CiFT DONUSTURUCULER

Cogunlukla degisken hizli siiriicilerde bulunan elektrikli bir cihazdir. ileri doénustiriici ve ters
donistircl tarafindan AC diizeltmesinden polarite DC'yi almak icin bir glic elektronigi kontrol
sistemidir. Cift donlsturicide, iki donistlirtict arka arkaya birbirine baglanir.

Koprilerden biri dogrultucu olarak ¢ahsir (AC'yi DC'ye doénustirir), diger yarim kopri inverter olarak
cahsir (DC'yi AC'ye donustirir) ve yaygin olarak bir DC yikine baglanir. Burada iki dénistirme islemi
ayni anda gergeklesir, bu nedenle ¢ift donlstirici olarak adlandirilir. Cift donlstirict dort bolgeli
¢alisma saglayabilir.

Firing Angle Control

a, + o, = 180°

Cift donasturiciler idealdir, yani herhangi bir dalgalanma icermeyen saf DC cikis terminalleri
Uretirler.Her iki donustlricindn, bir diyot ile seri olarak baglanan kontrol edilebilir bir dogrudan voltaj
kaynagi oldugu varsayilir.Burada Diyot D1 ve D2, donustirucilerin tek yonli akim akis 6zelliklerini
temsil eder. Bununla birlikte, akimin yoni herhangi bir sekilde olabilir. Dondiistirici 1'in ortalama gikis
voltajinin V01 ve donistiiriicii 2'nin V02 oldugunu varsayalim. iki dénistiiriiciiniin cikis voltajini ayni
polarite ve biyuklikte yapmak igin tristorlerin tetikleme agilari kontrol edilmelidir.

TEK FAZLI CIFT YONLU DONUSTURUCU

Bu tip dondistiriciniin kaynagi tek fazl besleme olacaktir. Bu dénistiriicide iki tane birbirine ters
paralel bagh iki donistirciden olusur. Bu uygulama 15 KW kadar olan dc motor sirme
uygulamalarinda kullanilir. Déntstiricinin dolasim disi ¢galisma modunda oldugunu diisiinin. Birinci
donlstrici dogrultucu olarak cahlisir. Alternatif akim dogru akima donustirilir daha sonra filtre
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v e e e e 2Vm

1 nolu doénistiricd icin Vt = —.— cosay 0<aoy<m
v e e e e 2Vm

2 nolu déndstirtci icin Vt = —-— cosa, 0<a,<m

ata,=m

e 1 nolu donistiricide 1. bolgede ileri yonli motor ¢alisma saglanir a4 < 90° olmahdir

e 1 nolu donustlirticide 4. Bolgede ileri yonli rejeneratif frenleme modunda calisma saglanir
a1 > 90° olmalidir.

e 2 nolu donistiricide 3. Bélgede geri yonli motor ¢alisma saglanir a, < 90° olmalidir

e 2 nolu donustiirticide 2. Bolgede geri yonli rejeneratif frenleme modunda calisma saglanir
a, > 90° olmalidir

3 FAZLI CiFT YONLU DONUSTURUCULER

Yiksek gicli uygulamalarda tek fazh cift donistiriciler yerine Gg fazh ¢ift dondsttrdcialr kullanihir.
Distik THD, dengeli Ug faz giris akimigibi avantajlari vardir. Birbirine ters paralel bagh iki adet g fazl
tam kontrollli koprii donistiriciden olusur. DonUstiricilerin biri 3 fazli AC kaynagi DC dondstirir Gi¢
fazli dogrultucu kullanilir. Dénistiiriiciiniin yapisi tek fazli ¢ift déndstiiriici ile aynidir. Ug fazli
dogrultucunun cikisi filtreye beslenir ve filtrelendikten sonra saf DC ylike beslenir. Sonunda, ylikten
gelen besleme ters ¢evrilen son kopriye verilir.Diger donUstlirticl ise inverter olarak ¢alisir ve DC skimi
3 fazli AC'ye donistirdr.

1 nolu dondistiricide 1. Ve 4.bolgede calisma saglanir. 2 nolu donUstiriclide 3. ve 2.bolgede calisma
saglanir. Bu uygulamayi 2MW a kadar olan motor siirme uygulamalarinda kullanbiliriz.

1 ve 2 nolu donistiriciler igin ortalama ¢ikis voltaji;

3Vml
v ="

cosa, 0<a;<m

_3le

vf

cosa, O0<ar<m

al + az =T
iki yonli dénistircilerin kullanildigi yerler;

e DCmotorlarin yoni ve hiz kontrol.
e Tersinir DC'nin gerekli oldugu her yerde uygulanabilir.
e Endustriyel degisken hizl DC siirticler.



13.2.4

Single-Phase Dual Converter Drives

In some industrial applications, d.c. motor may require to be operated
in four quadrants without a switching changeover. In this case,
duplication of power electronics converters is used. Fig.13.11 shows
a simple dual converter drive circuit diagram which consists of two
single-phase full bridge converters connected in inverse-parallel
supplying a d.c motor. One bridge for one direction of motor current and
the other bridge for the opposite direction of current. The controls are
interlock to prevent their simultaneous operation to avoid short circuits on
one another. Bridge-I provides operation in the first and fourth quadrants
while bridge-1I provides operation in second and third quadrants.
Therefore, the dual converter is a four quadrant drive which allows four
quadrant of machine operation without a switching changeover.

idge - I
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(a) (b)
Fig.13.11 Dual converter drive: (a) Circuit diagram, and (b) Quadrants of
operation.

To illustrate how a speed reversal takes place, bridge-1 has its firing

signals removed; i; falls to zero and after few milliseconds delay, bridge-
Il is fired. This drive is employed for motors of rating up to 15 kW. On
the circuit of Fig.13.13, positive voltages are shown by the arrowheads,
though in the equations, these voltages may have negative values. These
equations are:

Bridge - I operating;

2V
Vi = Vagan) 1 :Tmcnsal =Vy cosa; =E,+1, R  (13.29)

Bridge - II operating:

2V
V, = afar)2 — (TmCGS o, ) =V, cosa, =E, —I, R, (13.30)



where
2V,
Vio = —

Which is the output voltage of the converter when «= 0"

Equations (13.29) and (13. 30) are shown as straight lines on Fig.13.12,
the intersection of the machine and bridge characteristics giving the
operating points.
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Fig.13.12 Dual converter.
Example 13.9

A d.c. separately-excited motor rated at 10 kW, 200 V 1s to be controlled
by dual converter. The armature circuit resistance 1s 0.2 Q and the
machine constant K,@® 1s 0.35 V/ rpm. For the following conditions,
determine the firing angles of the converter, the back emfand the machine
speed given that for the converter system V,, = 250 V. Neglect any losses
in the converter circuit.

(a) Machine operates in a forward motoring mode at rated current and
with terminal voltage of 200 V.

(b) Machine operates at forward generation mode at rated current and
with terminal voltage of 200 V.



Solution

(a) For the motoring case,
200

V=V, cose - 200=250cosa — cosa = 350 = 0.8
~ a = cos 1(0.8) = 36.8°
The rated current of the machine 7, = 10000/ 200 =50 A.
V=E,+I1, R, —» 200=E,+ 50x0.2
E,=200-10=190V
The speed of the motor can be calculated as,
E,= K.0n - n= é}: %:542.85 rpm

(b) For generating mode,
V=V, cosa — —200=250cosa

s @ =cos 1(—0.8) = 143.13°
E,=V+I, R, - E,= 200+ 50x02 =210V

E, 210

K.0 035

E,= K.0On — n= =600 rpm



13.3.4 Three-Phase Dual Converter Drive

Four-quadrant operation of a medium and large size d.c. motor drive
(200-2000 hp) can be obtained by the three-phase dual converter shown in
Fig.13.20. The average motor voltage is required to be equal for both
converters, which required that the firing angles of the two sets of the

thyristors should sum to 180"

The armature voltage supplied by converter-1 (for continuous current

operation) 15

Bridge — I operating:
331,

Vi = Vagawr = Cosay
=V,;, cosa, =E, +1, R,

Bridge — Il operating;

3431
Vz = Va{ﬂv}z = —( - o COS O, )

= Vy, COsa, = E; — I, R,

P - Converter 1 - N -Converter 2
KEE R ¥
a
P B T2 | Ts Ta
L2 _" olar) ——
L3
Ta Ts T2 ‘

v
4
Converter-2 Converter-1
Inverting Rectifying
* |5
Converter-2 Converter-1
Rectifying Inverting

Fig.13.20 Four-quadrant three-phase d.c. drive.
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where Vio =

and d:=ma—a .
Two modes of operation can be achieved with this circuit:
(a) Circulating current operating mode:

Here, instantaneous values of circulating current are limited by use of
reactors and mean level is controlled by current loop. Circulating current
may be constant giving linear characteristic or it may be reduced to zero
giving higher gain portion of overall characteristic.

