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.
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Fig. 12 4 Thyrnistor chopper drive.



Solution

The average armature voltage fory = 11is
Vw=yVa =1x120=120V

The motor’s speed:

L _Yw R
K.0 K:K,p?
Atno load 7,=0, hence

Ty

YVa 120
= = —— = 2857
o T Tk " 0042 L i
At starting, n = 0. The starting torque 7, may be found as:
. —_— de Ra
=0Ty TRk
9.55yV,
st = TKe
9.55 x 120
Tst S T X 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 is switched
fully ON such that the duty cycle y = 1.0.

DC voltage

Fig.12.6 IGBT 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 12.5

A separately-excited d.c. motor with R, = 0.1 Q and L, = 20 mH, is to be
controlled using class-A thyristor chopper. The d.c. supply is a battery with
s = 400 V. The motor voltage constant 1s 5 V.s/rad. In the steady-state

operation the average armature current [, = 100 A and it 1s 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, (11) the speed of the motor, (111) 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, 1, =yV;1, =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,—I1,R,=200-100x0.1=190V
W = E=@=381‘:~1d3’s
Ko 5
To find the speed n in rpm
n= @m= E—ﬂ x 38 = 363 rpm

T 2m 21



(111) The torque produced by the motor,
. E,l, _ 190 x 100
" w 38
(b) For duty cycle of 20%,

= 500 Nm

Enzo0 = YVa — lgRg = 0.2 x 400 —100 x 0.1 =70V

E 70 rad 60
Waguy = %!?":?: 14 = 7 Moy = 14 Xo== 133.7 rpm

For duty cycle of 80%,

Eagos = ¥Va — Io Rq = 0.8 x 400 —100 x 0.1 =310V

Wggy, = Km - 5

Hence the difference in speed 1s

60
= 62rad/s = ngyy = 62 X 7 = 592.3 rpm

Ngos, — N2gy, = 592.3 — 133.7 = 458.6 rpm



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 : ' .
_ 220 44 ‘ )
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
or N= 22090;.5 = 2687.5 rpm
-, Range of specd control : 0 < N < 2687.5 rpm and corresponding range of duty cycle :
1 o -

E(Oﬁ(l.




Example 12.21. A dc chopper is used for regenerative braking of a separately-excited dc
motor. The dc supply voltage ts 400V, The motor has ry =02 Q, K = 1.2 V-s/rad. The average

armatunre 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
(¢) 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,-ra 300x0.2
Wpp = K, - 12 = 50 rad/s or 477.46 rpm

From Eq. (12.42), maximum braking speed is

- _Vy+l,rs _400+300x0.2
mE UK, 13

- 383.33 rad/s or 3660.6 rpm

{c}) When working as a
i generator duri § .
Ey=Ky =V +1,r,=160+300x0.2= oop | generative braking, the generated em i

. 2
. Motor speed, w,, = ng- rad/s or 1750.7 rpm



10, A 220-V, 80-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, E}, is obtained from the equation
Ly = E — Ry = 220 — B0 % 0.18 = 220 — 144 = 2056 V
From the equation
Eyp=kN
- 2056

800
When it is regenerating, the step-up configuration of Fig. 3.7(c) holds good. Thus,

Ep=FE(1—8) + I,R; = 220(1 —0.7) + B0 x 0.18 = 66 + 144 = B04V

= 0.257

E, 804
N = e— = ——
k 0257

(b) The speed for § = 0.1 is obtained as follows:

Eyp=22000 —0.10) + 80 x 0.18 = 198 + 14.4 = 2124V
Therefore the speed is

= 313 rpm

212.4



11, A 250-V, 105-A, separately excited dc 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 (.5 at 7/8 times the rated torque and (b) the motor speed if it
regenerates at & = 0.7 with rated current.
Solution
(a) The initial back emf is to be determined from the equation
Ey = E — LRy = 250 — 105 < 0.18 = 231.1V

Hence the back emf constant k = 231.1/600 = 0.385. A fraction 7/8 of the rated
current [; =7/8x105 = 91.875 A. The new E), is obtained as

E, = E§ — IR,
where 4 = 0.5 and I;l = 01.875. Its numerical value is

Ej;, =250 x 0.5 —91.875 x 0.18 = 108.46V

The new speed is
E} 108.46
N= % = oass ~ B2m
(b) When it is regenerating, Eqn (7.54) is to be used. Thus,
;o Ey — E(1 - 38)
a Ra
or

E, = E(1-8) + IR,
Substituting values gives
Ep, =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 € 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) Ey — [,R, =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(1-8)

New current
I, = %xlﬂﬂ:ﬁﬂh
Hence,

Eh:vu + l’aRa
kN = E(1 —8) + IR,

Substitution of values gives
0.458 x 450 = 300(1 — &) + 80 x 0.25

This yields § = 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

EF} — liiJlr.:.' - l"a Rﬂ
where
Ep =kN = 0.458 x 500
V,=E§ = 3004
and

Iy = 0.6 x 100 = 60 A
By substituting numerical values, the equation becomes
(0.458 x 500 = 300 x & — 60 x (.25
This gives § = 0.813.



8. A separately excited dc motor having a rating of 60 h.p. and running at
1200 rpm is supplied by a dc chopper whose source is a battery of 500 V. The
field is also supplied by a chopper whose source is another battery of 300 V.
The data pertaining to this chopper-based drive are as follows: R, = 0.18 £2,
Ky =70 V(Wb rad/s), ¢, = 0.161;, Ry = 120 €2, and (ton/T) s for the field
chopper is (1.85. 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.

L
T
Ry chy
E — E—
wonT o
Ly
Fig. 7.33
Solution

(a) Let the source currents at the armature and field sides be denoted, respectively,
as Iy, and I;p. The circuit is shown in Fig. 7.33. Equation (3.23) gives the torque
developed as



Ty = Kipplha(w) = KKyl
Here,

KpKi =70 x0.016 = 1.12

ToNy | 300 x 0.85
Iy =B () o = = = 2125A
P ) Ry 120

Hence the average torque is

Ty —1.12 x 2.1251, = 2.381,

2
o X 12000 g
60)

E,=KyKiljw = 2.38 x 1257 = 299V

TON
T

L»;,:E( )u — 500 % 0.65 = 325V

The mean armature current is

la = R T o018 144.4 A

(b) Torque developed 7; = 2.38 x 144.4 = 343.8 Nm.
(¢) Input (or source) current is

Ti
Iy = ,,(ﬂ) — 1444 x 0.65 = 93.9 A
T fa
Also,
TOMN
Iy = Iy x (T)f — 2,125 x 0.85 — 1.81 A

armature source voltage

Armature source equivalent resistance =
armature source current

500
- 939
=5.32Q
(d) Total input power = power input to armature -+ power nput to field

= Eqlya + 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 2, Ry =125 €2, K;, =72 V/(Whbrad/s),
¢r = 00151, (ton/T)e = 0.7, and (ton/T); = 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.

