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PRINCIPLE OF STEP-UP OPERATION

A converter can be used to step up a dc voltage and an arrangement for step-up oper-
ation is shown in Figure 5.6a. When switch SW is closed for time #;, the inductor current
rises and energy is stored in the inductor L. If the switch is opened for time r;, the en-
ergy stored in the inductor is transferred to load through diode D, and the inductor
current falls. Assuming a continuous current flow, the waveform for the inductor cur-
rent is shown in Figure 5.6b.
When the converter is turned on, the voltage across the inductor is
di

I?I_"LE

and this gives the peak-to-peak ripple current in the inductor as
V

Al = f" (5.26)
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The average output voltage is

Af h 1
v,,-lf’,+Lr!-V,(1+rz)mV,1_k (5.27)

If a large capacitor C; 1s connected across the load as shown by dashed lines in
Figure 5.6a, the output voltage is continuous and v, becomes the average value V,. We
can notice from Eq. (5.27) that the voltage across the load can be stepped up by vary-
ing the duty cycle k and the minimum output voltage is V; when k = 0. However, the
converter cannot be switched on continuously such that k = 1. For values of k tending
to unity, the output voltage becomes very large and is very sensitive to changes in &, as
shown in Figure 5.6¢.

This principle can be applied to transfer energy from one voltage source to an-
other as shown in Figure 5.7a. The equivalent circuits for the modes of operation are
shown in Figure 5.7b and the current waveforms in Figure 5.7c. The inductor current

for mode 1 is given by
v I !.".'.i 7 :“
) dt 6l

and 1s expressed as
v 5-1..
i) = I’r + 1 (5.28) A
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This principle can be applied to transfer energy from one voltage source to an-
other as shown in Figure 5.7a. The equivalent circuits for the modes of operation are
shown in Figure 5.7b and the current waveforms in Figure 5.7¢c. The inductor current
for mode 1 is given by

di,
i=L dt
and is expressed as

it) = %r + I (5.28)

where J, is the initial current for mode 1. During mode 1, the current must rise and the
necessary condition,
di,

—_— > ) V>
- or V,>0

The current for mode 2 is given by
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and is solved as

’-n-

(1) == 7—1+ 1L (5.29)

where /; is initial current for mode 2. For a stable system, the current must fall and the
condition is

di

220 or V, < E

det

If this condition is not satisfied, the inductor current continues to rise and an unstable
situation occurs. Therefore, the conditions for controllable power transfer are

0<V,<E (5.30)

Equation (5.30) indicates that the source voltage V¥, must be less than the voltage £ to
permit transfer of power from a fixed (or variable) source to a fixed dc voltage. In elec-
tric braking of dc motors, where the motors operate as dc generators, terminal voltage
falls as the machine speed decreases. The converter permits transfer of power to a fixed
dc source or a rheostat.

When the converter is turned on, the energy is transferred from the source V;, to
inductor L. If the converter is then turned off, a magnitude of the energy stored in the
inductor is forced to battery E.

Nore: Without the chopping action, v, must be greater than E for transferring
power from V, to E.

Key Points of Section 54

* A step-up dc converter can produce an output voltage that is higher than the
mput. The input current can be transferred to a voltage source higher than the
input voltage.
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STEP-UP CONVERTER WITH A RESISTIVE LOAD

A step-up converter with a resistive load is shown in Figure 5.8a. When switch §, is
closed, the current rises through L and the switch. The equivalent circuit during mode 1
is shown in Figure 5.8b and the current is described by

d .
V:=L‘E'1

which for an initial current of /| gives

Vi
iy(1) =It + I (5.31)
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FIGURE 5.8
which is valid for 0 = r = kT. Atthe end of mode 1 atr = kT,

V,
L =iyt = kT') = E’kr + I (5.32)
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When switch §, is opened, the inductor current flows through the RL load.
The equivalent current is shown in Figure 5.8¢ and the current during mode 2 is
described by
d

1‘{!=R‘|‘2+EIZ+E

which for an initial current of /; gives

(1) = 22 - E (1 . ﬁ) + bt (5.33)

which is valid for0 = r = (1 = k)T. Attheend of mode 2 atr = (1 — k)T.
v,—-E

L=ift=(1-kT]= [1 - e'“'”‘] + L (1-k) (5.34)

where z = TRI/L. Solving for /, and I, from Egs. (5.32) and (5.34), we get

Vikz e (1-k)z V.- E

I = R ] - oime + = (5.35)
Vikz 1 V.- E
h=—p 1 —0m R (5.36)
The ripple current is given by
v
Al=hL-1 = IkT (5.37)

These equations are valid for E =< V.. If E = V, and the converter switch §, is opened,
the inductor transfers its stored energy through R to the source and the inductor cur-
rent is discontinuous. Rashid, Page 180
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Example 5.4 Finding the Currents of a Step-up Dc Converter

The step-up converterin Figurc 58ahasV; = 10V, f = 1kHz, R = 5}, L = 65mH,E = 0V,
and k = 0.5. Find /,, I;, and Al. Use SPICE to find these values and plot the load, diode, and
switch current.