Advantage: Continuous bridge current maintain armature current at all
times, no discontinuity occurs.

Disadvantage: Presence of circulating current reduces efficiency.
(b) Circulating current-free operation mode:

In this mode only one converter operates at a time. Logic used to prevent
the two bridges being turn on at the same time. Reactors or inductors used
to maintain continuous current down to acceptable low levels.
Discontinuity occurs at zero and also a time delay (ms) introduced at the
zero current level.

Advantage: Higher efficiency than circulating current schemes, hence
used more widely.

Disadvantage: Dead time, discontinuity in zero current regions.
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The operation of the circuit in the circulating-current free mode is
not very much different from that described in the previous pages. In
order to drive the motor in the forward direction, the positive

converter is controlled.

To control the motor in the reverse direction, the negative converter
is controlled. When the motor is to be changed fast from a high value
to a low value in the forward direction, the conduction has to switch

from the positive converter to the negative converter.

30 u
—— XCos (ap)= - —XCos (ay ) (1)
i i

Cos (ap)=Cos (m-ay) (2)

ap tay =a (3)

In a dual-converter, the firing angles for the converter are changed
according to equation (3). But it needs to be emphasized that only
one converter operates at any instant.

When the speed of the motor is to be increased above its base
speed, the voltage applied to the armature is kept at its nominal
value and the phase-angle of the single phase bridge is varied such
that the field current is set to a value below its nominal value.

If the nominal speed of the motor is 1500 rpm, then the maximum
speed at which it can run cannot exceed a certain value, say 2000
rpm. Above this speed, the rotational stresses can affect the
commutator and the motor can get damaged.



Four quadrant operation of DC Motors using Dual Converter:

As studied earlier, a fully controlled converter can provide a reversible output voltage and
current in one direction. In terms of conventional Voltage-Current diagram shown in the figure
below it can work in quadrants 1 and 4

Ege +4
1l-quadrant l-quadrant
Converter 2-inversion | Converter | -rectification
l: - ld:_ +
1T1-quadrant IV-quadrant

Converter 2-rectification | Converter 1-inversion
Ed,c —'+

Fig: Voltage-Current Diagram

A converter can be used say in the first quadrant for motoring operation alone in one direction
(and in the third quadrant for motoring operation in other direction) during steady state
conditions. But during transient requirements such as starting and braking it would be required
to operate in second (fourth) quadrant also to extract energy from the load for quick braking.
(For faster system response)

If four quadrant operation of a motor is required i.e. reversible rotation and reversible torque in
the Torque Speed Plane as shown in the figure below, a single converter along

Il}.q
Forward Forward
braking motoring
®|® -
r
@ | @
Reverse Reverse
motoring braking

with changeover contactors to reverse the armature or field connections along with firing
angle changeover control [(0° < a < 907 Jor(90° < a < 1807 )] can be used so as to change the
relationship between the converter voltage and the direction of rotation of the motor.(As
explained in the introduction to Regenerative braking). Though they are practicable, a better
performance can be achieved by going in for a Dual Converter.

A dual converter as shown in the figure below consists of two fully controlled converters
connected in anti-parallel configuration across the same motor armature terminals. Since both
voltage and current of either polarity can be obtained with a dual converter, it can support four
guadrant operation of DC motors.



ac supply

000

Fig: Dual Converter Control of a DC separately excited motor.
(Inductors L1 and L2 are used in only simultaneous or Circulating current mode)

For lower power ratings i.e. up to 10 Kw, single phase Full converters are used and for higher
ratings three phase Full converters are used. Typical configuration of both Single phase and
Three phase Dual converters are shown in the figures below.
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Fig: Single Phase and Three Phase Converters connected as Dual converters.



In a dual converter the converters are configured such that converter-A works in quadrants 1
and 4 and converter-B works in quadrants 2 and 3.
The operation of Dual converter is explained with the help of an Ideal dual converter | same
figure as shown above but without reactors) with the following assumptions:
e They produce pure DC output voltage without any ac ripple.
* Each two quadrant converter is a controllable DC voltage source with unidirectional
current flow. But the current through the load can flow in either direction.
The firing angle of the converters is controlled by a control voltage Epc such that their DC
output voltages are equal in magnitude but opposite in polarity. So, they can drive current
through the load in opposite directions as per requirement.
Thus when one converter is operating as a Rectifier and is giving a particular DC output voltage,
the other converter operates as an inverter and gives the same voltage at the motor terminals.
The average DC output voltages are given by:
Eoca = Emax €OS aaand
Eoce = Emax COS Qg

Where Emax

2En/n for Single Phase Full converter and
3V3Emgw/m for Three Phase Full converter
In an Ideal converter

Eoc = Epca= --Epcs
and substituting the above values of Ebea and Eoce in this equation we get
Emax €OS 0ta = — Emax COS Olg
Or COS @n = -- COS s
= cos(180° -- ag)
or oaa= 180°--as
or{as+ag)= 180°

The terminal voltage as a function of the firing angle for the two converters is shown in the
figure below. A firing angle control circuit has to see that as the control voltage Ec changes the
firing angles as and ag are to satisfy the above relation {a, + oz ) = 180°

Fig: Firing angle versus Terminal voltage in Dual converter



Practical Dual Converters:

In the above explanation of the Dual Converter it is assumed that when the firing angle is
controlled as per the above equation the output voltage is a pure DC voltage with out any AC
ripple. But in practical dual converters there will be AC ripple and hence the instantaneous
voltages from the two converters will be different resulting in circulating current which will not
flow through the load. If these are not limited they will damage the converters.Hence in order
to avoid/limit such circulating currents two methods are adopted.

Method 1: Dual Converter without circulating current: In this mode the flow of circulating
current is totally inhibited by controlling the firing Pulses such that only one converter which is

required to conduct the load current is active at a time. The other converter is kept inactive by
blocking its firing pulses. Since only one converter is operating and the other one is in blocking
state , no reactor is required.

Suppose converter-A is operating and supplying the load current in a given direction and the
converter-B is blocked. If now direction is required to be changed, the pulses to converter-A are
withdrawn and load current gets reduced to zero. Now converter-B is made operational by
applying the firing pulses and it would build up the current through the load in the other
direction. The pulses to Converter-B are applied only after confirming that the current through
the load due to converter-A has completely come to zero and in addition after a further gap of
a few milli seconds to ensure reliable commutation of converter-A.

Speed reversal is carried out as follows: When operating in gquadrant-1 Converter-A will be
supplying the motor current and converter—B is not operational. The firing angle of Converter-A
is set at the maximum value. Converter-A then starts working as an Inverter and forces the
armature current to zero. After zero current is sensed, firing pulses for converter-A are
withdrawn, a further dead time of a few milli seconds is allowed and then firing pulses are given
to the converter-B. The firing angle ag is initially set at the highest value. Now onwards the
current loop adjusts the firing angle continuously so as to brake the motor at the highest
possible current (torgue) from initial speed to zero speed and then accelerates it to the desired
speed in the opposite direction. The dead time and hence the reversal time can be reduced by
going for accurate zero current sensing methods. When this is done nonsimultaneous control
provides faster response than simultaneous control. Because of these wadvantages
nonsimultaneous control is more widely used.