. | L LA '

L oI

oh, Ry Cohy

E= Er =
(300V) D,/ /\ Dy
Ly
Fig. 7.33

Solution

(a) The circuil is the same as that given in Fig. 7.33.
TON

V, = 43{1( r

) — 480 x 0.7 = 336V
il

Ey = V, — IR, = 336 —-120x02 = 312V

0 = EFJ o Eﬁ
- Kwpy K, x 00151,
Here,
TON | 250 = 0.9
I, — 250(—) 2R 18A
o r /5 Ry 125



Hence,

Ly 312
—] = —— 6{] s
@ = Ky % 00151, ~ 72x0015x 1.8  le0radss
Also,
60w 60 x 160
speed — = — 528
pe 2 2 pm
(b) Torque developed = K, x 0.015/,1,
=72 % 0,015 % 1.8 % 120
=233.3Nm
The source current on the armature side 1s
- (“ﬂ) ~ 120 x 0.7 = 84 A
T i
) ) armature source vollage
(c) Armature source equivalent resistance =
armature source current
480
= — = 57Q
84

(d) Total input power
P; = power input to armature + power input to field
=Eulsa + Egly
where

Iy = I (—)Jr — 1.8%09 = 1.62A

Hence,

P, = 480 x 84 + 250 x 1.62 = 40,320 + 405 = 40,725 W = 40.7kW



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:

v, :420"7’” — 420 x 0.65 = 273V
Eh e Va = lu(Ra + R[)
—~273 — 120(0.05 + 0.06)
—259.8V

Ey
~ K, x 0.0161,
259.8
~0.72 x 0.016 x 120
= 188 rad/s

w

188 x 60
2
= 1795 rpm

Speed N =

Torque developed by the motor = K, x 0.016(/,)*
=0.72 x 0.016 x (120)*
=1659Nm
The source current is

I 1(,"7’” ~ 120 0.65 = T8 A

Input power = El; = 420 x 78 = 32,760 W = 32.76 kW



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 ‘ —F S—
+ T
The average armature voltage 1s D::]:'—‘Jpaer R,
Vow=7vVy =1x 120=120V v
anw d DF“ La
The motor’s speed: +
W R Eq Q
aw a T.d -E . X N _

n= -
K,0 KK,0?

At no load T;= 0, hence
or Ny =m=m=235?mm
At starting, n = (). The starting torque T, may be found as:

]"Vd Ra

" K.0 K K,0° *

9.55 ¥V,
s T o e
L1 8 Ra

&

9.55 x120
T, =———x 0.042=40N.m

1.2



Speed 4

F1g.9.11 Speed-torque characteristics

85713 [~

(b) At y=0.5
V=yVa=05x120=60V

Wa _ 60 s
o g A e R

_9.55 x 60

Tq =—75—x 0.042=20N.m

At y=05, T;=8 N.m

o == 8 = 857.13
= - P& = &
" =004z~ 9.55(0.042) i

Note: Ky = Torque constant = 9.55 K,

Torgue (M.m)



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 1: A Sefhfd*—b ~excired d.c. moter with Razo.352
and Lla = I5mHY (s +o be speed Controlled over o ra

0- 2000 rpm. The d.c. SuPp\a is 220y/. The load *orclue is

constan+ and ires an ave Armature. Cvrrent

(a) Calculate ‘4‘" m% f’dﬂ. c":gcﬁcle Y rl::TM'rec‘ 'v,_ :é:ﬂ\-

Motor Acsan constant Ke & -0. 1002 Vicpm .

Solutrion : In the Stealy_Srate. 4he Ormature inductance
frao no <ffecr . The requived mator Aerminal Voh-ua,..: are:
At N=08 , Eb=0,s6 that
Vic = Ey +IpRa = laRa = 2503 =F.5V .
At N= Zooe rpm
Ev- Kedn =0:.002X2000 =200:4V -
oo Vde = Ep+LaRa = 200.44+25x0.3 = 2079 V.
V, =¥V,
To grve Vo =#5V oo #-B:-YoX2tg or Yf%i.-a.o.ﬂ
75 give Vo= 2079V oo 20747 X220

2077 _ 4.
as 7tuc:h :’2—20—-" 0943 .

0034 < ¥ T 0-14% -
be Sw:RLeJ wlly on,
(b) 1f Hhe CL"P_’EKSFZT#T:LV_ motor  whem fx- L

what s
so. whn ¥ =1 , Vo:z2eo N
Ep = Vo TaRa= 220 - 25x0-3=212:

Kmr ° r. G

o.o —KGI ’
2125 _ 2321 rem

- i—



J;'dmpl'd’ .
An elecirically -driven automobile I's [’chreJ b
d.c. sernes ,motor yated at 160V, 200/~ - The potor

res/stance and mductance are res ecnvely ©- 65 J2
ana/ & mH - powcr rs surrh'el from V- deal bakr

"/‘ tgoV Vvia class -A d-c. cho/a',c, ﬁm,,/ G_ﬁ)rc/
f-re7u¢nc/ oj loo Hz - The machine Constant A’e¢.-o.ao,z;;7
anel the mator S,veeJ /s 2500 rpm- Determine +he 7
IAX Yo wnny and Minimum Cvrreat s, 1-/umean +tarque a'\d'/"s
mean Powe( ‘vroducel ? M.:. profor when nnn:, P

250¢ rrm w.-[»l. &17 %cle ¥ 0J3/5.

> alutrsn:

Ra 2 Le T Ra 2L«
— s Xi20 4x10 2.x120)
0-65 Zxcx(o"<5
— 134.FA

- o+ + <4

I.M\.n — Yﬂ- — Y’R"VM
Ko & 8 RC A
- ao#* - 24

i

r—'o( S e v s motor | )

k= .

Meaw . To= Kr o Tar - 455 Ke & (Tmagtlmd)
7 — 9.55X0.00025 ("""‘"*’8"16)1

-

= 30 N.m -

Meon S 27C
oW S e =
P 3 P &9 =0 <D h?.



EXAMPLE 7.1 A separately excited dc motor runs at 1000 rpm from a 200 V dc supply. What
will be the speed of the motor when power 1s supplied from a single-phase full converter working
at ¢« = 60°. The supply voltage 1s 230 V (rms).

Solution

Neglecting the IR, drop and assuming constant excitation. The ratio of speeds will be same
as the ratio of the applied voltages at the given conditions. Therefore,

Ya _ M

Voo M2
V.2 N

N:L)’ — a2ivl
Val

2 % 230 % 42 % cos 60° x 1000
T % 200

= 518 rpm

EXAMPLE 7.2 A dc drive works at 1100 rpm when fed from a 220 V dc source. The same drive
1s supplied from a chopper connected to 220 V dc mains. What will be the duty ratio to obtain 900
rpm. Neglect the IR, drop.

