inductor current are computed as

o =1+ 51
=E+%E“_mﬂ=%(L¢;£>
R 2L R 2Lf
fmmsz,_%
oLk, 1 1-D
zﬁ_ﬂf“_ﬂﬁ}”{ﬁ_iﬁq

Since 7, =0 is the boundary between continuous and discontinuous current,

; —U—V(l _I—D)
min o R 217{

. _(1-DR
[L_Jr}min_ 2
The minimum combination of inductance and switching frequency for

continuous current in the buck converter is
_(1-DR

Loin = o for continuous current



where L_. is the minimum inductance required for continuous current. In
practice, a value of inductance greater than L, is desirable to ensure
continuous current.

Since the converter components are assumed to be ideal, the power supplied by
the source must be the same as the power absorbed by the load resistor.

v I -V This relationship is similar to the voltage-current relationship
e °  for a transformer in AC applications. Therefore, the buck
I/:’ )rx » - - . A
T converter circuit is equivalent to a DC transformer.

In the preceding analysis, the capacitor was assumed to be very large to keep
the output voltage constant. In practice, the output voltage cannot be kept
perfectly constant with a finite capacitance. The variation in output voltage, or
ripple, is computed from the voltage-current relationship of the capacitor. The
current in the capacitor is

ic=1Ip — g

While the capacitor current is positive, the

capacitor is charging. From the definition of

capacitance,

0=V,

AQ = CAY, @

_ A0
C e

The change in charge AQ is the area of the "~~~ >~ =

triangle above the time axis

v = L(T\( i) _ TAL
39_2(2)( 2 )_ 8

AV,

TAi
AV, = SCL Substitute (Aiy )., in the above equation yields
Th, Vo(1 — D) . .
AVo=3g5 1 - DIT= 8LC/ 2 AV, is the peak-to-peak ripple voltage at the output

The required capacitance in terms of specified voltage ripple:
} l-D
C= :
BL(AV,/V,)f




Examlpe: buck de-de converter with Low Pass Filter has the following

parameters:
V=50V L = 400 pH f=20kHz
D=04 C = 100 uF R=200

Assuming ideal components, calculate (a) the output voltage Vo, (b) the
maximum and minimum inductor current, and (c) the output voltage

ripple.
(a) Vo=¥WD=(50)(04)=20V

b =V(‘+1—D) - (l_ﬂ)
Max [} R 2Lf min o R sz
1 1 — 0.4 15
- 20[5 N 2[400](10}“"(20)(1(}]3] =1 =054
1.5
=1+->=175A

The average inductor current is 1 A, and A1, =1.5 A.
v,  SLCF?  8(400)(10)~°(100)(10)~%(20,000)’
= 0.00469 = 0.469%




The Boost (Step-Up) Converter

» It is called a boost converter because i

AW~

the output voltage is larger than the q;;-“;w
input. .
r\@,
Analysis for the Switch Closed
When the switch is closed, the diode is
reverse biased. Kirchhoff’s voltage law n=V,
around the path containing the source, %JWE
inductor, and closed switch is : i L f
__/I
—p=pdL dip_J%
e * &L

Fj

e

(h)

The rate of change of current is a constant, so
the current increases linearly while the switch
is closed. The change in inductor current is
computed from
Aip_ iy,

or
At DI L

oT
; Vs Vs
(Aiy)closea= J Idt aE IDT (1)
0



* % %

Analysis for the Switch opened

When the switch is opened, the inductor current
cannot change instantaneously, so the diode
becomes forward-biased to provide a path for
inductor current. Assuming that the output voltage

)

V, is a constant, the voltage across the inductor is

[[4]

di vy
w=K-h=L"

dt &

di, V.-V

dt L

The rate of change of inductor current is a constant,
so the current must change linearly while the switch
is open. The change in inductor current while the

switch is open is f

At (1-D)T L
(1-D)T

5 0 l";_Vo
Oiopenca= | =2dt==2A-DT ()

or

Closed

Open

D7

1
or |

For steady-state operation, the net change in inductor current must be zero.

