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1 With a neat diagram and waveforms, explain the principle of operation of step down chopper with RL [10] = CO2 | L3

load and derive the expression for the peak ripple current of the inductor.
Soln.
Diagram & Waveforms= 4 marks, Explanation = 3 marks, Derivation= 3 marks.
*  Aconverter with an RL load is shown in Figure 5.4.
*  The operation of the converter can be divided into 2 modes.
*  During mode 1, the converter is switched on.
»  The current flows from the supply to the load.
*  During mode 2, the converter is switched off.
*  The load current continues to flow through freewheeling diode Dn.
»  The equivalent circuits for these modes are shown in Figure 5.5a.

* The load current & output voltage waveforms are shown in Figure 5.5b with the assumption
that the load current rises linearly.

*  However, the current flowing through an RL load rises or falls exponentially with a time
constant.

*  The load time constant (==L/R) is generally much higher than the switching period T.
* Thus, the linear approximation is valid for many circuit conditions.

»  Simplified expressions can be derived within reasonable accuracies.
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The load current for mode 1 can be found from
di
Vi=Rij+L—+E
s 51 dI
which with initial current i, (+ = 0) = I, gives the load current as
V. — E

ij(t) = LeRE 4+ = =

This mode is valid 0 = r = t; (=kT); and at the end of this mode, the load current
becomes

(1 - eRL) (5.19)

i(t=t,=kT) =L (5.20)

The load current for mode 2 can be found from
di

0=R #1222 4
dt

With initial current i, (¢t = 0) = [, and redefining the time origin (i.e., r = 0) at the
beginning of mode 2, we have

E ,
(1) = he™F — 2 (1 - L) (5.21)

This mode is valid for 0 = ¢t = £, [=(1 — k) T]. At the end of this mode, the load
current becomes

Bl =h) =k _ (5.22)

At the end of mode 2, the converter is turned on 3
T=1f=n+no

Under steady-state conditions, /; = ;. The peak-to-
be determined from Eqs. (5.19) to (5.22). From Eqgs.

gain in the next cycle after time,

peak load ripple current can
(5.19) and (5.20), 2, is given by

T V.- E
L =1le kTRIL 4+ -4 ¥ .
z 1€ P (] —é kTRU_,) (5‘25]

From Egs. (5.21) and (5.22), I5 is given by

L=1= hLe (1=k)TRiL _ E R .
R (- e (5.24)
Solving for /; and I, we get
Ve [ ekt :
fl —. “(‘ . l 7o [_ (q 2.1)
R\et—1) g
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— -~ istheratio of the chopping or switching period to the load time constant.

thrtfz L
Vife* -1 E
b= E( '-T) "R (5:20)

The peak-lﬂ'Pcak ripple current is
AI = [2 - Il
hich after simplifications becomes
N e s
R 1—-¢7

(5.27)

The condition for maximum ripple,
d(Al)
dk

gives gt — g (17K = gor —k = —(1 — k) or k = 0.5. The maximum peak-to-peak
ripple current (atk = 0.5) s

0 (5.28)

Alpax = %tanh‘@% (5.29)
For4fL >> R, tanh 0 =~ 6 and the maximum ripple current can be approximated to
Al =2 (5.30)
4fL

Note: Equations (5.19) to (5.30) are valid only for continuous current flow. For a
large off-time, particularly at low-frequency and low-output voltage, the load current
may be discontinuous. The load current would be continuous if L/R => T or Lf >> R.
Incase of discontinuous load current, I, = 0 and Eq. (5.19) becomes

WV —E
R
dEq. (521) is valid for 0 = ¢ < fysuch thatix (¢ = 12) = I = Iy = 0, which gives

L RI,
B = R_ln 1% 'E_
Becayge att = kT, we get

V- E -k
il == g (l——e Z)

Which . ¢
h after substituting for /, becomes

L : K - I:)( k:)}
= o B S i
[ Rlnll f ( I ¢

i(1) = (1=~
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2 With a neat circuit diagram and wave form , explain buck regulator. [10] CO2
Soln.
Figure & waveforms= 5marks, Explanation = 5 marks.

* Ina buck regulator, the average output voltage V, is less than the input voltage, Vs — hence the
name “buck”.

» ltisavery popular regulator.

*  The circuit diagram of a buck regulator using a power BJT is shown in Figure 5.17a.

* Thisis like a step-down converter.

* Transistor Qi acts as a controlled switch & diode Dr, is an uncontrolled switch.

*  They operate as 2 single-pole-single-through (SPST) bidirectional switches.

»  The circuit in Figure 5.17a is often represented by 2 switches as shown in Figure 5.17b.
»  The circuit operation can be divided into 2 modes.

*  Mode 1 begins when transistor Qs is switched on at t=0.

* The input current, which rises, flows through filter inductor L, filter capacitor C, & load
resistor R.

*  Mode 2 begins when transistor Q; is switched off at t=t;.