Solution

The ratio of speeds can be equated to the ratio of applied voltages.

Va _ N
Vaa N,
N,
V=V, x —
a? al Nl
= % 9[}{1'; = 180 volts

Since the field 15 constant,
Hence,

Duty ratio § = @ = 0.82
220



EXAMPLE 7.4 A single quadrant dc chopper is used to control the speed of a separately excited
armature controlled dc motor. The chopper has a supply voltage of 230 V dc. The on time and off
time of the chopper are 10 ms and 25 ms respectively. Also, R, = 2 £). Assuming continuous
conduction of the motor current, determine the average armature current and torque developed
by the motor when it 1s running at speed of 1400 rpm. The back emf constant of the motor is
0.5 Virad/s.

Solution
0.5
Back emf, E, = 1400 x 27 x —
60
= 73.30 volts
v, =V, x T~ 230 x 22 = 92 volts
T 25
- 73,
IG' = w = 935A
T = Torque constant x I,
Also,
Torque constant = 0.5 Nm A
Therefore,

Torque T = 935 x 0.5
= 4.675 Nm

Describe speed control of DC series motor using step down chopper.
Ans:

Speed control of DC series motor with step down chopper:

Figure shows the basic arrangement for speed control thopper
of DC series motor using step down chopper. Armature % |
current is assumed continuous and ripple free. The * }>|‘/'
waveforms for the source voltage V,, Motor terminal
voltage vy, motor current 1y, dc source current i; and
freewheeling diode current iy are also shown.

Average motor voltage is given by,

&
|

L%
Vo=V = ali = ftonl ~
where o = duty cycle = to?“ b 7
and f= Chopping frequency = :—_ g&b < s
Power delivered to motor 1s given by, i
Power delivered to motor = Average motor voltage x ., |
Average motor current S -
=V, =alVl, i P
Motor voltage equation can be expressed as, 3 ]
Fn:aIG:Eb—I_Ia(Ra—I'RSE) 2 Fr~!I'.a
The back emf 1s proportional to speed, = + %
Ep X @y~ Ep = K . i
Thus voltage equation becomes, ~:'; !h i—
Vo = aV; = Kty + Io(Ra + Ree) s v t
The speed can be obtained as, A T
" ~aVs—Ia(Rg + Rge) ] —

=]
..1
[ 4

It is seen that by varying the duty cycle @ of the
chopper, armature terminal voltage can be controlled
and thus speed of the dc series motor can be regulated.



EXAMPLE 7.1

A 230-V, 6-A, 1,500-rpm separately excited dc motor has an armature resistance of 5.1 €.
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,

Ebrata:l = 1"‘li'a - Iamted X
=230-(5.1x6)
=1994V

Ehrabed = 1: 500 rpm(Nrated ]
At 60% duty ratio, Ey = N;.

Armature voltage = 300 x(60,/100)
=180V

Back-emf, Ey,; =180—(5.1x6)
=1494V

Therefore,

E
N; = —2—Nied

Eb rated
1494

=1P2 1500~1124
199.4 pm




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 de 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 .

SOLUTIOM:
At 40% duty ratio, armature voltage is

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

=120-(5%5.1)
=945V

EH o 1, 5600 l'F'lTI
Now back-emf, E., at 1,300 rpm can be related as Ey; = 1,300 rpm.

N,
Eps =—Ep, =7875V
b2 N, bl

Armature voltage, V, = Ei; + L,
V, =300xD

Therefore,

D =34.75%



EXAMPLE 7.3

A separately excited dc motor is fed from a 440-V de 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.
Er.=220-175=02=185V
=1.2=m, = I;
w, =185/(1.2x 1.5)
=102.77 rad/s
=981.38 rpm
b.

Turque =12x1.5x175=315 M-m



EXAMPLE 7.4

A separately excited dc motor has the following name plate data: 220 V, 100 A, 2,200 rpm.
The armature resistance is 0.1 Q, 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.

SOLUTION:
Because e torque is constant, i, is the same for all the values of D.

Vatav) = DVa.
AtD=03,
Vagav) = 0.3 % 250
=75V
Eb{i].l} . vn[a\'} e
=75-(100x [}.1}
AtD=07,
Ve = 0.7 % 250
=175V
Evo7 =175-10
=165V

Under rated conditions, V,=220V. L=100 A, r,=01 Q

Eb{mtud} =220- '[:] 00 x Ul]

=210V
N, =2200 rpm
Noz _ Enos)
Nr Eb(m(cd)
165
N7y = ——x% 2200
7 =370 X

=1,728.5714 rpm

65
N(og) = FO x 2200

=680.95 rpm

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




EXAMPLE 7.5

A separately excited dc motor has an armature resistance 2.3 €2, 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 Vulhge = lpjavgy X Rp =70 x23=1725V
P, =LLR,(1-D)
P, = 100° ¥ 23x(1-0.25)=17250 W
EXAMPLE 7.6

A separately excited dc motor has the following name plate data: 200 V, 75 A, and
L,500 rpm. The armature resistance is 0.2 £2. If dynamic baking takes place at 600 rpm
at rated torque, compute the duty ratio. The braking resistance is 5 €2.

SOLUTIOMN:

E; under rated condition,

Eb:mlzd] = ‘l"'r_lara

=200 (75%0.2)
=185V
Ewjso0) _ N
Ebu:ral:ed] N:ated
M
E = Eprn
b &0 [NHHJ brated

600
Epeon =] —— |x185=74V
w0l [IEDﬂ]

Ebyooey = L (1 + Ru(1-D))

Because braking takes place at rated torque, I, = Liea = 75 A,
ie., Eygp) =75(02+5(1-D))
74=75%02+75%5(1-D)

S D=0.84



EXAMPLE 7.7

A dual-input de/de 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.

SOLUTION:
Vi = 12X 0 424 x =
100 100

—48+6

=108V



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 = En + I,R;,

=0.1 X400+ 100 x0.2

(iii) Prgee = E,lp = 0.1 X 400 X 100 = 4000 W
Py = (io)imsRy = 100? X 0.2 = 2000 W
P, = V(iJw = 120 X 100 X = 6000 W
(b) (i) The wavelorms are shown in Fig. E10.5b.

(ii) Vo= Eu + (—Ioka)
=0.1 X350 - 100 x 0.2
=15V
From Fig. E10.5b
T'=ly
Vo= —2V
Lan
15 (l — -1-) 120
lm _ 7
T 8

lon = §X 4 = 3.5 msec
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i
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=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



10.21 A one-quadrant chopper, such as that shown in Fig. 10.344, is used to control the speed of a
de motor.,

Supply dc voltage = 120V
R, =0.150
Motor back eml constant = 0.05 V/rpm
Chopper frequency ~ 250 Hz
At a speed of 1200 rpm, the motor current is 125 A. The motor current can be assumed to be
ripple-free.
(a) Determine the duty ratio (o) of the chopper and the chopper on time .
(b) Draw wavelorms of vy, ig, and i,.