In this method at certain load conditions the load current may not be continuous which is not a
desirable operating condition . To avoid this second method is used.



Method 2: Dual converter with circulating current: In this mode Current limiting reactors are
introduced between the DC terminals of the two converters as shown in the figure to allow the
flow of circulating current due to the AC ripple/unequal volatages. Just like in an Ideal Dual
converter the firing angles are adjusted such that
{oa+as)= 180°. -~ (1)

For e.g. Firing angle of converter A is say 60° then the firing angle of converter B will be 120°
With these firing angles, Converter A will be working as a converter and converter B will be
working as an inverter. So, in circulating current mode both converters will be operating. The
operation of the converters is interchanged if the load current direction is to be reversed. i.e.
converterl which was working as a converter would now work as an Inverter and converter 2
which was working as an Inverter would work as a converter. Two separate firing circuits have
to be used for the two converters.

Speed reversal is carried out as follows. When operating in quadrant 1 Converter-A will be
working as a rectifier {0° < a < 90°) and converter-B will be working as an Inverter {90° < o <
180°) For speed reversal aa is increased and ag is decreased while simultaneously satisfying the
above condition (1)

Converter output voltages will reduce faster than the speed and hence the motor back emf
exceeds the magnitude of both Va and Ve. The armature current reduces to zero, reverses
direction , shifts to Converter B and the motor will now operate initially in quadrant 2 during
braking and then in quadrant 3 during acceleration and finally at the required steady state
speed. The current loop adjusts the firing angle ascontinuously so as to brake the motor at the
maximum allowable current from initial speed to zero speed and then accelerates to the desired

speed in the opposite direction. As as is changed aa is also changed continuously so as to
maintain the above relation-1. During this entire operation, the closed loop control system will
ensure the smooth transfer from quadrant 1 to quadrant 2 to quadrant 3.

Advantages and Disadvantages of the Circulating current mode of Dual Converters:
Advantages:

(i) Over the whole control range, the circulating current keeps both con-
verters in virtually continuous conduction, independent of whether the
external load current is continuous or discontinuous.

(i1} The reversal of load-current is inherently a natural and smooth proce-
dure due to the natural freedom provided in the power circuit for the load
current to flow in either direction at anytime.

(iii) Since the converters are in continuous conduction, the time response of
the scheme is very fast.

(iv) The current sensing is not required and the normal delay period of 10 to
20 ms as in the case of a circulating current free operation is eliminated.

(v) Linear transfer characteristics are obtained.

Disadvantages:



The circulating current scheme has the following main disadvantages:
(i) Since the current limiting reactor is required in this scheme, the size and
cost of this reactor may be quite significant at high power levels.
(i) Since the converters have to handle load as well as circulating currents,
the thyristors with high current ratings are required for these converters,
(iiiy The efficiency and power factor are low because of circulating current

which increases losses.

In spite of these drawbacks a dual converter with circulating current mode is
preferred if load current is to be reversed quite frequently and a fast response ig,
desired in the four-quadrant opcration of the dual converter.

Comparison between Circulating current mode and non circulating current mode Dual

converters:

Non Circulating current Mode

1. In this mode of operation, only one
converter operates at a time and the
second converter rematns in
a blocking state.

2. Converters may operate in
discontinuous current mode,

3, Reactors may be needed to make
load-current continuous.

4. Since nocirculating current flows thro-
ughthe converters, efficiency is higher.

5. Due to discontinuous current, non-
linear transfer characteristics are
obtained.

Non Circulating current Mode

Circulating current Mode
In this mode of operation, one converter
operates as a rectifier and the other
converter operatés as an inverier.

Converlers operatés in continuous
current maode.

Reactors are needed to limit circulating
current. These reactors are costly.
Circulating current (lows through the
converters and hence increases the losses.
Due 1o continuous current, lincar
transfer characteristics are obtained.

Circulating current Mode



6. Due to discontinuous current,
response is sluggish.

7. Due to spurious firing, faults between
converters results in dead short-circuit
conditions.

8. In this mode of operation, the cross-
over technique is complex.

9. Loss of control for 10 to 20 ms is
observed in this mode of operation.

10. The control scheme needs command
module to sense the change in
polarity.

11. The complete scheme is cheaper
compared to circulating current mode.

m%ﬁm&hﬁwwmm
converter loading is the samc s the

output load.

Due to continuous-current in the
converters, response 15 fast,

Due to spurious firing, fault currents
between converters are restricted

by the reactor.

In this mode of operation, the crossover
technique is simple.

Since converters do not have to pass
through blocking unlocking and safety
intervals of 10 to 20 ms, hence control is
never lost in this mode of operation.

As both the converters are operating at
the same time, the control scheme does
not require command module.

The complete scheme is expensive.

In this mode of operation the converter

loading is higher than the output load.

Example 7.1 Compute the peak value of the circulating current for the 3-¢
circulatory current type dual converter consisting of two three-phase fully controlled

bridges for the given data.

Per phase supply RMS voltage = 230 V, @= 315 rad/s, L = 12 mH
a, = 60°, a, = 120°.
Solution: The peak value of the circulating current from Eq. (7.18) is given by

f£p= ﬂﬂ.[l_mﬁﬁﬁ]‘=
al

32 x230

315x12x10°

~(1 - cos 16) = 34.58 A.

Example 7.2 Design a dual converter to achieve a four-quadrant operation of
the separately excited d.c. motor. Motor and converter specifications are given by

(i) Motor specifications

E,=220V,I,=30 A, N= 1500 rpm.

(1) Converter specifications

Supplied from 3-¢, 400 V, 50 Hz supply

Assume drop in the circuit is 15%.



Solution: Consider that dual converter consist of six-pulse converters to achieve
a four-quadrant operation.
(i) Step 1 Rectifier operation:

Total drop in the system = 220 x 0.15=33 V.
.. Total d.c. voltage, E, ,= E4 + drop, =220+ 33 =253 V.
For six-pulse bridge converter, we have the relation
Edr.' a= 1.35 Em Cos @,.
where E,. = RMS value of a.c. voltage.
3 253 =135x400 xcos @, .. cosa =0469 .. a =62°
A.C. line current [, =0.817./,,=0.817x30=24.51 A.

A.C. terminal power, P,.= V3 x E, xI,.= V3 x400x24.51 = 16.98 kW.

3
P =105P,, . Pg= f;s_% = 16.17 kW,

(ii) Step 2

Current limiting inductance L is given by, L= —%| —

2x135%xE {Hl}
6ol ., L7 5

where P %’- for six-pulse converter = 3—; =6 A.
= 2%135%400 _ 44 o
© 6x2rx50x6

(iii) Step 3

Firing angle  @° = 180° - &, = 180° - 62 = 118°

(iv) Selection of SCR
(a) Voltage rating, PIV = 22 E,_= 22 x400=1131.37PIV = 1200 V.
(b) Current rating

Ir=2J2 xI,= 2J2 x2451=6932A = 70 A.



Example 5.22

Design a four-quadrant dc motor drive system for a de motor with separate exci-
tation using three-phase bridge fully controlled rectifier topologies. The system
requirements are the following:

Stator voltage nominal value: V, = 220 V:

Stator current nominal value: I, = 30 A:

Motor nominal speed: N, = 220 RPM;

ac utility line-to-line voltage: 400 WV 50 Hz:

Total voltage drop in converter: 15% of power supply line voltage.

Solution

The power circuit of the motor drive system and its quadrants of operation are pre-
sented in Fig. 5.35. As can be seen, it consists of two antiparallel connected three-
phase thyristor rectifiers.

