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DC to DC Converters
5.1 DC Choppers

A chopper is a device which is used to obtain a variable dc voltage from a constant dc voltage
source. A chopper is also known as dc-to-dc converter. Uses Power electronics switches like
BJT,MOSFET, IGBT...Choppers are widely used in trolley cars, battery operated vehicles,
traction motor control, control of large number of dc motors, etc... They are also used in
regenerative braking of dc motors to return energy back to supply and also as dc voltage
regulators.
Choppers are of two types:
e Step-down choppers (buck converter)
e Step-up choppers.(boost converter)
In step-down choppers, the output voltage will be less than the input voltage whereas in

step-up choppers output voltage will be more than the input voltage.

5.2 Principle of Step-Down Chopper with R load
Figure 5.1 shows a step-down chopper with resistive load. The switch in the circuit can be an
IGBT switch.
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Fig. 5.1: Step-down Chopper with Resistive Load

When the switch (exp;IGBT) is ON, supply voltage appears across the load and when
switch is OFF, the voltage across the load will be zero. The output voltage and current
waveforms are as shown in figure 5.2.
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Fig. 5.2: Step-down choppers — output voltage and current waveforms

V,. = average value of output or load voltage
l,, = average value of output or load current
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t,y = time interval for which the switch conducts
toer = time interval for which the switch is OFF.
T =ty +t,= = period of switching or chopping period

f= % = frequency of chopper switching or chopping frequency.

Average output voltage

t

Vi =V | —— 5.1

‘ [tON +t0FFj ( ' )
Vv, zv(to_szv,d (5.2)

T
Where; (tOTN) =d =duty cycle (5.3)
Average output current,
V
l 4 :% (5.4)
Vit Vv
l,=—|2 |==—d 5.5

RMS value of output voltage

ON

V. = !'[vzdt
(o] T ) 0

During ty,, v, =V

0

Therefore RMS output voltage

1 fon ,
VO = ? '(.)‘V dt
V? t
o = TtON = %V (56)
The Output power P, =V, 1,
Where; I, = Vo
R
V2
Therefore, the output power is P, :?O
dv?
P = 5.8
0= "1 (5.8)
Effective input resistance of chopper
\Y
Ri :|_ (59)
dc
R
R; =3 (5.10)

The output voltage can be varied by varying the duty cycle.
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5.3 Control Methods
The output dc voltage can be varied by the following methods.
e Pulse width modulation control or constant frequency operation.
e Variable frequency control.
5.3.1 Pulse Width Modulation
In pulse width modulation the pulse width (tON) of the output waveform is varied keeping
chopping (switching) frequency ‘f” and hence chopping period ‘T’ constant. Therefore output
voltage is varied by varying the ON time, t,, . Figure 5.3 shows the output voltage

waveforms for different ON times
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Fig. 5.3: Pulse Width Modulation Control
How a pulse-width modulator works;
The output DC voltage of DC chopper can be varied by controlling the width period  (ton )
of the signal applied to the switch S with constant switching/chopping
frequency fs . This method is called PWM method.
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waveforms of PWM.

5.3.2 Variable Frequency Control
In this method of control, chopping frequency f is varied keeping either t,, or t,.

constant. This method is also known as frequency modulation.
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Figure 5.4 shows the output voltage waveforms for a constant t,, and variable

chopping period T.
In frequency modulation to obtain full output voltage, range frequency has to be
varied over a wide range. This method produces harmonics in the output and for large t,.-

load current may become discontinuous.
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Fig. 5.4: Output Voltage Waveforms for frequency Control

5.4 Step-Down Chopper with RL load

Figure 5.5 shows a step-down chopper with R-L load and freewheeling diode. When
chopper is ON, the supply is connected across the load. Current flows from the supply to the
load. When chopper is OFF, the load current i, continues to flow in the same direction
through the free-wheeling diode due to the energy stored in the inductor L. The load current
can be continuous or discontinuous depending on the values of L and duty cycle, d. For a
continuous current operation the load current is assumed to vary between two limits |, and

I Figure 5.6 shows the output current and output voltage waveforms for a continuous

max *

current and discontinuous current operation.
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Fig. 5.5: Step Down Chopper with R-L Load
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Fig. 5.6: Output Voltage and Load Current Waveforms (Continuous and discontinuous Current)
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When the current exceeds I

current reducestol ;. .

max the chopper is turned-off and it is turned-on when

> The expression for load current iy for continuous current operation when;
e The chopperis ON (0<t<tg,)
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Fig. 5.5 (a)
Voltage equation for the circuit shown in figure 5.5(a) is

V=iR+ LZ—If[’+E (5.11)

Taking Laplace Transform

V_ri (S)+ L[s.lo(s)—io(o)}% (5.12)

S (0]
At t=0, initial current i, (07) =1,
o (8) =— o o (5.13)
LS (S +j S+
L L
Taking Inverse Laplace Transform
_ Rk (R},
o (t) ==— RE {1—9 8 } | i (2 (5.14)