Using equations 1&2
(iil)clused + {‘ﬁflf_}open =0
lf_:DT_'_ (K, =)l — D)T: 0

L L
V(D+1—-D)—V(1-D)=0

v
I’:*_1—15' (3)

If the switch is always open and D is zero, the
output voltage is the same as the input. As the
duty ratio is increased, the denominator of
equation 3 becomes smaller, resulting in a larger
output voltage. The boost converter produces an
output voltage that is greater than or equal to the
input voltage. However, the output voltage cannot
be less than the input.

The average current in the inductor is determined
by recognizing that the average power supplied by
the source must be the same as the average power
absorbed by the load resistor. Qutput power is

LA

30




Input power is V. I =V I,. Equating input and output powers and using eq. 3

- VW W/aA-DE W
LR R “ (1-D)?R
V, ¥: I
', = 5 = il = a*
L“a-DPR ¥R ¥ “

Maximum and minimum inductor currents are determined by using the average
value and the change in current from eq. 1.

Lo mLa g, B BT

max L 2 [l o D]ZR 2L (SJ
Aiy v y.oT (6)

fin =0 === TR T oL

Since 7,,;,=0 is the boundary between continuous and discontinuous current,

PR A
= f=DYR 2L
V, _ V.DT VD

(—DYR 2L 2Lf

The minimum combination of inductance and switching frequency for
continuous current in the boost converter is

L__mhom
min 2. f

(7)
The peak-to-peak output voltage ripple can be calculated from the capacitor
current waveform. The change in capacitor charge can be calculated from

o1=\%

An expression for ripple voltage is then \
V,DT _ V,D
ay, = BDT _ Vil

)Dr=cam

'S

RC  RCf
: ////7 DT T
Yoo 2 7

expressing capacitance in terms of output
voltage ripple yields

D
N TINAIAT;



Example: Design a boost converter that will have an output of 30V from a 12-V
source. Design for continuous inductor current and an output ripple voltage of
less than one percent. The load is a resistance of 50. and the switching
frequency is 25kHz.

D_I—K_l—lz—
= Ir;_ S

,  _Dba- DY(R) _ 0.6(1 — 0.6)°(50)
i 2f C2(25,000)

0.6

=96 pH

To provide a margin to ensure continuous current, let L=120 pH.
V, 12

I = = =1.5A

ET (1 =DRR) (1 —0.6)%(50)
Aiy _ ¥,DT _ (12)(0.6) Ei

2 2L (2)(120)(10)"%25.000)
Toe = 1.5+1.2=27A
I, =15-12=03A

D 0.6
=48 pF

C= =
R(AV,/V,)f  (50)0.01)(25,000)

Buck Converter Analysis
s V, =V, = DV,,; D=switch duty ratio
1 1
AiL: Z(Vin - I‘{J)DTS = EL{J(]‘ - D)Ts

Vo
IL—IO—?

g=0—



Examples of DC Conversion

X Try adding a large C in parallel with the load to
+ | control ripple. But if the C has 13Vdc, then when
40V C —— 2> Rioad the switch closes, the source current spikes to a
- huge value and burns out the switch.
L .
X . Tr\,.r adding an L‘to prevent the huge current
+ spike. But now, if the L has current when the
A1 switch attempts to open, the inductor’s current
ao0v ¢ — Rload momentum and resulting Ldi/dt burns out the
- switch.
... lossless
| L
i X (_@ — | By adding a “free wheeling” diode, the switch
+ | can open and the inductor current can continue
40V T C — > Rload to flow. With high-frequency switching, the load
_ : | voltage ripple can be reduced to a small value.
A DC-DC Buck Converter
Desighing a Buck Converter
Assume: | oap * Iripple
Vi, =12V +Vin —%  Vout
*—q
Vour =5 volts _'|LO
| =2 A
LOAD amps Cin o1 Cout llripple
F., =400KHz PWM
D =V, [ you =5V /12V =0.416 = = =
Define Ripple current: |Li’;3_ﬂe P
”~ s T— o

| =03 el s (typically 30%)

ripple

For an Inductor: V = L s Al/ AT
Rearrange and substitute:

L =(Vin-Vout) s (D /Fsw ) /lIripple
Calculate:

L=7Ve(0.416 /400 kHz ) / 0.6A

L=12.12 uh

Select C, Diode (Schottky),
and the MOSFET
Calculate the Efficiency



Boost Converter
¢ AEL: %(Vin)DTs = %(Vo - Vin)(l - D)Ts

Vo _ 1
Vin  1-D ImE
] L
LN T 3"
.,}-jl Fr\: ”J ‘ %/ﬁ,,/,'/ R —— = r
L @\w -
o it --a-.-.-.I 7{_,_ I_”:’/x_/"
i j _! l R A
+ il ff“_ N i!\\
Boost (Step Up) Converter
Step-up

Same components vs|(';r‘£n g\ D‘?)]Vo - VS[Q({Y‘THC% E%VO

Different topology!

boost converter oparating into boost converter with resistive load

a voltage source

See stages of operation




Q.2 The separately excited dc motor in the figure below has a rated armature current
of 20A and a rated armature voltage of 150 V. An ideal chopper switching
at 5kHz is used to control the armature voltage. If L,=0.1mH, R.,=19,
neglecting armature reaction, the duty ratio of the chopper to obtain 50% of the
rated torque at the rated speed and the rated field current is

200 V AP Z% é L. R,

(A) 0.4
(C) 0.6

Common Data For Q. 3 and 4

In the figure shown below, the chopper feeds a resistive load from a battery
source. MOSFET ¢ is switched at 250 kHz, with duty ratio of 0.4. All elements
of the circuit are assumed to be ideal

(B) 0.5
(D) 0.7

100 pH ~
L1
—~ —
12V C_) F——1i) 470 pF ==

L

(]
I
[

g




Sol. 2

Option (D) is correct.
Given, the rated armature current
Lyrareay = 20 A
as rated armature voltage
Viratery = 150 volt
Also, for the armature, we have
L.=0.1mH, R, =10

and T =50% of T,y (T — Torque)

So, we get
I = [L{mmgd,]((].ﬁj =10A
N = Nugea,
I; = Iy g — rated field current
At the rated conditions,
E=V- Ien:rdLEdea
=150 — 20(1) = 130 volt
For given torque,
V =E+ LR, =130+(10)(1)= 140V

Therefore, chopper output = 140V
or, D(200) = 140
or, D =10 —07

(D — duty cycle)

The Peak to Peak source current ripple in amps is

(A) 0.96
(C) 0.192

(B) 0.144
(D) 0.228



Sol. 3 Option (C) is correct.
Here, as the current from source of 12 V is the same as that pass through inductor.
So, the peak to peak current ripple will be equal to peak to peak inductor current.
Now, the peak to peak inductor current can be obtained as

ﬂjﬁﬂmeM:%DE

where, V, — source voltage = 12 volt,
L — inductance = 100pH = 10~*H,
D — Duty ration = 0.4,

15 — switching time period of MOSFET =
and £~ switching frequency = 250 kHz
Therefore, we get

1
fs

_ 12 1 _
L’_{peakmpeam —F * 0.4 x 250 = 10 =0.192 A

This is the peak to peak source current ripple.