(¢) Determine the torque developed by the armature, power taken by the motor, and power
drawn from the supply.

| 10:20¢a) Vo = Ea + LaRa
= 0.085%/200 + 15 x0.185
= T8.75v
3
= _l_L.msgg = 4”08%

250

L = 18.75 _ 0.4563
120

Con= LT = 0.6S43 x4 = 2.4 285 msec.

(L) . 2oV [;‘m
Va l l } . Sec.
) 2-625=o 4 g
. LS A —
lo S ] D ' S l b I-—_;- Pisec .
R 125A 1254
ts | | l_+’, miec.
(] ol ¥
) EoI, = box 125 = T7SooW
7500 = $9.683 N-m

1ze8/, X 2T
P, = VoI, = T78.T5x 125 = FE¢ W

Is = /25 x 0.6563 = §2.63 A

P = 120 x §2.03 = 984¢ W



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 duty ratio o of the chopper for the operating condition,
{e) Determine the power fed back to the bus.

Iy

N

A
i

=
O
-

¥,

bud

D
>
-
| Chope
|
.

r=-=1

0 FIGURE P10.22

[ a ooV
Cade ey —

0 - ) i [
@ T L nd ch_| » |
o
W o
(b) Vo = (/= &A)éoo = Ea = 0.3 x 800 = 240V
- 24%0 . o
L = / éoo 0- é
) I = (l-w) 300 = (1-0.4)300=120A

Ps = oo x (20 = 72 Kw

Oh Tg = Pa= EoT, = 240 %300 = 72 kW

— wt

> ot

- ot



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 = ¢, 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 duly cvcle a = /T

and the supply voltage V. Determine Vs for & = 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

.lo.ZEI (a) dun’nj ton — U=VUa L= _,_%‘_.t_
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FIGURE 10,38 Boost converier. (o) Circuis
1B Waveforms. (o] Vy versus o

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,



10.24] (a)>

(b)

I=05A Ri= |00XRy= (00KO.|= [0S , I/.g osxio =15V
Vor= 100X Vi + g = 100X2.5+5 = 255V
Vor= 100X Vp, + Vo = 100x 3.2+ = 335V

Vo= =V — o= H75

ass - Ifv T ST
o= T = ass sm —gpp = 0836

o chaves from 0. 4.8 +o 0 t38%

L v
5 —
. v—‘Lw. s | —_— -
U
/\/\
3 “FF — wt
¥ 4 "
g . =
!
an-ﬁb' /‘ = A
o > Wt
)14 -tV
i} g




10.25

For the battery charging system of Problem 10.24:

(a) [Ifthe supply voltage available is V = 150 V (d¢), which de to de converter
would be used? Draw the circuit,

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

(¢) Draw qualitatively the waveforms of inductor voltage (v,), inductor
current (i), voltage across the chopper switch (v,), current through the
chopper switch (1,), voltage across the diode (vy), and current through
the diode (1,), for vy, = 1.2 V.

10.25] (a) |}, =100%, +IR = 100X].2 +100xaIX0.8 = 125y
Voz = 100x32+4 5 =32¢ v
V= Isov Need a Buck- Boost Converter
? -Va o,
O p—
L (2] IR~
+ - 9+
v Y Vi -l- A
X i
(b) T4 _ga_\/
e
x= V+Vve a8
— 2y
A= TR ene = OMUS  Ohm Eaar = Q6842
<)
; L8 y=Isoy
o e Lo 2ok
‘i‘_ \ - =-2r
//\,_———/
1) V+ V=278V -

,%//‘] — :

V4 4




10.26 Consider the two-quadrant chopper systems shown in Fig, P10.26. The two
choppers S, and S, are turned on for time ¢, and turned off for time T —
t..,» where T is the chopping period.
(a) Draw the wavelorm of the output voltage vy Assume continuous output
current iy

(b) Derive an expression for the average output vollage V, in terms of the
supply voltage V and the duty ratio a (= ¢,,/T).

+

200 Y SZQD

o FIGURE P10.26

‘ " ! L Vo .

U° e — v — —f—— . — —— - — ] - — -

1

ton T

Y
-~

-V

(L) Ve im #LTVQ dt = _%(5-:0}&'& +[£T_Vdf]

= V(ak=1)



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
Ec = (2.72) 5 (800) = 2279 V
E. = K¢ (4.201)

o 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)

Ki¢y)

The armature circuit time constant is obtained as
t=—m=— = 1875x%x10%s

The chopping period is given by

l -3
T—m—SXlO S

We obtain the critical on-time using Eq. (4.197) as
. _ 227.9 :
£, = 1875 x 107 In|1 +—366("5/Im -1)
=38x 1073

We know that t,, = 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 ton
n= 5 (v~ ki)
Thus we obtain
2.72
To = 0.08 [0.8(300) — 227.9]
=4]14N - m

The power output is obtained as

P, = (41 1.4)%%(800) =345 x 10° W
= 46.2hp

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,

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. 4.8a4. The dc supply voltage is 120 V, armature circuit resistance

is R, = 0.5 , 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

10 = 120ax
1

12

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=%& =005 ~20mm
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 & = 1.

1. At 600 rpm
E=V,-IR,=250-20x25=200V

At 400 rpm, the back emf

400
E, ZOOXR 133V

The average chopper output voltage
Vu=E +IR,=133+20x25=183 V.
Now V=V, or 8=V, /V=183/250=0.73.



2.

v l “ Tirg o o8Tirg c('“‘)T'?.
[ < - ] (4.14)

4L =R, e -1

Per-unit current ripple = (4i,), = l—"-
rated

\4 1 4 eV — ofTma . o(1-81Tiny
& 2R L e e |

For the maximum value of the per-unit ripple

d(aiJp _
dé '

therefore from equation (E4.1)

(E4.1)

—}e""‘*-}e"“""'to or 8=1-8 or 8=05.
a .

Substituting in equation (E4.1), the maximum value of the per-unit ripple (Ai,)pm is
given by the following equation:

eo.”lf| — l
R, O T (E4.2)

For (Ai,)pm = 0.1

€5~ 1 _0.2R Iy 0.2X2.5%20 _
STl Vv 250

(Ai)pm =

0.04

or ¢*Tm=108 or 0.5T/r,=€n(1.08)=0.08 or r.:&

RT__ 25

~0.16 00x0.16 -1 mH.