During rectification operation the converters operate as rectifiers and power 1s deliv-
ered from the input power voltage sources to the machine and, consequently, the ma-
chine operates as a motor. During inversion operation the converters operate as
inverters (i.e., convert dc to ac) and power is delivered from the machine, which oper-
ates as a generator, to the input power voltage sources.

Voltage drop value = (0.15)(400) =33 V.
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Figure 5.35 Four-quadrant dc motor drive system. (a) Power circuit; (b) quadrants of
operation.

The required rectifier dc output voltage is

Voitor) = Vo 33 = 220+ 33 = 253 V.

— 36~ 3+/6(400/+3

Vy, = V{_Vi coso = \F( /\F) cose = 540.5 cosa = 253 V
T 14
o 2383y 62°

or o = Cos si05 ) =

The input line current waveform of the three-phase rectifier is shown in Fig. 5.36.
According to the above waveform, the rms input current of a three-phase rectifier is:

. - N 2
I, = Ia\/:= 3{:\[—: 24.49 A
3 3

Finally, the output and input active power are respectively given by:

P, =1V, = (220)(30) = 6.6 kW P; = 1.15P, = (1.15)(6600) = 7.59 kW
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Figure 5.36 Input line current waveform of the de motor drive system.

5.9. THE DUAL CONVERTER - FOUR-QUADRANT OPERATION

A high power d.¢. motor drive sometimes has to undergo four-quadrant operation. Two full converters are connected back
to back for this purpose (Figure 5.10).

FEETHIEE,
ks

FSF

= =

Figure 5.10. Dual converter with circulating current supplying a d.c. brush motor

a. Assuming that the converters are ideal and produce pure d.c. output voltages with one converter as rectifier and the
other as inverter, calculate the relations hip between the delay angles «; and o5 in the two converters.

b. With o) + a5 as above, calculate the circulating cumment between the two converiers and show the voltage and current
actual output waveforms. The numerical data are Vi =220V, @) =377 8rad/s, L= 10mH, o) = 60°.

Solution:

a. In an ideal dual converter the voltages produced by the two full converters should be equal and opposite.
By now we know that

¥
¥

u = Vs 0053
01 = V s - GOS0y

(5.69)
with V, =V, =-V,, it follows that £0sc + cose, =0.

Henece, @y +ap = 180° (Figure 5.11). In the ideal converter the load voltage is equal to the converter output voltages and
thus the current may flow equally through either converter.

Figure 5.11. Ideal dual converter voltages

b. A real (nonideal) converter produces a voltage with ripples. The ripple voltages of the two converters are out of phase
(Figure 5.12). The instantaneous voltage difference produces a circulating current which is limited through a reactor L
With

Vone = V:E"E sin[mlt— f —1)23—“:|

(5.70)
during the interval
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The circulating current i is

3
=T (5.73)
a =60°
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Figure 5.12. The real dual converter

When the motor current is zero, the converter currents are equal to the circulating current i) = iy =1, (1; = 0). Consequently,
the converters have a continuous current though the load curmrent 18 zero. However for «y = 60° and ay = 120° the peak value of
circulating current occurs at iyt =2x'3

' Vb n 220 6
- - =" _f-0%7]=19.02
L")pﬂ oL [ wsg] 2--11-60-10"[ ] A (574)

If the load current iy is constant (no rpples), the first converter (@) = 60°) carries i, +1; while the second converter (o) =

120°) has the circulating current i only. Thus the first converter 5 “overloaded” with the circulating current. However, for low

load current, the discontinuous current mode in the converters is avoided as shown above. This could be an important
advantage in terms of control performance.



Example 6.38. (a) Describe the working of a single-phase dual converter with appropriate
waveforms.

Derive expressions for the average output voltage and the circulating current.
(b) A single-phase dual converter is fed from 230 V, 50 Hz source. The load is R = 30 Q and

the current-limiting reactor has L = 0.05 H. For o, = 30°, calculate the peak value of circulating
current and also the peak currents of both the converters.

Solution. () The circuit diagram of single-phasa dusal converter is shown in Fig. 6.45 (a).
Single-phase voltage applied across terminals A, B is sketched in Fig. 6.50 (a) as v,. Let the
firing angle of converter 1 be o, say around 30° or so. Waveform of output voltage v,, across

output terminals of converter 1 is shown in Fig. 6.50 (b). For converter 2,
Og =180 - o; = 150® and wavefurms of its output voltage vg, is shown in Fig. 6.50 (c). Since

Ugp i3 mostly below the reference line wt, its avarage is n=gative. As per the polarity markings
of output voltages vy, and vy, in Fig. 6.43 (a), the average values of output voltages of both the
converters must be positive. Thus, the waveform of output voltage vy of converter 2 must be
shown positive above the reference line w¢, this is shown in Fiz. 6.50 (d)



Now vgy =V, sin ot and vy =V, sin we

Ugy + ' .
». Load voltage, v, = MT”“ =V,, sin o¢ as shown in Fig. 6.50 (e). Note that from wi =0

to w =a, and from w¢ =n - o, to wé =, load voltage v, =0
- 2v,
- Average value of load voltage, V, = %J’ V., sinwt . d () = —“5 oS O, i)
&y

As per Eq. (6.88), voltage v, across reactor is v, = v,, = v,,. Waveforms of v, and v, of Fig.
6.50 (d) reveal that

fromwt=0to wt=0y, v,==2V, sin wt
fromwt=0a,towt=n-a, v,=0

and from w=x-0, to @ =x,v,=2V_ sin e and so on. Waveshape of v, is sketched in

Fig. 6.50(f). Note that when w¢=c, v, =-2V sinoyandat wi=rn-o,, v, =2V, sin g,
. di,
1f i, is the circulating current due to v, then v, _L —
or i, = rl j v, di
Us
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Fig. 6.50. Waveforms for single-phase dual converter, Example 6.38.



Now vgy =V, sin ot and vy =V, sin we
- _Votlor o e R0k i
. Load voltage, v, = R V,, 5in w¢ as shown in Fig. 6.50 (e). Note that from wi =0
to w =a, and from w¢ =n - o, to wé =, load voltage v, =0
wwl)

-0y
. Average value of load voltage, V, = %J’ V, sin @ . d (w) =—"cos o,
&
As per Eq. (6.88), voltage v, across reactor is v, = v, — v,,. Waveforms of v,, and v, of Fig.

6.50 (d) reveal that
fromuwt=0towt=0y, v,=-2V, sin

fromwt=0o,tot=n-0, v,=0
and from w=x-0, to @ =x,v,=2V_ sin e and so on. Waveshape of v, is sketched in
=SR=0O, .= 2 Tl‘.m ain iy

Fig. 6.50(f). Note that when w¢=u,, v, =-2V_sina, and at w

di
1f i, is the circulating current due to v, then v =1 d—:
l:: = % j v, "'_lr

The limits of integration for ¢, from Fig. 6.50 {f), are seen to be from zero to «;.

R e . 2Va o/w
‘c=EJJ: d?mslnmt.dtz—E[-msmt]n
v i

= E"' [1-cosa) . (i)
In case time ¢ is to be included in the i, expression, then

1 e : 2V,
=7 2V,,,smm:d!-lecosmt—msu;I

Maximum value of circulating current i, occurs when cos w¢ = 1.

. 2V,
o :¢=EII-EDE{!1]
(b) From Eq. (ii), part (a) peak value of circulating current
i, = % [1 - cos 30°) = 5.548 A

v
n V2 x230 1084 A

Peak val =
eak value of load current R 30

i)

.~ Peak value of current in converter 1 = 5.548 + 10.84 = 16.388 A
Peak value of current in converter 2 = 5.548 A

ORNEK SORULAR VE COZUMLERI

Soru 1: Bir fazli iki yonla dondstlriich 220V 50Hz lik AC kaynakla beslenmektedir. Tristorin tetikleme
acisi a1 =30° ve a,=150". YUkin direnci 15 ohm. Maksimum sirkllasyon akimi 10,5 A olduguna gore;



a) Endiktansin degeri nedir?
b) Donustiriciiniin maksimum akimi nedir?