This expression is valid for 0 <t <t . i.e., during the period chopper is ON.
At the instant the chopper is turned off, load current is

io (tON ) = Imax

e When Chopper is OFF (0<t<t..)
Voltage equation for the circuit shown in figure 5.5(b) is

0=RiO+L%?+E (5.15)

® L

E

T

Fig. 5.5 (b)
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Taking Laplace transform

0=RIy(S)+ L[SIO(S)—iO(Oﬂ+§

Redefining time origin we have at t =0, initial current i, (0 ) = |

max

Therefore IO(S)zl”’—E‘XR—LR
S+— LS (S +j
L L
Taking Inverse Laplace Transform
) ROE Ry
io (1) =l e " R l-et (5.16)

The expression is valid for 0<t<t,.., i.e., during the period chopper is OFF. At the
instant the chopper is turned ON or at the end of the off period, the load current is

io (tOFF ) =i
Tofindl ,and I,
From equation (5.14),
At t=toy =dT, iy (t) =1
_4RT _dRT

Therefore Iy = v . E {1— e t }L l..e * (5.17)
From equation (5.16),
At t=torr =T ~ton, o (t) =l

t=toer =(1-d)T

(1-d)RT E _(=d)RT
Therefore I =1_e ¢ —E{l—e L } (5.18)

Substituting for I, inequation (5.17) we get,

n

max R _RT R .
l1-e *

Substituting for I . inequation (5.18) we get,

dRT
L

_Vie - “1]_E (5.20)
R

min RT
et -1

(1 — lin ) is known as the steady state ripple.

X

Therefore; the peak-to-peak ripple current is
Al = Imax - Imin
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Average output voltage
V,=dV (5.21)
Average output current

| +1

Idc(approx) == 2 min (522)

Assuming load current varies linearly from |, to | . instantaneous load current is given by

max

io = loin +(Adl% for 0<t <ty (dT)

} =1
i, =1 4| D& __mn |t . (5.23
(6] min ( dT J ( )
RMS value of load current
l dT
=2
O(RMS) — d_T.!"odt
ar T R
IO(RMS)= ij Imin+( = mm) } dt
dT 4 dT

e dT dT

dr [ 2 _
| _ LJ’ |2 _{_(Imax_lminj t2+2|min(|max Imin)t:ldt
0

RMS value of output current

2 (Imax _Imin)2 2
O(RMS) — | i +#+ - (Imax - Imin) (5.24)

RMS chopper current

dT 2
\/EJP Im'”jt} dt
T
0
, 1
B 2
len :\/a{lfiln w-'_ i (Imax - Imin)}
len :\/EIO(RMS) - (5.25)

5.7 Principle of Step up Chopper
Figure 5.13 shows a step-up chopper to obtain a load voltage V, higher than the input

voltage V. The values of L is chosen depending upon the requirement of output current. When
the chopper is ON, the inductor L is connected across the supply.
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-
)

Fig. 5.13: Step-up Chopper
The inductor current ‘I’ rises and the inductor stores energy during the ON time of the
chopper, t,, . When the chopper is off, the inductor current | is forced to flow through the
diode D and load for a period, t,.-. The current tends to decrease resulting in reversing the
polarity of induced EMF in L. Therefore voltage across load is given by

A :V+L% ie, V,>V (5.27)

If a large capacitor ‘C’ is connected across the load then the capacitor will provide a
continuous output voltage V, .

» The expression for the output voltage

Assume the average inductor current to be I during ON and OFF time of Chopper.
e When Chopper is ON

Voltage across inductor L =V

Therefore energy stored in inductor = V.1 1, (5.28)
where t,, =ON period of chopper.
e When Chopper is OFF (energy is supplied by inductor to load)

Voltage across L =V, -V

Energy supplied by inductorL =(V,—V)It,.-, where t,. =OFF period of

Chopper.
Neglecting losses, energy stored in inductor L = energy supplied by inductor L

Therefore  Vity, =(Vy =V ) Itger

V, = v [tON +tOFF]

tore

v, =v [T
T —t,,

Where T = Chopping period or period of switching.
T =15y +loer
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V, =V

Therefore Vo

Where

\

o
T

=)

t
d =N — duty cyle
T y cy

1

EE331 Power Electronics Lecture

DC to DC Converters

(5.29)

For variation of duty cycle ‘d’ in the range of 0<d <1 the output voltage V, will vary in the

range V <V, <.

The chopper switch requires a certain minimum time to turn ON and turn OFF. Hence
duty cycle d can be varied only between a minimum and a maximum value, limiting the
minimum and maximum value of the output voltage. Ripple in the load current depends
inversely on the chopping frequency, f. Therefore to reduce the load ripple current, frequency

should be as high as possible.

Problem 5.1 : For the chopper shown in figure pb 5.1, express the following variables as
functions of V, R and duty cycle ‘d’ in case load is resistive.
e Average output voltage and current

Output current at the instant of commutation

Average and RMS freewheeling diode current.
RMS value of output voltage
RMS and average chopper currents.