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 SO 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 27/60 = 73.3 rad/sec.

voltage induced E = K Pw,,

Ko=K=2

W

Torque T, =KI, = EL, (E4.3)

From equation (E4.3) and the magnetization characteristic

L g8 50 75 100 125 150 175 A
T, 227 846 1622 <2469 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 Q

Mo ;"R' ol 22(;'79'00 X0.1 o 51.6 rad/sec. = 492.7 rpm




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,

o

§ % |%
Figure 4.7 Regenerative braking perfor-
by >8; >3, . mance curves of TRC chopper-fed dc sepa-
0 w, rtely 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-ILR,=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-O.S Xx2304+90x0.115=125 V

Since ﬁ = 2
N, E,

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



Thus
- N.E - 500 x 125
E, 219.7
g 11 x10°?
e 0.115

2.5%x10°?
95.65 x 107*

N

= 284.5 rpm
1
9565mS, T 200 2.5 mS
T/7,= =0.026 and 7,/T=38.3

Equation (4.30) is repeated here:

v2 E T. c(l-&)‘rﬁr. + eﬂ/y' == eT". = I .
P"_E[(V l) (1 -6)+-1:{ =i }] (4.30)

Now

e“-a'T". + e"/f. = eTl‘f. o l eO.STH. -~ eO.ST'r. i chf‘ . l
= x =

1 —en 1 —en
eSTm—1 _0.013

STt 1 2.013

=0.0065

From equation (4.30),

V2| [E 7
P,,=i—.[(—\7- 1)-(1 —8)+-_i_-x]

230 [ (125
== [(ﬁ - 1) (1 -0.5) + 38.3 X 0.0065]

=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,=09x230+9 x0.115 =217
N, _ 500 .
NN-EXEQ-2|9'7x217-494rpm



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~-I,R,=230-90x0.115=219.7 V

1. From equation (4.33),

8V=E + LR, (E4.5)

At half the rated torque, I, =45 A
Atd=0.5

E=58V~—IR,=0.5x230~-45x0.115=109.8 V
_NE _500x109.8
E, 219.7

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

E=8V - LR, =0.5X230+90x0.115 = 125.4
NE _ 500 x 125.4
E, 219.7

N = 250 rpm

N =

= 285 rpm



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 Il is reproduced here:
_2V(6-05)-E
R,
The motor is working in the second quadrant, therefore,
I,=-90A

300 300
E ﬁxs, %X2|9.7' 1318V

Substituting in equation (4.39), gives
_2x230(6-0.5)-131.8 "
0.115

(4.39)

=90

121
=05 +——= :
5=05 76

2. At half the rated torque and in the third quadrant
I,=-45A

m
= —-— —_—— 3 e L v
E sz2|97 175.7

Substituting in equation (4.39), gives

_2Xx230(8-0.5) +175.7

s 0.115

5=05-—==0.11.



DC-DC MOTOR DRIVES (Choppers)

A chopper directly converts a fixed-voltage DC supply to a vaniable-voltage DC supply.

Step-Down Chopper (Motoring)

®
V: —‘
vV : :
a o S B | I S I Mean voltage
t
Ia """""""""""""""""""""""""" w Mean current
—L —— — = t
{.3.1_501". ....... t_cnff.
During t,, time During t,5 time
-l — g
Vs=L—+Va (1) 0 L— +Va (5)
Vs —Va=L% (2) Va=1L% (6)
o a de a de
di = =" dt (3) di = =" dt (7)
V-V Vi
Al =1, -1, = ’L “t,, (4) Al = T"r.,n (8)
tow = DT, t,pp = (1 — D)T whereD is the Duty cycle

Equating Als

Al ==, = 2, = =—=pT = (1 - D)T => Va = DVs
L L L L

To find currents



Iy +1q

Inean = 5 (9) I, +1; = 2I,,.,, (10)
adding (10) to (4) or (8)
Ve—V¥Va Va
21, =21 ppun + Ttnu or 2I; = 2mean + Ttnff
] I, = lLyean + %tnn or . I = Inean +:_:t°ff
similanly ) |
-r:[ = I'III-EﬂTl - IllFSZ-I.W't tﬂ‘ﬂ or Ii - ,m-emt - :_:taf_f

V DC source to supply a motor load with Ba = 0.85 ohms, La=0.32 mH. The required
torque genrated by the motor 15 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,=?

20
08345 x 1

T =Kyl => I, = =23.96 A

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 = 1o = 23.96 A
Ve=VFa Va
(C’) I'II'I.II.I = Imtnn + Ttnn or Imn.: = Imrun + Etﬂff

Weknow t,, =DT, t,;;=(1=D)T and T=1/f

120V =107.78V 1

lnar = 23.964 4+ sty 0.89 = i 32474
Vi-Va Va
Ienin = Iinoun — Ttnn or Iy = Iyean — Etﬂf.f
120¥=107.76V 1
i = 23.96A — LI L g9 4 L= 1545 4

Example : A separately excited DC motor 1s powerd by a DC chopper from a 600 V dc
source. The armature resistance Ra = 0.05 ohms. The back e m.f constant of the motor 1s
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, (c) the motor speed, and (d) the developed torque.

(a) Pipur=?, P = DV, = 0.6 x 600 x 250 =90 kw



(b) Reg=7. Req="=_"—=_"""_=40

fs DIs  D.6x 2504

(c) @a=7E;=k@ E=2 V,=LR, +E. V,=7. V,=DV, =06x600=360V

E-=360-250x005=3475V

347.5V

_ _ 3475V 60_
= Tozcxaia -~ 21.03 rad/s or 91.03 x — 869.3 rpm

(d) Tp=2, To =k, L L=1527Tx250x 2.5 =954 38 Nm

Step-Up Chopper — (Regenerative Braking)

Mean current



During t,, time

Ve = L% (1) Ve
di = “* dt (2) di =
al=1, -1, = =t,, (3) Al
Equating Als

Ve-Ve

Ve
‘dr:‘r!_}rl:?tuu: 7

Ve
1-D

VeD =Vs — Ve —VsD + VeD == Vs =

Since average voltage across L 1s zero, therefore Ve =Vaand Vs =

To find currents

I +r
— (9)

adding (10) to (3)or(6) rememberning Ve = Va

212 = zfmemt +antnn or

IIZ = Iinean + E Enu or
similarily

' Va

'rl = ‘rmeml - 2l ton or

=< Y pr =YV
tory =>— DT

= _LE + Vs {4]
Ve=Ve
< dt (5)
Ve=¥
=L —I1,=——ty; (6)
I-r':;i"! [1 _ D]T {,?,]
Va

(8)

i-D

r:I. + II = zrmmn (1“)



Example : In a battery powered car, operating a frequency of 5> KHz, the battery voltage 15
120 V. It 1s driven by a DC motor and employs chopper control. The resistance of the motor
1s 0.2 ohms and its 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 15 110 V and the breaking current 1s 10 A. Detrermine (a) the copper duty cycle,
and (b) Max and Min values of the current.

LEI =0.3mH
4

VB
120V
110v
. 4
Va laRa+Eg laRa+Eg 110V+40.2x10
= J?  ———— — — -] 5 B - -
(a) D=7,V - b >1-D Vs 20 =D = 667%
¥ 112x0.0667
(B) Ipaxr = DNnean + Et‘"' = 104 + 770310922000 =16.22 A
Va 112300667
Tin = Tmean = 3 ton = 104 = o 2000 ~ 5: 784

Problem-Eepeat above for 50V back emf.