Cozam:

a) V,=+2x220=311.12V
a1=30°, 0, =150" ve w = 100T
Sirktilasyon akiminin maksimum oldugu deger wt = 2  aninda olur

2V,

[, ==m t—

r= ol [cos wt — cos a4 |

|, _ 2x31112x [cos 2w — cos30] _ 2x 311,12 [1 —0,886]
"= 100m x [, - 100mx 10,5

Lr =0,0252 H

b) Maksimum yik akim 311.12/15=20.74 A
1.donustlricinin maksimum akimiile yik akiminin maksimum degerinin toplami maksimum
sirkilasyon akimini verir.
1.d6ndstlricinin maksimum akimi: 10,5 + 20,74 = 31,24 A

Soru 2: 3 fazli¢ift yonli dontstlirci 400 V 50H lik kaynakla beslenmektedir. Endiktansin deger 60 mH.
Sirklasyon akiminin wt = 0°, wt =30°, wt=90" icin bulunuz. Tristorlerin tetikleme agisini 0°
olarak kabul ediniz. Ayrica sirkiilasyon akiminin maksimum degerini bulunuz.

a) V, = % x 400 = 326,56V
wLr = 2n x50 (60x10 — 3) = 18,85 ohm
3Vn (. :
l, = Ir [sinwt — 30 — sinay |
wt=0, a; = 0igin,
L = 336‘9’26’56[ in(—30 in 0] = —25,99 A
r = 1885 sin( ) —sin0] = ,
wt =30, a; = 0icin,
3x326,56 _ )
lr = W [SIH(O) — Sin 0] =04
wt=90, a; = 0igcin,
= 3x326,56[ (60 0] = 45 A
r = Igegs sin(60) — sin0] =

b) Sirkilasyon akiminin maksimum degeri wt = 120 oldugunda gerceklesir.
wt =120, a; = 0ig¢in,
_ 3x326,56

L, = 18,85 [sin(90) —sin0] = 51,97 A

Soru 3: 3 fazl 400 V gerilimle beslenen 50 H frekansli dalgalanama miktari 15 olan AC kaynakla
beslenen iki donustlricl kullanilarak dort bolgeli calisma saglayan dc motor kontroll yapiimaktadir.
Kontrolli yapilan motor Ea=220V 1a=30A, N=1500 rpm verilerine sahiptir.
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1.adim Dogrultucu mod da galisma igin;
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T4 T2

L 2

Toplam Dc voltaj Eqc.q =220+ 220 x 0,15 =253 V
3 fazli tam dalga dondstirici icin;
Edca = 1,35 X Eac cOs Eac= AC gerilimin rms degeri
253 =1,35x 400 x cos a1
cosa; = 0,469
a;=62°
AC hat akimi;
=0,817x14c=0,817x30=24,51 A
Pye = V3 X Ege x Iye = V3 x 400 x 24,51 = 16,98 kW
P,. =1,05x Py,

P 1
Pac ="/ o5 = 10%8/; 05 = 1617 kW

2.adim;

7 5

Lc endiiktansinin akim limiti L, = _2x135%Fac [1 1]

6 x WX Iripple

3fazl tam dalga donistiriculer igin ;

Ig _ 30

Iripple = E =05 6A

2x1,35x400 [1 1

= Z+2|=33mH
c 6x21‘rx50x6x7+5] m

3.adim
Tetikleme acisi; a; =180°- a;=180"- 62°=118°
Voltaj genisligi PIV = 22 x I, = 2v/2 x 24,51 = 69,32 A

1.d6nistlricindn ortalama ¢uis votaji;



2V,
Vac1 = T cost

2.dondstlriclinin ortalama c¢us votaji;

2V
Vacz = g C0S%2

2V, 2V,
_COS(X]_ = — —COSO(Z
s s

oS0y, = — COS0y
o + o, =180

2V,
sir = [cos wt — cos a4 |

Soru 4: 3 fazli tam kopri donlsturict 3 fazli 50Hz kaynak endiiktansi 5 mH olan kaynakla
beslenmektedir Yik akimi 20 A dir. Ygk sabit oldugunda dc voltaj 400 V lik kaynaktan beslenmektedir
ic direnci 1 ohm dur. Tristorlerin tetikleme acisini ve (st Giste binem acisin bulunuz.

Dc kaynak sarj durumundaki bir batarya olabilir.
Dondstiriclnin gikis voltaji Vo=400 +20 x1 =420 V

3V, 3wLs
Vo, = 2™ osa — I,
T s

0 3x400xv/2 3x 2mx50x5
= coso 1000

a = 33,58°

3x400xv2 3x 2mx50x5
=—— cos(a+p) + ——x2

420 1000

(a+p) =42,78
u=92°

DORT BOLGELI DC KIYICI iLE MOTOR KONTROLU

E tipi kiyicinin (4 bolgeli kiyici) asagida Resim-1'de verilen v, — i, ekseninde 4 ¢alisma bolgesi
gosterilmistir.

v, : ¢lkis geriliminin ortalamasi

i, : ¢cikis akiminin ortalamasi



Quadrant 11 ‘1‘9 Quadrant I

Forward Braking Forward Motoring
Vo
-Io Io io
. -Vo
Reverse Motoring Reverse Braking
Quadrant 111 Quadrant IV

Resim-1: 4 bolgeli calisma

Resim-2’'de 4 bolgeli kiyiclya ait devre semasi verilmistir. Burada motor, kiyicinin yiiki olarak
baglanmistir.

R,: Motor sargi direnci
L,: Motor sargi endiiktansi

Ey: Ters elektro motor kuvveti

'

Dy

Resim-2: 4 boélgeli DC kiyici devre semasi

a) 1.Bolgede Calisma

- S1veS4iletimde

Resim-3’te verilen esdeger devre semasindan da gorilecegi lizere, S1 ve S4 anahtar aktif
iken ¢ikis gerilimi v, pozitif ve ¢ikis akimi i,, da pozitiftir. Burada gii¢ akisi kaynaktan motora
dogrudur ve motor sargl endiiktansi enerjiyi depolar, motor referansa goére ileri yénde doner.
Buna ileri yonde motor calisma denir.



5

n

‘ Dy

- D2veS4iletimde

Resim-3: ileri yonde motor ¢alisma

Resim-4’te verilen esdeger devre semasindan da goriilecegi lizere, D2 ve S4 anahtari aktif
iken motor baglanti uglarina gerilim uygulanmaz, kaynaktan giic ¢ekilmez motor sargi

endiktansinda biriken eneriji kullanilir. Buna serbest gecis araligi denir. Bu ¢alisma aninda
motor akimi pozitiftir, motor pozitif yonde doner.
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b) 2.Bolgede calisma

- S2ve D4 iletimde

4: ileri yonde motor ¢alisma serbest gegis

Iy

Resim-

Resim 5’te verilen esdeger devre semasini incelerken motorun ileri yonde calistigi kabul
edilecektir. Burada S2 anahtari ve D4 diyodunun aktif oldugu durumda ¢ikis gerilimi v, =0 ve



E}, ters elektromotor kuvvetinden dolayi ¢ikis akimi i, negatif yonde olacaktir. Bu sebeple
elektrik makinesi generator olarak galismaktadir ve motor sargi endiiktansi enerji depolar.

‘F| I-I- .';_.

©
©

5:ileri yonde frenleme

- D1veD4iletimde

Resim-6’da verilen esdeger devre incelenirse, burada S2 anahtari kesim modundadir. D1 ve
D4 diyotlari iletime gegecektir. Burada cgikis gerilimi v, pozitif ve ¢ikis akimi i, negaiftir.
Motor sargi endiiktansinda biriken enerji sebekeye aktarilir. Burada gti¢ akisi ylikten, kaynaga
dogrudur. Bu ¢alisma moduna ileri yonde frenleme adi verilir.