*  The freewheeling diode Dy, conducts due to energy stored in the inductor.

»  The inductor current continues to flow through L, C, load, and diode Dm.

*  The inductor current falls until transistor Q1 is switched on again in the next cycle.
*  The equivalent circuits for the modes of operation are shown in Figure 5.17c.

»  The waveforms for the voltages and currents are shown in Figure 5.17d for a continuous



current flow in the inductor L.
« Itis assumed that the current rises & falls linearly.
« In practical circuits, the switch has a finite, nonlinear resistance.
» lts effect can generally be negligible in most applications.

« Depending on the switching frequency, filter inductance, & capacitance, the inductor current
could be discontinuous.

The voltage across the inductor L is, in general,

di
= L-—
B dt
Assuming that the inductor current rises linearly from /; to /; in time ¢,
L — 1 AT
V,-V,=L2—=1L— (5.52)
81 14
or
_ AIL
L= _“Vs == _V-a (5.53)

and the inductor current falls linearly from /f; to 7y in time t,,

Al
~W= =y (5.54)
or
_AIL
=~ (5.55)

a

where A7 = I, — I, is the peak-to-peak ripple current of the inductor L. Equating the
value of A7 in Egs. (5.52) and (5.54) gives

(Ve — Va)ty _ Vs

al= 1 L
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Buck regulator with continuous i, _

substituting 1y = kT and 1, = - kT i
= 2 ( 2= {1 *JT yields the average output voltage as

[
Vu = V : = K
) T k V\

,_
2%
N

>
S

Assuming a lossless circuit, V,/, = V.I, = kV,I, and the average input current
L = ki, (5.57)

Peak-to-peak inductor ripple current. The switching period 7 can be ex-
pressed as

l L
r=1_y 4= ATL  AIL . AILV (5.58)
f V;_Va Vg vﬂ(‘/s_v"')
which gives the peak-to-peak ripple current as
Vo(V, —
af = eV — Vo) (5.59)
FLV;
or
Vik(1 — k)
e -
0 (5.60)

Explain the operation of a step-up chopper with resistive load. For a step up chopper, derive the [10] @ CO2
expression for output voltage and show that the output voltage is greater than the input voltage.

L3



Soln.

Circuit diagram & waveforms = 4 marks, Explanation = 4 marks, Derivation = 2 marks.
* A step-up converter with a resistive load is shown in Figure 5.9a.
*  When switch S; is closed, the current rises through L & the switch.
*  The equivalent circuit during mode 1 is shown in Figure 5.9b.

*  The current is described by

d .
Vo= Loyt
which for an initial current of I} gives
V ”
hU)=zﬂ+h (5.39)
L D,, L

+

=V, :
== I e
= b ’

(b) Mode 1 (¢) Mode 2

(a) Circuit

FIGURE 5.9

Slc o ;
P-Up converter with a resistive load.



Wwhich is valid for 0 =< ¢ = k7. At the end of mode 1 at t = k7,
V,
L = [1(’ = kT) = —fkT = 11 (5.4())

When switch S, is opened, the inductor current flows through the RZ load.

The equivalent circuit is shown in Figure 5.9c and the current during mode 2 j
described by

: dip
V’=RIZ+LI+E

which for an initial current of I gives

vV, — E — -
LH(tr) = JR (1 — e‘r-ﬁ) =+ Ize/_k (5.41)

which is valid for0 = : = (1 — k)T.Attheendofmode2atr = (1 — k)T,

. VvV, — E
L =Llt= (1 —k)T] = —ST[l — e_“_")zj, + Le (17k)z (5.42)

where z = TR/L. Solving for 7; and /, from Egs. (5.40) and (5.42), we get

Vikz e (1=%)z W — 5
+

I, = R T_ e~ (1—K)z R (5.43)
§ e Teb % 1 Vs — E
2 R 1 —eUr: 't g (5.44)
The ripple current is given by
e V,
AlI=5L — I, = E’kT (5.43)

Thes'e equationsare val:xd for E = V.. If E = V, and the converter switch S, is opened.
the inductor transfers its stored energy through R to the source and the inductor
current is discontinuous.

and this gives the peak-to-peak ripple currepy i, the inductor
as

(5.3

The average output voltage i

Bl B b 3%
UO=VS+L'I‘2'—V31+[2 =¥, K ( )

Explain how the choppers are classified with reference to load voltage and load current with relevant [10] = CO2
circuits.

Soln.

L2



Each of 5 types- Explanation & diagram= 2marks *5= 10 marks.

«  Depending on the directions of current & voltage flows, dc converters can be classified into 5
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

vy \ g Vi ﬂl
VL VL VL
0 IL iL —IL 0 i[_ —11_ 0 II, ;L
(a) First quadrant (b) Second quadrant (c) First and second quadrant
converter converter converter 3
Ve ﬂn Vi
+V,
-1, 0 Pedg, =y 0 it
v R !
(d) Third and fourth quadrant (e) Four-quadrant
converter converter '
FIGURE 5.11

Dc converter classification,

With a neat circuit diagram and wave forms explain the working of a single phase voltage source [10] | CO3
inverter, also derive the related expressions.