Motoring and Regenerative Braking Two-Qnadrant 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. 1f the chopper
1s operated at 200Hz with a 25% on-state duty cycle, determine, with and without
(rotor standstill) the back emf®

i the load average and rms voltages;
. the rms ripple voltage, hence ripple factor;
. 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);

viii, skeich the output current and voltage 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 15 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

v" The range of Speed Control

¥" The range of duty cycle

Assume Continuous current mode

Solution

1,=20 A

|

DC
V=120V CHOPPER DC

|

FF

(1) Range of Duty cycle
Average output voltage of the motor

V. =E,+LR,

wV, =al
alV =E, +1 R, L
: E,=KN
al, =KN+1 R,
As motor drives a constant load, T 1s constant and I, 1s 20A and minimum possible speed
1s ZERO

ax120 = (0.05)x0 + (20x0.05)
120 =10
10

o =—"7=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 (I—e fw”‘«) B
max - R“ I - t/T, R“
TON |
— =05 = — = 0,005
. mnd 1 200 ).O(
Hence,
0.5
= e = 0.0025
TON 200 2
La 30x107?
Ty = =2 = —— = 0.0
a R, 2.5 12
TON - 0.0025
T, 0.012
t 0.005
T, 0.012
(1 —e NTy (0,188, (e ™1 — 1) = 0.2316
(1—e ")y =034, (" —~1) = 0.5169
Hence,
240  0.188 100
i -t 13:0
bor: = S % 337, — 35 = POA

From Eqn (3.18),

L — E [eon/Ta | E),
min — R—a er/Tu - l - R_u
240  0.2316 100
T — — — 3.0
25 C 05160 25 a
The current ripple is
. Imax - Imin 13-3
Aly = = = 5A
la 3 )



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 Pr, gives
240 — 400 [l’()].": Ta

T
02 s g ";("HO’S -1 - = ’mux(eho's - I)]l

Preg =400[ =

~ 160
:4()(){0'—2[0.5 + 1(0.606 — 1)] — 1 x 444(0.606 — I)I

160 x 0.106)
0.2
=400 x 90 = 36,000 W or 36 kW

:400{ (= + 444 x 0.394]

(d) Average generated voltage
Ey = E(1 =8)+ IR, = 400(1 —0.5) + 200 x 0.2 = 240 V

Average current through the motor, I, = 200 A. Hence the equivalent resistance
is

Ey 240

T, 200
(e) Minimum and maximum permissible speeds for regeneration are obtained
from the inequality

0 < wy < —

or
400

0 < Wy = T% = 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 = 1195 x — = 1141
pee X 5 rpm

E, E[eon/T_|
lumx - ‘E = 75 [m]
~179.6 a 400 y 0.492
0.09 0.09  1.728
=T724.5 A

B _ E(—eowm
min — —R— o E'—m'
1196 400 033
-~ 0.09 0.09  0.632
=-325A
(C) ng - Tf‘- |(hhk" l':) [r(::l-'l-‘ + %(e-rmq:/'r, .~ ])] — @(‘,!ﬂn:/'l; e I)I
(179.6 — 400)
=400{ ——mM8 —
4 { 0.09

[0.4 + 1(0.67 — 1)] — 1 x 724.5(0.67 — l)}

—-220.4
0.09

400 { ~220.4

=400 { [0.4 — 0.33] — 724.5{—[}.33]}

N 0.09
=400{—171.4 + 239}
=400 % 67.6 = 27,031 W == 27 kW

(d) Equivalent resistance = back emf/average current = 179.6/200 =~ 0.9Q
(e) The mimmum and maximum speeds are given as

x 0.07 + 239}

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.



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,

(¢) 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 yand y":

y= Lon _ t”“_4ms_D55?
ton = Lofyr T o6ms

1
T=6x10"%s - w=2n 7= 1046.6 rad/s

L 5
The armature circuit tim constantis t= R—'l = G =10 ms
2 2 x 3.14 ‘
Therefore, = 0.6

Wt 10467 x 10 x 103

Atspeed of 2180 rpm |, E, = K, ¢pn = 0.078 x 2180 = 170V
The critical value of y " will be | (using Eq.( 12. 31))

E, e*™/®t_1 170 67" —1

E= e2m/wt — 1 200  e%6 — 1




From which y’=0.0.8829 , therefore , ' > y , hence the motor is operating
in discontinuous current mode.

(b) The extinction angle x of the current is calculated from Eq.(12.29) as,

v,
x=wtln [3(2”7)/“" {1 + (E_d -1)(1- e—Zn"y/wr)}]

a

wt = 1046.7x10 x 103 = 10.467 rad

200
= (27x0.6)/10.467 U — p—2Mx0.6/10.467
x = 10.467In [e {1 + D(1-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,

Vd - Ea
— -2
fmuﬂ = (1 —e ?T.V,.-’mr]
i
- Armature vo e waveform
vﬂ [‘ l:,é IMg f
200V Ea =170V
L
Fail
; 0 21y 2m wi
=
aT ImaeD Armature current waveform
- "//P\.-— A— >
0 X 21 wit

Fig.12.7 Armature voltage and current waveforms.



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 1s 35
Nm and speed i1s 1000 rpm. Motor resistance and inductance are 0.15 € 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
Vi=200V
Vaw = ¥ Va =y X200
Average armature current [, =T/ Kp=35/14=25 A

Backemf E,=Kgpo=16 X (950 X 21/60)=159.16 V
Vav = Eq + IR,
200y=159.16 +25 x0.15=16229 V
y=10.8145
T'=1/500=2ms
t,n=7T=2 % 0.8145=1.629 ms
tog =2-1.629=0.371 ms

From Eq.s (12.19) and (12.20) ,The maximum and minimum currents are
calculated as

Let:
—YTRq

Lq

R
T=2n, t,=2ny=yT , r=L—a ,and —t,, /T =
a

Hence Eq.(12.19) and (12.20) can be re-written as



Vi f1— e ton/T E,
Imﬂ.r == —_—

R,\1—e7/T | R,
and
A elon’T —1\ E,
T.I"I.fil'l - RE E']"’J,-'-[ _ 1 Ra
TR, 2x107%x0.15 0.30
L, ~ 1x103* — 7
e VTR, — o~ 0.B145X03 _ ,-0.24435 _ () 7832
L, '
e- "li = e~03 = (.7408
L 200 (1 —u.?asz) 159.15
max —n15\1 —0.7408/ 0.15
— 1333.34 (0'2168) 1061 = 54,24
= 199298 X 52502) T =%
L 200 (1.2?5? — 1) 159.15
min = n15\1.3498 -1/ 0.15
1333.34 ( i 6?) 1061 = 0
= . b4 _ =
0.3498

(b) Variation of armature current= I, — L, = 54,2 — 0 = 54,2A

ited de motor i 220 V dc source through a

le 12.19. A separately-excited dc m:ator is fed from :

ho E’::!:pl:mting at 400 Hz. The load torque is 30 Nm at a speed of 1000 rpm. The motor

;aspf -0 L =2 mHand K, = 1.5 V-sec/ rad. Neglecting all motor and chopper losses,
a — ¥ Ha '
calculate :

(@) the minimum and maximum values of armature current and the armgture current
excursion, . . .
(b) the armature current exprescions 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)

!