6: ileri yonde frenleme

c) 3.Bolgede Calisma

S3 ve S4 iletimde



Resim-7’de verilen esdeger devreden de gorilecegi lizere, S3 ve S4 iletimde iken ters elektro
motor kuvveti negatiftir yonde olacaktir. Cikis gerilim ve ¢ikis akimi i, negatiftir, yik akisi
kaynaktan ylke dogrudur. Motor sargl endiiktansi enerji depolayacaktir ve motor ters yénde
donecektir. Buna geri yonde motor ¢alisma denir.
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7: geri ydnde motor
- S2ve D4 iletimde

Resim-8’de verilen esdeger devreden de goriilecegi lizere, S3 kesimde, S2 ve D4 iletimde iken
ters elektro motor kuvveti negatiftir yonde olacaktir. Cikis gerilimi v, =0’dir ve ¢ikis akimi i,
negatiftir, kaynaktan yiike dogru bir yiik akisi bulunmamaktadir. Motor sargi endiiktansinda
depolanan enerji harcanacak ve motor ters yonde dénecektir. Buna da geri ydonde motor
¢alisma denir.

% o

8: geri ydnde motor

d) 4. Bolgede Calisma

- S4ve D2 iletimde



Resim-9’da verilen esdeger devreden de gorilecegi lizere, S4 ve D2 iletimde iken ters elektro
motor kuvveti negatiftir ydnde olacaktir. Burada motorun geri yonde ¢alistigini kabul edelim.
S4 ve D2 iletimde iken, ¢ikis gerilimi v,= 0 ve E}, ¢ikis akimini i,, pozitif olmasini saglar.
Elektrik makinasi generator olarak calisir ve sargi endiiktansi enerji depolar

_q_{ I 5y I
B C- W‘_ YT @
*I’ ------ b-
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Resim-9: geri yonde frenleme

Resim-10’da verilen esdeger devre incelenirse, burada S3 anahtari kesime gectiginde, D1 ve
D4 diyotlari iletime gegecektir. Burada cikis gerilimi v, negatif ve ¢ikis akimi i, pozitif
olacaktir. Motor sargi endiiktansinda biriken enerji D2 ve D3 diyotlari (izerinden sebekeye
aktarlir. Burada glic akisi yikten, kaynaga dogrudur. Bu ¢alisma moduna geri yénde frenleme

adi verilir.
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Resim-10: geri yonde frenleme
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DORT BOLGELI KIYICI DEVRE

Asagidaki sekilde E seklindeki kiyici glic devresi goriilmektedir. 4 bolgeli kiyici C sekilindeki iki kiyicinin
paralel kombinasyonu ile olusturulur.

CH,4 anahtari kesimde iken paralel bagli onan D, diyodu kisa devredir ve lizerinden akim gecer. CH;
anahari kapali iken CH4 anahtari kisa devre edilmistir.

CH,4 anahtari iletimde, CHs; anahtari kesimde iken; CH; ve CH, anahtarlari Eo geriliminin her zaman
pozitif olmasini ve lp akiminin iki yonli olmasini saglarlar. Yani 1. ve 2. bélgede motor ¢alismayi
gerceklestirmemizi saglarlar. Diger taraftan CH; iletimde, CH; anahtari kesimde iken; CH; veCH4 Eo
geriliminin negatif ve lo akiminin iki yonli olmasini saglarlar yani 3. ve 4. bolgede galisma gergeklesir.

CH; ve CH,4 anahtarlariiletimde oldugu durumda Eo ve Iy degerleri pozitif olur. Birinci bolgede ¢alisma
saglanir.

e i

- \ “A‘L’S CHy I \ IJJ_A-

I 4]

CH; ve CH4 anahtarlari kesimde oldugu durumda D5 ve D, diyotlariiletime girer ve o pozitif ve Eo negatif
deger alir. Dordiincli bélgede ¢alisma saglanir.
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CH, ve CHs anahtarlari iletimde oldugu durumda Eo ve |p degerleri negatif olur. Uglincii bélgede ¢alisma
saglanir.
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CH; ve CHs anahtarlari kesimde oldugu durumda D ve D4 diyotlari iletime girer ve Eq pozitif ve lp negatif
deger alir. Dordiincli bolgede ¢alisma saglanir.
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Bolgeli calisma devresi ileri ve geri yonll olmak tzere iki kdprindn birlesiminden olusur. CH1 CH4 gibi

anahtarlama elemanlari ileri kbpri donistirictyi olusturur ve energi kaynaktan yiike dogru akar ve
yuk beslenir. D1 ve D4 diyotlari ise geri yonli képri donistlrici elemanlaridir.Enerjinin yikten
kaynaga dogru akmasini saglarlar.




ileri yonlii Motor ¢alisma

CH; ve CHg anahtarlariiletimde oldugu durumda yiik gerilimi kaynak akimina esit olur (Va=Vs) ve ylikten
ia akim gecer. Hem c¢ikis gerilimi hemde yiik akimi pozitif deger alir. CH4 anahtari kesime girerse onun
serbest gecis diyodu olan D4 diyodu iletime girer. Bu sekilde birinci bolgede hem cikis gerilimi hemde
yuk akimi kontrol edilebilir.

ileri yonlii Frenleme Modu

CH2 calisir durumda ve diger ¢ anahtar kapali tutulacaktir. CH2 negatif oldugu icin indiktor L'den
akmaya baslar. CH2, E ve D4. CH2 anahtari iletimde enerji endiiktansada depolanir. CH2 kapaliyken
akim, D1 ve D4 diyotlari araciligiyla akim kaynaga dogru akar. Burada Vs kaynak voltaji (E + L.di / dt)
daha fazla olacaktir. Gl yikten kaynaga dogru geri beslendiginden, ikinci bélgede ¢alisma saglanmis
olacaktir.

Geri yonlii Motor ¢calisma Modu

CH1 anahtari kapali tutulacak, CH2 anahtari acik olacak ve CH3 anahtari calistirilacaktir. Bu ¢alismada
yukiln uclarindaki gerilim polaritesi ters ¢evrilmelidir. CH3 anahtari acikken, yikiine gerilimi kaynak Vs
gerilimine esit olur ve yik akiminin degeri negatif olur. CH3 anahtari kesime girdiginde CH ve D4
elemanlari iletimdedir.Bu yollan gikis voltaji Va ve Yiik akimi ia 3. calisma bglgesinde kontrol edilir.

Geri yonlii Frenleme Modu

CH4 cahstirilacak ve CH1, CH2 ve CH3 kapali olacaktir. Kiyict CH4 acildiginda pozitif akim CH4anahtari
ve D2diyodu Uzerinden yike dogru akmaya baslar ve L endiiktansinda enerji depolanir. CH4
kapatildiginda akim, D2 ve D3 diyotlari araciligiyla kaynaga geri déner, yuk gerilimi negatif oldugur,
ancak ylik akimi pozitif oldugu i¢in islem dérdiinci bolgededir. Giig yikten kaynaga geri dondiglinden
geri yonli frenleme modunda ¢alisma saglanir.

Soru 5: 4 bolgeli kiyici devre ile dc motor kontroli yapilmaktadir. Motor direnci R=1 ohm, L=10mH
dir.200V dc kaynakla beslenmektedir. Motor akimi 10A iken

c) E, =150V iken kiyici devrenin doluluk orani,
d) E,=-110V iken kiyici devrenin doluluk oranini bulunuz.

EO =2 EdC (af — 0,5)

Eo—Ep _ 2Egc (a—O,S)—Eb

a) i, = - -
0= 2 x200x (@« — 0,5) — 150
B 0,1

a=0,876
a > 0,5 oldugundan dolayi ileri yonli motor ¢alisma modunda ¢alisir.
, Eo—Ep 2Egc (@—0,5)—Ep
b) i, = — = -
0 2 x200x (@ — 0,5) — 110
0,1

a=0,228
a < 0,5 oldugundan dolayi geri yonli motor ¢alisma modunda calisir.