Solution

Equations (5.35) and (5.36) give I, = 3.64 A (3.36 A from SPICE) and /; = 44 A (4.15 A from
SPICE). The plots of the load current /(L), the diode current /(D,,) and the switch current
IC(Q,) are shown in Figure 5.9.
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‘CONVERTER CLASSIFICATION

Depending on the dirertions of current and voltage flows, dc converters can be classified into five types:

1. First quadrant converter

2. Second quadrant converter

3. First and second quadrant converter
4. Third and fourth quadrant converter
5. Four-quadrant converter

First-quadrant, or Type-A, Chopper
First quadrant converter. The load current flows into the load. Both the load

voltage and the load current are positive This is a single- YL §
quadrant converter and is said to be operated as a rectifier. | v,
. CH1
L1 it
(T}_q.—/+ L ----- ] = T - -
I : 0 Iy i
Vs FD Vg [}LOAD
I | ' (a) First quadrant
o= IR L. converter

(e)

(=]

The‘ power flow in type-A chopper is always from source to load. This _chopper is also
ealled step-down chopper as average output voltage Vy is always less than the input de voltage

V,

5
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Second-quadrant, or Type-B, Chopper
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(b) Second quadrant
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(a) Circuit (c) Load voltage

Second quadrant converter. The load current flows out of the load. The load
voltage is positive, but the load current is negative, ‘This is also
a single-quadrant converter, but operates in the second quadrant and is said to be op-
erated as an inverter. A second quadrant converter is shown in Figure 5.11a, where the
battery E is a part of the load and may be the back emf of a dc motor.
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When switch S, is turned on, the voltage E drives current through inductor L and

load voltage v; becomes zero. The instantaneous load voltage v; and load current i
are shown in Figure 5.11b and 5.11c, respectively. The current iy, which rises, is de-
scribed by

di,
= L— + .
0=L—%+Rip+E

which, with initial condition i, (t = 0) = I,, gives

iy = Le\RLN %(l — e RLYy  for0 =t = kT (5.38)

Alr = I,
ifft=10=kI) =L (5.39)

- 0 kT T 1+K)T t 1 1

(a) Circuit (c) Load voltage Rashid, Page 183



When switch S is turned off, a magnitude of the energy stored in inductor L is re-
turned to the supply V; via diode D,. The load current i; falls. Redefining the time ori-
gin ¢ = 0, the load current i  is described by

di |
1@=L-&f=+m,_+£

which, with initial condition i(r = 1,) = /L, gives

V,-E

P

i = Le (RLM 4 (1-e®y  for0st=sn (5.40)

wherer, = (1 = k)T. Attt = 1,

ig(t =1;) = I, forsteady-state continuous current
= 0 for steady-state discontinuous current (5.41)

o -

Using the boundary conditions in Eqs. (3.39) and (5.41), we can soive for i, and /; as
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= -— 4
=Rl 7= | R (542)
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Two-quadrant type-A chopper, or Type-C Chopper

This type of chopper is obtained by connecting type-A and type-B choppers in parallel as
shown in Fig. 7.8 (a). The putput voltage V, is always positive because of the presence of
freewheeling diode FD across the load. When chopper CH2 is on, or freewheeling diode FD
conducts, output voltage v, =0 and in case chopper CH1 is on or diode D2 conducts, output
voltage vy = V,. The load current i, can, however, reverse its direction. Current iy flows in the
arrow direction marked in Fig. 7.8 (a), i.e. load current is positive when CH1 is on or FD
conducts. Load current is negative if CH2 is on or D2 conducts. In other words, CH1 and FD
operate together as type-A chopper in first quadrant. Likewise, CH2 and D2 operate together

as type-B chopper in second quadrant.

%L L. . Vo
cH1! /o D2 CH2,D2 CH1 FD
L] ]
A b "> o NN
"-’|5 T+ Ji’“ - L - B
5
I CH2 i,r j FD A vo -‘.—E
e | B | !
zJ> ¢ — Vol

(a) (b)
Fig. 7.8. Two-quadrant type-A chopper, or type-C chopper.