Solving Egs. (i) and (i), we get
Y I, .-57079+098187(—5237+09933 ux)

=0.5658 + 0.9753 1 ,,
0.5658
or 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 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 via an 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, k.15 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.
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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.




PROBLEMS

10.1 Determine the ripple factor (RF), defined as RF = Vi Vie = (Vi = Vi
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

@) From eguation 10.|

Vae = L1
From Fg 0.7
Vims = [ 2k {743 osine Yl = jfé

%— 'f'.ﬁ’r{, -f- 1.5706
RF = {(-&')‘_,}i (/.57043.1)1‘} r.204

¢6) From Won /0.2 »
Votc = ,J-E% (14 co390°) 'j'-%

Vims = {4 (¥ (/3 Yosin6y'dlo J¥ = £
%. = L %’-’ = 7v2.2218

RF = (2.2218°~1 )% = /.984
RF is a measure ﬁ( 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 7,
and width a as shown in Fig. 4.21. Therefore, the dc component /., _, rms
current /., and ripple current /., are as follows:

IC,,“ =l a

I = (j:l}da)'/za ILVa

Lrppe -[(la\/«? Y - (ray|”

=I(a—a?)""?
For maximum ripple current

dl .
ripple
da =0




fI' rﬂ

o
Y

icH 1,
0 : o 1 = towg /T
1004
lg————f————d === I —————————
i .5 - [cHacy = 50A 2= Loy T
Fig. 421 Example 4.5
or
I(l—2a
(1-20)
2(a —a?)'?
from which
a=0.5

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 1, . : :
icn=1Icn, + 2—;(smwt+sm 3wt +sinSwt+ )

Now,



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 - IFH“ - 5ﬂ A

If the fundamental supply current /, is not to exceed 10% of the dc
current /,, then

I,=5A

From equation 4.55

X

C
Il XL-XCIC”'

X¢

5=XL_-I;X

45

or
X, = 10X,

Fundamental capacitor current /. is

X

L
le, =5 —x_len

10X,

=50 A

Each electrolytic capacitor can take 5 A of current. Therefore 10 capaci-



tors connected in parallel are required.
C=10,000 uF

= 2=398x10"2Q
27400 x 10* % 10~-¢

Xe

X, =10X.=398x10"'Q

0.398
L-2_IUU = 158 uH

Pt 3T

2=zVLC
which makes

400
fcn - m.’; =3.15,

3 From equation 4.58

45

(3.15)° -1

I

I= i =0.17A

(3x3.15° -1

I, = < =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:

(@) tpn=1ms , T=2.5ms

_ton  1ms
V= = 25ms

(b) Vav :Vo: Y Vd =04x100=40 V.

0.4

(€) Vorms =¥ Vi=V0.4x100=63.2 V.

-y J 1-0.4
RF = B =1.225
(d) J 04

4
(e)
1 —V°—4O—4A
TR A0

Py =1, Vo =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



(a)
(b)

(c)

Examlpe: buck dc-de converter with Low Pass Filter has the following
parameters:

V=50V L =400 pH f=20kHz

D=04 C = 100 pF R=200
Assuming ideal components, calculate (a) the output voltage Vo, (b) the
maximum and minimum inductor current, and (c¢) the output voltage
ripple.

V= V.D = (50)(0.4) = 20V
"mzm:l{;(] +1_£_)) J . = (l_ﬂ)
R 2Lf mn = Yo\ R T 2Lf
I | —0.4 15
- 20{5 N 2(400)(10}‘6(20)(10]3] =1-7 =054
15
=140 =175A

The average inductor current is 1 A, and A1, =1.5 A.

AV, 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=i-Lay-Bogs
Sy 30
_ D(1—Dy(R) _0.6(1 —0.6)%(50)
L in = o~ azs000) o6 MH

=0 "Dr® = 1= 06760)

C

To provide a margin to ensure continuous current, let L=120 pH.

v, 12

=15A

Ai, VDT _ (12)(0.6)

= =12
2 2L (2)(120)(10)~%25.,000)

Toe =15+ 12=27A
Inw =1.5-12=03A

__ D 0.6
T RAV,/V)f (50)(0.01)(25,000)

=48 uF



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

converted is used to reduce the input ' t i L _; !
voltage level at the output side. £ vol I8
Circuit diagram of a step down ! ¢

chopper is shown in the figure.

When CH is turned ON, Vs directly ‘5 vede | _t’ ;
appears across the load as shown in ‘ 1
figure. So V,=V.

il
g

When CH is turned OFF, Vs is 1 s Z{S tlj
i L

disconnected from the load. So output
voltage V, = 0.

Vs

The voltage waveform of step down vo | ,
chopper

Ton — Itis the interval in which chopper is in ON state.

Topr — It is the interval in which chopper is in OFF state.

Vg — Source or input voltage.

Vo — Output or load voltage.

T — Chopping period = Ty + Ty

F=1/T is the frequency of chopper switching or chopping frequency



Operation of Step Down Chopper with Resistive Load

When CH is ON, V, = Vs When CH is OFF, V=0 _CH_
/L: ==
The Average output voltage is ! t : | +
TON Vs FDJS 1 E
V =V=lf th=VST0N=DV i R
dc o =T s T s l 1 P
0 - >
Vo=Vs
g =S Vdc g D Vs
¥R R
T,
D=% T =Ton + 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

Ton " Irm,s — 1";";15 _ \/'g 5

";"m.s: _J. "gzdt I"rsﬁ:ms
T =
0
V. 2 VZ LAl . i

Py = Vimslyms = T;S = DS? Ton -Tuw | ‘
The output voltage is always less than the o i
input voltage and hence the name step V& To 1 Tore | ‘

down chopper is justified.

Ripple factor (RF) can be found from




Methods of Control \ £
1- Pulse Width Modulation t

fe———— T —>|

ton 1S varied keeping chopping frequency ‘f & chopping
period ‘T’ constant.

Output voltage is varied by varying the ON time ty 1
je— t,,. —>jet, >

2- Variable Frequency Control Variable Frequency Control Method

Chopping frequency ‘f is varied keeping either toy or fopp | v
constant.