Soru 6: Tek Bolgeli dc kiyici devresinde yikin direnci 10ohm ve giris voltaji 230V dur. Kiyicinin
frenkansi 1kHz ve Ton=0,4ms dir. Ortalama yiik akimini ve ¢ikis gliciini bulunuz.

Doluluk orani: k=0,4
Ortalama yik akimi: Vo=Vs x k
Vo=230x0,4 =92V
Ortalama yuk akimi: lo,av =Vo/R
lo,av =92/10=9,2 A
Cikis glici: Po=(Vor )*/R
V,r = Vi Vk = 230x/0,4 = 145,46V

P,=145,46%/10=2115,85 W

Soru 7: H kopri baglantili dc-dc kiyici devre ile direnci 10 ohm , endiiktansi 50mH, ve back EMF degeri
55V olan motor beslenmektedir. Kaynak gerilimi 340V dur. Kiyici devrenin ¢alisma frekansi 200Hz ve
doluluk orani 0,25dir. Ortalama cikis voltaji ve T1 anahtarinin iletimde kalma siresini, rms cikis voltaji
ve ac voltaj dalgalanmasini, ortalama cikis akimini ve kacginci bolgede calisma gerceklestigini Motor
tarafindan Uretilen elektriksel gicibulunuz. Ayrica yik akimi yariya disurildigindeki doluluk oranini
cikis glicinii, gerilimini ve elektriksel glici bulunuz?

e Ortalama cikis voltaji ve T1 anahtarinin iletimde kalma siresini

1 1
Typeriyot = j_p = 200 5ms

1
v, =QA- 1V, = (21— 1) x340 = —170V

15
Tyn = 2AT = ZxeE =1,25ms

Tor = 5—-1,25=3,75ms

T1ve T4 1,25ms iletimde kalirken, T2 ve T3 anahtarlari 3,75 ms iletimde kalirlar.

e Rms cikis voltaji ve ac voltaj dalgalanmasi

, 1
Vims = VI — 2 xV, = 1-2,x340 =240V

1 1
Viipple = \/fosxw/)l(l —21) =2 x 340x Z(l_ZZ) — 170V



e Ortalama ¢ikis akimini ve kaginci bolgede galisma gergeklestigini bulunuz.

1
R R B 10

I, = =-2254

V, =—-170V, I, = —22,5A oldugundan ve ikisininde degerleri negatitif olmasindan dolayi 3.
Bolgede calisma gergeklesir.

e Motor elektriksel gii¢

Py =1, xE =55x(-225) = —12375W

e 1 =0,415 oldugunda ortalama ¢ikis akimi

Vo—E (24-1V;—E _ (2x0,415 — 1)x340 — 55

lo=—% R 10

=-11,254

V, = E + Rxl, = 55 — 11,25x10 = —57,54

Doluluk orani tekrar hesaplanir;

a=2(14% —1(1+_57’5)—0415
"2 V.) 2 340 /7

T1 ve T4 anahtarlarinin iletimde oldugu sire;

5
Ton = 2AT = 2x0,415x§ = 2,07 ms

Py =1, xE =55x(—11,25) = —618,75 W

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, 1t 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 D4 form another Type C chopper circuit. Figure
8.25(b) shows Class-E with R—L load.
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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

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,
E4.. — CH, - load - CH,; - E4._. Since both E, and [, 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 , — E;. — 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,
Ed¢+ - CH3 = load - CH: - 'Edlt—' Sim b'ﬂth Eu a“d ID are negati\rﬂ, we gﬁt ﬂ]e
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.



Example 8.16 A four-quadrant chopper is driving a separately excited d

motor load. The motor parameters are R = 0.1 ohm, L = 10 mH. The supply voltage |
200 V d.c. If the rated current of the motor is 10 A and if the motor is driving the rate
torque. Determine:

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

(i) 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)

2E¢‘(a—05}“£‘b
R

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

_ 2%200(a-0.5)-150
0.1

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

10 o a=0.876

) (@-0.5) -
05 Tow 1 252 (‘2 105’ 20 w0

As a < 0.5, this mode is reverse motoring mode.
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A full-bridge DC-DC converter is used. U--map
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o T1 and T2 turn on together: the supply voltage appear across the motor
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a T1 and T2 turn off: the armature current decay through D3 and D4
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> T1, T2 and T3 turned off.
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> When T4 is turned on, the armature current rises through ™ and D2.

> When T4 is turned off, the motor, acting as a generator, returns energy

to the supply through D1 and D2.

Reverse Motoring ~ &

U--MAp

g @

g ‘uﬂ_

2\ D3

T3

J-

TjE D4 £

1

i
o/

D2

I

T2

< T3 and T3 operate; T1 and T2 off.

<+ When T3 and T4 are on together, the armature current rises and flows

in reverse direction.

<« Hence the motor rotates in reverse direction.

<+ When T3 and T4 turn off, the armature current decays through D1 and D2.



Reverse Generation 2

U--MAp

T T3
Lo ... Ao

T;IE D4 &N 25 D2 I_T2

v T1, T3 and T4 are off.

v When T1 is on, the armature current rises through T2 and D4.

v When Q2 is turned off, the armature current falls and the motor returns
energy to the supply through D3 and D4.

Introduction to four quadrant operation: Motoring

operations

® For consideration of multi quadrant operation of drives, it is useful to
establish suitable conventions about the signs of torque and speed.

® A motor operates in two modes — Motoring and braking. In motoring, it
converts electrical energy into mechanical energy, which supports its motion.
In braking it works as a generator converting mechanical energy into electrical
energy and thus opposes the motion.

® Now consider equilibrium point B which is obtained when the same motor
drives another load as shown in the figure. A decrease in speed causes the
load torque to become greater than the motor torque, electric drive
decelerates and operating point moves away from point B.

® Similarly when working at point B and increase in speed will make motor
torque greater than the load torque, which will move the operating point
away from point B

® Similarly operation in quadrant Ill and IV can be identified as reverse motoring
and reverse braking since speed in these quadrants is negative.
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For better understanding of the above notations, let us consider
operation of hoist in four quadrants as shown in the figure. Direction
of motor and load torques and direction of speed are marked by
arrows.

A hoist consists of a rope wound on a drum coupled to the motor
shaft one end of the rope is tied to a cage which is used to transport
man or material from one level to another level . Other end of the
rope has a counter weight. Weight of the counter weight is chosen to
be higher than the weight of empty cage but lower than of a fully
loaded cage.

Types of Braking

© Brakes are used to reduce or cease the speed of motors. We know that
there are various types of motors available (DC motors, induction motors,
synchronous motors, single phase motors etc.) and the specialty and
properties of these motors are different from each other, hence this
braking methods also differs from each other. But we can divide braking in
to three parts mainly, which are applicable for almost every type of
motors.
i) Regenerative Braking
ii) Plugging type braking

iii) Dynamic braking



Another method of reversing the direction of torque and braking
the motor is dynamic braking. In this method of braking the motor
which is at a running condition is disconnected from the source and
connected across a resistance. When the motor is disconnected
from the source, the rotor keeps rotating due to inertia and it works
as a self —excited generator. When the motor works as a generator
the flow of the current and torque reverses. During braking to

maintain the steady torque sectional resistances are cut out one by

S'%SZ lo ¢
s .

Ra

one.

Plugging Type Braking

@ Another type of braking is plugging type braking. In this method the

terminals of supply are reversed, as a result the generator torque
also reverses which resists the normal rotation of the motor and as a
result the speed decreases. During plugging external resistance is
also introduced into the circuit to limit the flowing current. The main

disadvantage of this method is that here power is wasted.
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Regenerative braking operations

® Regenerative braking takes place whenever the speed of the
motor exceeds the synchronous speed. This baking method is
called regenerative braking because here the motor works as
generator and supply itself is given power from the load, i.e.
motors. The main criteria for regenerative braking is that the
rotor has to rotate at a speed higher than synchronous speed,
only then the motor will act as a generator and the direction of
current flow through the circuit and direction of the torque

reverses and braking takes place.