Sol. 4 Option (B) is correct.
Here, the average current through the capacitor will be zero. (since, it is a boost
converter). We consider the two cases :
Case I : When MOSFET is ON
I, =—1 (Ip is output current)
(since, diode will be in cut off mode)
Case II : When MOSFET is OFF
Diode will be forward biased and so

i, =I,— 10 (I, is source current)
Therefore, average current through capacitor
;L
cavg — T
= 0= DTi(= i) +(1 2_ D) T:(L — ) (D is duty ratio)
Solving the equation, we get
___ Iy
I = i-D) (1)

Since, the output load current can be given as
P Vi/ip 12/0.6
"R R 20
Hence, from Eq. (1)

__ B _ 1 _5
L=1"p=0s=37

1A




In the circuit shown, an ideal switch S is operated at 100 kHz with a duty ratio

of 50%. Given that Aj. is 1.6 A peak-to-peak and I, is 5 A dc, the peak current
inS,is

S L
— NON 4+
i'”ri I,y
——l EIR T E; D CT R§ ty
(A) 6.6 A (B) 5.0A
(C) 5.8A (D) 4.2 A

Option (C) is correct.

Is=fn+£‘2j—*“=5+ﬂ.8=5.BA

A voltage commutated chopper circuit, operated at 500 Hz, is shown below.

M
¥
1

S I
0.1 pF .

iy i = 10 A

By

L

200V [ Load

1 mH

- @ W

If the maximum value of load current is 10 A, then the maximum current through
the main (M) and auxiliary (A) thyristors will be

(A) ymex = 12 A and fame = 10 A
(B) fusmac = 12 A and fume = 2 A
(C) drmax = 10 A and fype = 12 A

(D) ivmax = 10 A and famax =8 A



Sol. 14

Sol. 17

Option (A) is correct.
Maximum current through main thyristor

_ cCo_ [0 % 107%

Maximum current through auxiliary thyristor
IA{THEX] = _I'n =10A

The power electronic converter shown in the figure has a single-pole double-throw

switch. The pole P of the switch is connected alternately to throws A and B. The
converter shown is a

(A) step down chopper (buck converter)
(B) half-wave rectifier

(C) step-up chopper (boost converter)
(D) full-wave rectifier

Option (A) is correct.

The figure shows a step down chopper circuit.
Vo = DV,

where, )= Duty cycleand D < 1



« 33

ool 3.3

. 44

In the circuit shown in the figure, the switch is operated at a duty cycle of 0.5.

A large capacitor is connected across the load. The inductor current is assumed
to be continuous.

=4 A L LD
|

0 NV= SJ V,

The average voltage across the load and the average current through the diode
will respectively be

(A) 10V, 2 A (B) 10V, 8 A
(C)40V ZA (D) 40 V, 8 A

— Load

Option (C) is correct.

=4 L 5 D

20 V=

il
oo

] Load

—
o
lfp—
I
n
—

In the given diagram
when switch Sisopen =1L, =4 A, V,=20V
when switch S is closed I, =0, V; =0V

Duty cycle = 0.5 so average voltage is i i’j ;
Average current = % =2 amp

Average voltage = -1%5 =40V

The minimum approximate volt-second rating of pulse transformer suitable for

triggering the SCR should be : (volt-second rating is the maximum of product of
the voltage and the width of the pulse that may applied)

(A) 2000 puV-s (B) 200 uV-s
(C) 20 uV-s (D) 2 pV-s



Sol. 44 Option (A) is correct.
We know that the pulse width required is equal to the time taken by i, to rise

upto i
so, Vo=L9 4 RV~ 0)
i, = E?ﬂll — )
Here also t=T, I, = i = 0.25

0.25 = 200[1 — e 7™
T =1.876 x 107" = 187.6 ps
Width of pulse = 187.6 ps
Magnitude of voltage = 10 V

Vi rating of P.T. = 10 x 187.6 ps
= 1867 pV-s is approx to 2000 pV-s

Q. 52 An SCR having a turn ON times of 5 psec, latching current of 50 A and holding
current of 40 mA is triggered by a short duration pulse and is used in the circuit
shown in figure. The minimum pulse width required to turn the SCR ON will be

20 11
100 V=" ga k&
.5 H

(A) 251 psec (B) 150 psec
(C) 100 psec (D) 5 psec



Sol. 52 Option (B) is correct.