Average load voltage is always positive but average load current may be positive or
negative as explained above. Therefore, power flow may be from source to load (first-quadrant
ugeratinn} or from load to source (second-quadrant operation). Choppers CH1 and CH2 should
not be on simultaneously as this would lead to a direct short circuit on the supply lines. This
type of chopper configuration is used for motoring and regenerative braking of de motors.
The operating region of this type of chopper is shown in Fig. 7.8 (b) by hatched area in first

and second quadrants.
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Two-quadrant Type-B Chopper, or Type-D Chopper

The power circuit diagram for two-quadrant type-B chopper, or type-D chopper, 18 shown
in Fig. 7.9 (a). The output voltage v, = V, when both CH1 and CH2 are on and vy =- V, when

both choppers are off but both diodes D1 and D2 conduct. Average output voltage V; is positive
when choppers turn-on time T, is more than their turn-off time T, as shown in Fig. 7.9 (e).
Average output voltage V; is negative when their T, < T,y Fig. 7.9 (d). The direction of load
crrent i8 alwavs positive because choppers and diodes can conduct current only in the
is reversible, power flow is reversible. The

direction of arrows shown in Fig. 7.9 (a). As V,
atched area in first and fourth quadrants

npenufon of this type of chopper is shown by the h

in Figh 7.9 (b).
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Fig. 7.9 (a) and (b) Twe-guadrant type-B chopper, or type-D chopper
(e) V, is positive, T, > Tz and (d) Vy is negative, Ty, <Top
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Four-quadrant Chopper, or Type-E Chopper

A vEaDs I mr"uu.“lﬂlli s mAe e gy == —a om il

The power circuit diagram for a four-quadrant chopper is shown in Fig. 7.10 (a). It consists
of four semiconductor switches CH1 to CH4 and four diodes D1 to D4 in antiparallel. Workin~

of this chopper in the four quadrants is explained as under :

First quadrant : For first-quadrant operation of Fig. 7.10 (a), CH4 is kept on, CH3 1s
kept off and CHI is operated. With CH1, CH4 on, load voltage vy =V, (source voltage) and
load current iy begins to flow. Here both v, and i, are positive giving first gquadrant operation.
When CH1 is turned off, positive current freewheels through CH4, D2. In this manner, both

Vi, I, can be controlled in the first quadrant.

Second gquadrant : Here CH2 is operated and CH1, CH3 and CH4 are kept off. With
CH2 on, reverse (or negative) current flows through L, CH2, D4 and E. Inductance L stores

energy during the time CH? is on. When CH2 is turned off, current is fed back
e V, As load

di)

! ‘( B . .
thrcrugh diodes D1, D4. Note that here | E + L EEJ is more than the source vo
scond quadrant operation of chopper. Also,

voltage V, is positive and [, 1s negative, it 1s
power is fed back from load to source.

Third quadrant : For third-quadrant operation of Fig. 7.10 (a), CH1 is kept off, CH2 is

to source

kept on and CH3 is operated. Polarity of load emf E must be reversed for this guadrant
working. With CH3 on, load gets connected to source V, so that both vy, i, are negative leading

to third quadrant operation. When CH3 is turned off, negative current freewhe
GHIE, D4. In this manner, vo and iy can be controlled in the third quadrant.

els through

Fourth quadrant : Here CH4 is operated and other devices are kept off. Load emf E

must have its polarity reversed to that shown in Fig. 7.10 (a)

Bimbhra, Page 258
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Fig. 7.10. Four-qudrant, or Type-E chopper
{a) circuit diagram and (b) operation of conducting devices.

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

The devices conducting in the four quadrants are indicated in Fig. 7.10 (b).
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Example 7.4. Show that for a basic dc to dc converter, the critical inductance of the filter
circuit is given by
RASRD
'2.'r Vs Pl‘.l

where Vy, V,, Pyand [ are load voltage, source voltage, load power and chopping frequency
respectively.

' Solution. The critical inductance L is that value of inductance for which the output
current falls to zero at ¢ = T during the turn-off period of the chopper. A typical waveform of

output current, with critical inductance in the load circuit, is shown in Fig. 7.11 (b). If current
variation, from zero to I, during T, and from I, to zero during T, is assumed linear, then

average value of output current /, is given by

1 1
Iﬂ ] T=§Im Tnn+§"'rmr Tﬂﬁff
1 1
i L (Tm + Tﬂﬁ] - LR
or 1., = 2 I, = maximum value of chopper current at ¢ = T,,. It is seen from Fig. 7.11 (a) that
when chopper CH is on,

--—Tur' e Tn” B
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di I
pi VU+LE=V3 or VU+L-T2_:=VS
Gl |
or Ly==V,-Vy

{Va o Vﬂ} Tan
o I

But average value of output voltage V,=fT,, V, and output, or load, power Py = Vo 1.
This gives

AL)

Vo Py
Tﬂ"=f. V. and Iﬂ-v—u
Substituting these values of T, and I; in Eq (1), we get
_(V,-Vy) o
=S EW Py .
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