To obtain full output voltage range, frequency has to be —L ; E
varied over a wide range. Vo A

This method produces harmonics in the output and for large
torr load current may become discontinuous e . —>fet,,,

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 =04
T 2.5msec

(b) V= m; =04x100=40V

©) Vims = = 0.4 x 100 = 63.2V
(d) RF = [ * = 1.225

v
€ p = a2 sow

R 10



ol ThE E‘u({k CSIEP‘“D(!Wﬁ) Comier 1':

7S /; ’. '%.

Step Down Chopper with RL Load

Vo=Vs
Output
voltage
"_ tou— — t
T >
: H Output

current

H 2
+ Continuous
current

5

t
Output
current

'
» Discontinuous
current

>t

Continuous Current Operation When Chopper Is ON (/<t <

> —_—
o R
v, —— Vo
T L
The voltage across the inductor is
‘f; = VR + VL - ——-
g di V-V
Vo=Vrt+ Ll PR b i Output
o7 I ' current
Vs — Vg Vs — VR Vs — Vg
- — — 1 ' :
Ai f I dt 7 DT = I toy (D : : + Continuous
0o - ! min : ' current
ﬁ.._ Ai | Imax = Imin _ Vs — Vi : I >t
dt tON tON L
Lmax — I I L V, —
From straight io]_ — Imin + max min t = Imm + max min t = Imm + 5 R t (2)
line equation ton DT L



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

» Itis called a boost converter because
the output voltage is larger than the
input.

Analysis for the Switch Closed

When the switch is closed, the diode is
reverse biased. Kirchhoff’s voltage law
around the path containing the source,
inductor, and closed switch is

V.

5

\’,‘=K=L% or %=L
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

Ay _ Aiy_J, i
At DT L °
DT
. Vs Vs
(A"L)closedzf TdtszT (1)
0

Vi

ip

L =

MWW

.=V,

e

— Iy

—- -

AW~

(b)




* % %

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




Ve
Bm— =l
R

Input power is VI =V I,. Equating input and output powers and using eq. 3

vy ol _/A-DP W
T T R ~“(1-D)R
v, ¥ El
I - 5 — o - ofo
L"(1-DYR WR ¥, (4)

Maximum and minimum inductor currents are determined by using the average
value and the change in current from eq. 1.

Voo s, S W o KDL
mx LT 2 T (-DPR 2L )
[.=p-B8__ K _KDT (6)
mn L2 T(-DYR 2

Since 7,,,=0 is the boundary between continuous and discontinuous current,

Liz=0= e LT
- (1-D¥R 2L
V _¥.DT _V.D

(1-DyYR 2L 2Lf

The minimum combination of inductance and switching frequency for
continuous current in the boost converter is

1 — D)’R
LminzD( )
2f

(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

V,
|AQl = (-§)0r= CAY, i

An expression for ripple voltage is then \
AV, = V0T _ V,D

RC  RCf - ‘
////// DT 7
il D BA 702 i
V, RCf R
expressing capacitance in terms of output
voltage ripple yields

D
e R(AV,/V,)f



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=1-L=1-2=q6
oy 30
_ D(1 —D)y(R) 0.6(1 —0.6)*(50)
me_ 2/ . 2(25.000) =06 |.LH

To provide a margin to ensure continuous current, let L=120 pH.
V, 12

L= 0 "DrR) ~ a=06pGo A
Ai, VDT _ (12)(0.6) Lin
2 2L (2)(120)10)°%25.000)
I =15+12=27A
I =15-12=03A
D 0.6 R

C= RAY,/V,) (50)0.01)25,000)

Buck Converter Analysis
* V, =V, = DV,,; D =switch duty ratio
1 1
* A= Z(Vin —V,)DT; = ZVo(1 o )

c I =lo=22




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
1 1
= AiL= I (Vin)DTs = I (Vo = Vin)(l = D)Ts

o Joi.
Vin 1-D ‘__]_ I q“:i“ B __J_I
‘/v\:li | ,»I: l*‘ - l\ =
Praia Rl
T W%\ e
\,,,J;" i ‘;I| \ ’ ’ : J\L,\i" I\\,__‘l
oy Rimaieih S0 I IO
Boost (Step Up) Converter
Step-up . i

Same components VS|$P£“ g\ D‘?)]Vo - vs[(:) (WTD'C% E%VO

Different topology!

boost converter with resistive load

boost converter operating into
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

ﬂjﬁﬂmPWM:%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

I peak 1o Peak) ZI:]—E,; ® 0.4 % 950 ; o = 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, =—1I (4 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, =ILi— Iy (I is source current)
Therefore, average current through capacitor
L _ i
cavg — ——2_—
= 0= DT(-1)+01 > D)L~ 1) (D is duty ratio)
Solving the equation, we get
___ I
L= 1-D) siid)

Since; the output load current can be given as
=V _ Vi/iop _ 12/0.6 _
"=k ® A
Hence, from Eq. (1)

- .. B el
= 53"

1A




Q.9 In the circuit shown, an ideal switch S is operated at 100 kHz with a duty ratio
of 50%. Given that Al is 1.6 A peak-to-peak and I, is 5 A dc, the peak current
inS, is

S L
— nm

|
a b
= S
ANN—=
3 4

=24V D

(A) 6.6 A (B) 5.0A
(C) 5.8A (D) 4.2A
Sol. 9 Option (C) is correct.

I =1n+é2"_f=5+u.3=5.sg

Q.14 A voltage commutated chopper circuit, operated at 500 Hz, is shown below.
ip=10 A
+ o °
.
200 V [] Load

— O ad

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) ivmax = 12 A and jamax = 10 A
(B) ivmax = 12 A and iamax =2 A
(C) Iymax= 10A and ijp. = 12A
(D) ivmax = 10 A and igymax =8 A



Sol. 14 Option (A) is correct.
Maximum current through main thyristor

_ C _ /01 < 10°° _

Maximum current through auxiliary thyristor
IA{max] = _I'n =10A

Q. 17 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

Sol. 17 Option (A) is correct.
The figure shows a step down chopper circuit.
B Vo = DWWy,
where, )= Duty cycleand D < 1



« 33

aol. 33

. 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.

I=4A L = ENU

20 V== Sl ‘l e Load

The average voltage across the load and the average current through the diode
will respectively be

(A)10V,2A (B) 10V, 8 A
(C)40V2ZA (D) 40V, 8 A

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 vl
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, 20 A
DF rron

200
o
n=
"
»
=)
AN

200 pH
(A) 10 A (B) 20 A
(C) 30 A (D) 40 A
Sol. 70 Option (D) is correct.

Peak current through S,

£ 6
[ =L+ Ve/C/L =20+200 /2210 _ 49
ot Vs 2004 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

4

L=20 mH
A | V 60 V

3 de

= |V, == 12¢ R
& == 2
- l “o00ps

[ 1 mS
(A) 0.48 A (B) 1.2 A

(C)24 A (D) 1A



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,