Pl
T

20 0
10 V= gﬁ kD2

0.5 H

In this given circuit minimum gate pulse width time= Time required by i, rise
up to i
; 100
= _20mA
“TEx10 -
_ 100 _ w0
=gp -]
anode current I = [, + [ = 0.02 +5[1 — e ™
0.05 = 0.05+5[1 — e ™

_ane __ 0.03
l-e™ =55+

iy

T = 150 ps



Sol. 5

Sol. 5

- 93

- 54

Common Data For Q. 53 and 54

A voltage commutated chopper operating at 1 kHz is used to control the speed of
dc as shown in figure. The load current is assumed to be constant at 10 A

M
r-l;{ s s s

' J—]. pF A b

Q

V=250V

I~
=

2 mH

The minimum time in psec for which the SCR M should be ON is.
(A) 280 (B) 140

(C) 70 (D) 0

The average output voltage of the chopper will be

(A) 70V

(B) 475V

(C) 35V

D)oV

Option (B) is correct.
Given I; = 10 A. Soin the +ve half cycle, it will charge the capacitor, minimum
time will be half the time for one cycle.

so min time required for charging
=2 /' LC =3.14 x V2 % 107* x 107° = 140 psec
Option (C) is correct.

Given T.n = 140 psec
=t
Average output = To % 1%

Tioeal = 1/ = 1—5-5: 1 msec

140 x 10°°

oo X 250=35V

so average output =



Jol. &0

Sol. 69

The given figure shows a step-down chopper switched at 1 kHz with a duty ratio
D = 0.5. The peak-peak ripple in the load current is close to

200 mH
M

+
100 V== ﬂ’\ g.ﬁ 0

(A) 10 A (B) 0.5 A
(C) 0.125 A (D) 0.25 A

Option (C) is correct.
Duty ratio o« = 0.5
1 -
here szzl[]ssec
_ L 200 mH _
T, __R__S__m msec

Vs (1 - E—-;T.r"!}} {1 o E—{]—u] '.l".f??,}

Ripple =5 [ To7%
v 100
[ﬂﬂmu - "'-h?_. - 4 %, IDE % 200 % ”}—3

= 0.125 A

Figure shows a chopper operating from a 100 V dc input. The duty ratio of the
main switch S is 0.8. The load is sufficiently inductive so that the load current is
ripple free. The average current through the diode D under steady state is

100 V D §1n 0
(A) 1.6 A (B) 6.4 A
(B) 8.0 A (D) 10.0 A

Option (C) is correct.
V=100 V, dut}' ratio= 0.8, K= 10 O}



Q. 70 Figure shows a chopper. The device g is the main switching device. g, is the
auxiliary commutation device. g is rated for 400 V, 60 A. g, is rated for 400 V,
30 A. The load current is 20 A. The main device operates with a duty ratio of 0.5.
The peak current through g is

S,
'f-"-*rp A 20 A
I Zp.li_ S,
= Ao 3
1 200 pH
(A) 10 A (B) 20 A
(C) 30 A (D) 40 A
Sol. 70 Option (D) is correct.

Peak current through S,

I = I+ Ve /C/L =204200 /-2X10"° _ 45 A
oy v 200 % 10°°

Q.78 A chopper is employed to charge a battery as shown in figure. The charging
is 5 A. The duty ratio is 0.2. The chopper output voltage is also show
figure. The peak to peak ripple current in the charging current is

L=20 mH 1
. 5 A v, TR
g I‘{h. —l T _
i"'; l —] - _ "
Y 200 puS
1 mS
(A) 0.48 A (B) 1.2 A

(C)24 A (D)1 A



Sol. TB

Option (A) is correct.
In the chopper during turn on of chopper V-t area across L is,

60 v
12V

[Vidt = f"n'r‘(g%}dr: [ Ldi = L (G — fuus) = L(AT)

T

[

M

V-t are applied to "L’ is = (60 — 12) T;, = 48T,