Regenerative braking of electric vehicle
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Regenerative Braking for DC motor:

In regenerative braking of dc motor, generated energy is supplied to

the source. For this the following condition is to be satisfied.

E >V and la should be negative
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Regenerative braking speed torque characteristics of dc shunt motor

Four quadrant operation of DC motors by dual

converters

© Separately-excited dc shunt motor can be operated in either direction
in either of the two modes, the two modes being the motoring mode

and the regenerating mode.

@ It can be seen that the motor can operate in any of the four quadrants
and the armature of the dc motor in a fast four-quadrant drive is
usually supplied power through a dual converter. The dual converter
can be operated with either circulating current or without circulating

current.
@ If both the converters conduct at the same time, there would be

circulating current and the level of circulating current is restricted bv

provision of an inductor.
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Four quadrant operations

Four quadrant chopper fed DC separately excited and

series motors with continuous current operation:

A full-bridge DC-IDC converter is uscd.

L= T=




e Class E is a four quadrant chopper

* When CH1 and CH4 are triggered, output current i, flows in positive
direction through CH1 and CH4, and with output voltage v, = V.

e This gives the first quadrant operation.

* When both CH1 and CH4 are OFF, the energy stored in the inductor L

drives i through D2 and D3 in the same direction, but output voltage v, =
V.

» Therefore the chopper operates in the fourth quadrant.

* When CH2 and CH3 are triggered, the load current i, flows in opposite
direction & output voltage vy = -V.

* Since both iy and v, are negative, the chopper operates in third
quadrant.

e When both CH2 and CH3 are OFF, the load current i5 continues to
flow in the same direction D1 and D4 and the output voltage v, = V.
» Therefore the chopper operates in second quadrant as v is

positive but iy is negative.

CH:! - D4 Conducts CHI . CH4 ON
D, - D, Conduets | CH, - D, Conducts

CH, - D, Conducts |CH, - D, Conducts




4.7.3 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. :

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

2 Ao,

Figure 4.15 Class E four-quadrant chopper.



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 continu-
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 I and
IV. Switches S; and S; with diodes D; and D4 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 [II can be carried out using the
following sequence of steps. In quadrant I, the switches S, and S, are controlled
with 0.5 <& < 1.0. Thg armature current has the direction shown in figure 4.15. For
the changeover, S, 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 <& < 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 < 1). 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
is 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 S, 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 II,
these choppers are controlled separately. In the present method, these choppers are
controlled simultaneously as follows.”

The control signals for the switches S;-S; are denoted by i, i, i3, and i,
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,
to iy, 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
from t=T to t =T + 28T. Switches S, and S,, and S, 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 amd i, is decreasing. Switch S; remains off
as it is 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 S; 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 S, does not conduct due to the reverse bias provided by the drop of the
conducting diode D;. Switch 5; is opened at the end of interval [. The armature cur-
rent is forced through diode D;, source V, and diode D, and the energy is fed to the
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Figure 4.16 Waveforms of the four quadrant chopper of Fig. 4.15 using method [T
(continued on next page ).

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 Dy. 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 D4. Switch S, also re-
ceives a control signal; however, it does not conduct due to the reverse bias applied
by diode D,. The armature current magnitude again builds up. S, is turned off at the
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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 turn-off of one switch and the turn-on of another
switch of each of the complementary pairs formed by §,, S, and S,, S, the maxi-
mum permissible frequency of operation must be lower compared to that of
method I1.



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.

S3 D,
R S
I 11
{ e T e}
Field
i
D, e Se

Figure 4.17 Combined armarure and field control for four-quadrant operation,



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 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.=230-9x0.115=219.7 V .

1. Equation (4.39), which is applicable to method III is reproduced here:

2V(6—-05)—-E
I,= { ) (4.39)
R,
The motor is working in the second quadrant, therefore,
I,=-90 A
300 300
=— =— .7=131.
E= S X E=5py X219.7=131.8 V
Substituting in equation (4.39), gives
_2x230(6—0.5) - 131.8 -
i 0.115

or

121
§=035+—=.76.
460

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

IL=-45A
400
B e e W = —
E 500 219.7 1757V

Substituting in equation (4.39), gives

2% 230(6 — 0.5) + 175.7

—45=
0.115

or

181
5—ﬂ+5—ﬁ=’:ﬂ.ll+



6.5. THE FOUR-QUADRANT CHOPPER

A d.c. brush motor with separate excitation is fed through a four-quadrant chopper (Table 6.1¢). Show the waveforms of
voltage and current in the third and fourth quadrants.

Solution:

The basic circuit of a four-quadrant chopper is shown in Figure 6.9.

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

If T4 s on all the time, T}-D; and T2-D2 provide first- and (respectively) second-quadrant operations as shown in
previous paragraphs. With T5 on all the time and T3-Dy and, respectively, T4-Dy the third- and fourth-quadrant operations is
obtained (Figure 6.10). So, in fact, we have 2 two-quadrant choppers acting in tums.

However, only 2out of 4 mamn switches are turned on and off with the frequency £, while the third mam switch is kept on
all the time and the fourth one is off all the time.

i

o TR

o T

Figure 6.10. Four-quadrant chopper supplyinga

d.c. brush motor
a.) Third quadrant: iav=0, Vav<0; b.) Fourth quadrant: 1av=0, Vav=(0,

Four-quadrant operation is required for fast response reversible variable speed drives.
As expected, discontinuous cumrent mode is also possible but it should be avoided by increasing the switching frequency
fiy or adding an inductance in series with the motor.
Let us assume that:
A d.c. brush motor, fed through a four-quadrant chopper, works as a motor in the third quadrant (reverse motion). The
main data are V= 120V, R, =050, L, =2 5mH, rated cument 1, =20A; rated speed n, = 3000 rpm; separate excitation.
a.  Calculate the rated e.mf, ey, and rated electromagnetic torque, T
b.  Forn=-1200 rpmand rated average current (i, =—l,,) determine the average voltage V,,, 1. / T =ayy, and maximum and
minimum values of motor current Ly, and Ly, for 1kHz switching frequency.

Solution:
a.  The motor voltage equation for steady state is:



V=R, + By
for rated values Vy, =Vp = 120V, i, =1, = 20A, thus
ep=KAn, =V, -R,i, =120-20-05=110

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

the conducting time t. for Ty (Figure 6.10a) is

b Ve =94
T -V, -120 =045

t,=T-045= fl—-EI.dL"r = %-0.45 =045107"s

th

Form ((6.4004{6.41)) the motor current varation (Figure 6.10a) is described by

V.'—e i
io=—fihe b Detst,
R,
R,
B _"TJ_
i=-—L+Ae L4, <t<T
R,

The current continuity condition (1,(t.) = i,(i.)) provides

e

(2]

The second condition is obtained fromthe average current expression

U
1“=F[llldt+!1l dt}=

T R

From{(6.62) and (6.63) we obtain:

-120 —peaner B3
[ '+Q]Lﬁ-e IHT 20914

L 1,
1 [V, '-e e L -1, = =[1-r, 2
- '—Lt,-EL[T-l,:HR—‘ [1-; ""]A+ﬂ'[1-e

(6.54)

(6.55)

(6.56)

(6.57)

(6.58)

(6.59)

(6.60)

(6.61)

(6.62)

(6.63)

(6.64)



—90 = 1[]‘{Mn;15 107" - wujj.m-l
05 05

41 N E T
+25.1E| [[1_ E—u.u.u W]h+h'[l— E—HHI m,]}
05 {6.65)

—20==20+ 0434+ 052054" (6.66)
0434+ 052054'=0 (6.67)
A'4240 = 09144 (6.68)
A =137 62;A'=-113.92 (6.69)
Mow we may calculate Ly, = i(0)
[ = A+ E_13707+ ~120-(-44) 5
. 3 A (670

Als0 lpax =1,(te)

. A (6.71)