A el

wh-Neolw

Solution

Fig. pb.5.1

e Average output voltage, V,. = (%?NJV =dVv

Average output current, |, =

e The chopper is commutated at the instant t =t .
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. ..V .
Therefore output current at the instant of commutation is R since V is the output

voltage at that instant.

e Freewheeling diode (FWD) will never conduct in a resistive load. Therefore average
and RMS freewheeling diode currents are zero.

e RMS value of output voltage

1tON ,
VO(RMS) = T '[ Vodt
0

But v, =V during t,

1tON
Vogaws) =47 j V 2dt
0
o= ()
O(RMS) T
VO(RMS) = \/EV

Where duty cycle, d _fow

e RMS value of chopper current
= RMS value of load current

Average value of the chopper (switch) current
= Average value of load current

_av
R
Problem 5.2 : Input to the step up chopper is 200 V. The output required is 600 V. If the
conducting time of the switch is 200 psec. Compute;
e Chopping frequency,

e If the pulse width is halved for constant frequency of operation, find the new output

voltage.
Solution
V=200V, t, =200us, V, =600V
Vdc =V T
T —toy
600 =200 %
T -200x10
Solving for T
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T =300us
e Chopping frequency
1
f==
T
1
f=rr—s
300x10
e Pulse width is halved

=3.33KHz

~200x10°

Therefore =100us

tON

Frequency is constant
Therefore f =3.33KHz

T :%:300;15

Therefore output voltage =V T
T -t

-6
_ 00| . 300x10°
(300-100)10

DC to DC Converters

J =300 Volts

Problem 5.3: A dc chopper in figure pb 5.3 has a resistive load of R =10Q and input voltage
of V = 200 V. When chopper is ON, its voltage drop is 2 V and the chopping frequency is 1

kHz. If the duty cycle is 60%, determine
Average output voltage

RMS value of output voltage
Effective input resistance of chopper
Chopper efficiency.

Chopper

-

\fﬂ“

vV _— §R vy

Fig.pb. 5.3
Solution

V =200V, R=10Q2, Chopper voltage drop, V, =2V , d

e Average output voltage
Ve =d(V —Vch)
V. = 0.60[200 — 2] =118.8 Volts
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e RMS value of output voltage

V, =+d (V -V,,)

V,, =+/0.6 (200 - 2) =153.37 Volts
e Effective input resistance of chopper is

= % =11.88 Amps

=—-=16.83Q2

v
I 11.88

V200
Idc

e Output power is

~ 0.6[200-2]’

P, = = 2352.24 watts
10

1 dT
e Input power, P =T .([Vlodt

dT _
p o LTV Va) g
T: R
o _dV(V-V,) 0.6x200[200-2]
= -
R

= 2376 watts

e Chopper efficiency,
I:>O
=—x100
n P x

_2352.24 <100 — 99%
2376
Problem 5.4 : A chopper feeding on RL load is shown in figure 5.4. With V = 200 V, R =
5Q0,L=5mH, f=1kHz,d=0.5and E =0 V. Calculate
Maximum and minimum values of load current
Average value of load current
RMS load current
Effective input resistance as seen by source
RMS chopper current.

Solution
V=200V, R=5Q, L=5mH, f=1kHz, d=05, E=0
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] L. 1 1
Chopping periodis T == = =1x107% secs
ppPINg p f  1x10°
Chopper .
" — + =
R
v = rwi L8 |V
E
T _ 1

Fig.: 5.4
Refer equations (5.19) and (5.20) for expressions of | .. and I .

Maximum value of load current
dRT

|V l1-e - | E
mx  o|  RT | p
R, o | R

_ 0.5x5x1x10°

200 1-e 50° 0
mx g THd0? |
l—g 510°

_ a05
|max=4o{1 ° }:24.9A
1

Minimum value of load current is
dRT

| _V]et -1 E
min_R RT R
et -1

0.5x5x1x1073

200]e 7 1

I min 3 -0
5 5x1x10
e 5x107% -1
05
| = 40{6el ﬂ ~15.1A

Average value of load current is

I +1 . -
|, =——= for linear variation of currents

Mrs RECIOUI F.Z



Chapter 05 EE331 Power Electronics Lecture DC to DC Converters

 249+15.1

Therefore I =20A

Refer equations (5.24) and (5.25) for RMS load current and RMS chopper current.

RMS load current from equation (5.24) is

3

2
IO(RMS) :{Irznin +M+ Imin (Imax - Imin):|

(24.9-15.1)° :

logeus) = {15.12 + +15.1(24.9—15.1)}

96.04

I )= [228.01+

O(RMS

+147.98T ~202A

RMS chopper current from equation is (2.25) is
|y = (pys) =+/0.5x20.2=14.28 A
Effective input resistance is
RV
IS
I = Average source current
I =dl,
I, =05x20=10 A
Therefore effective input resistance is
V200

R =—="=200
I, 10
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