Soln.

Circuit & Waveforms= 5 marks, Explanation=5 marks.
»  The principle of single-phase inverters can be explained with Figure 6.2a.
»  The inverter circuit consists of 2 choppers.

*  When only transistor Q; is turned on for a time To/2, the instantaneous voltage across the load
Vo is V2.

» If only transistor Q2 is turned on for a time To/2, -V/2 appears across the load.

L3



*  The logic circuit should be designed such that Q1 & Q- are not turned on at the same time.

*  Figure 6.2b shows the waveforms for the output voltage & transistor currents with a resistive
load.

» It should be noted that the phase shift is 8:=0 for a resistive load.

«  This inverter requires a three-wire dc source, & when a transistor is off, its reverse voltage is
Vs instead of Vy/2.

* This inverter is known as a half-bridge inverter.

Fundamental
Vao = Vo current, i,
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(c) Load current with highly inductive load

FIGURE 6.2
Single-phase half-bridge inverter.

With a neat diagram and waveforms, explain the principle of operation of a single phase current source [10]
inverter and DC link inverter.

Soln.

Current Source inverter — diagram & explanation= 5marks, DC link inverter- diagram & explanation=5
marks.

» Inthe previous sections, the inverters are fed from a voltage source.
» The load current is forced to fluctuate from positive to negative, & vice versa.
*  To cope with inductive loads, the power switches with freewheeling diodes are required.

* Inacurrent-source inverter (CSI), the input behaves as a current source.

L3
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Variable dc voltage
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Single-phase current sSource.

The output voltage of an inverter can be controlled by varying the modulation index (or pulse
widths).

Also, we need to maintain the dc input voltage constant.

However, in this type of voltage control, a range of harmonics would be present on the output
voltage.

The pulse widths can be maintained fixed to eliminate or reduce certain harmonics.
The output voltage can be controlled by varying the level of dc input voltage.

Such an arrangement as shown in Figure 6.38 is known as a variable dc-link inverter.
This arrangement requires an additional converter stage.

If it is a converter, the power cannot be fed back to the dc source.

To obtain the desired quality & harmonics of the output voltage, the shape of the output
voltage can be predetermined.

This is shown in Figure 6-1b or Figure 6.36.

The dc supply is varied to give variable ac output.



Load

Variable dc voltage

FIGURE 6.38

Variable dc-link inverter,

Explain different types of static switches with relevant circuits. [10] CO3 @ L2

Soln.

Explaining Static switch=2 marks, AC Static switch- Figure & explanation = 4 marks, DC static switch
— Figure & explanation = 4 marks.

» A switch having no moving parts is called a static switch.

«  Power semiconductor devices which can be turned on & off within a few microseconds can be
used as fast-acting static switches.

»  For high-power applications, thyristors are being used as static switches.
*  For low-power applications, power transistors are preferred.

»  Static switches are of 2 types :

+  AC switches

+  DC switches

» Iftheinputisac, ac SSs are used & for dc input, dc SSs are used.

»  Switching speed for ac switches is governed by the supply frequency & turn-off time of
thyristors.

*  For dc static switches, the switching speed depends on the commutation circuitry & turn-off
time of fast thyristors.

»  AC switches may be single-phase or three-phase.



'Fhe circuit diagram of a single-phase ac switch is shown in Fig. 11.15 () Her
thyristors are connected in anti-parallel. For resistive load in Fig. 11.15 (a), the *:vave?otwu
for source voltage v, triggering pulse i for T1 and pulse iy for T2, load valtage Uy ang
current iy are shown in Fig, 11.15(c). Note that 1 is triggered at u¢ = 0°, ot =2y
18 triggered at af =1, 3

|
|

----- gy

..... when the load current waveform is passing through geyy B

RL load, output or load current i lags u, by load power-factor angle ¢=tan'1%L-. P,

loadl, T1 must be triggered at ot =0, 21 +0,... and T2 at 1+ 0, 3n+9 and so on, Fig. 1115
A triac TR' can replace two anti-parallel thyristors as shown in Fig. 11.15(). For tri; mly
one pulse i, =i, = o In each half cycle will be required.

(6)

Fig. 11.15. Circuit diagram for single-phase qc
(b) using one triac (c) waveforms for R load

switch (a) using two thyristors
(d) waveforms for RL load.

As stated before, in dc switches, the input voltage is dc.
Power semiconductor devices used in a dc switch may be transistors, thyristors or GTOs.

When thyristor is used, it must have forced commutation circuitry as an integral part of dc
switch.

One such circuit giving the principle of operation of a dc switch is shown in Fig.11.17(a).
Here T1 is the main thyristor & TA is the auxiliary thyristor.

Capacitor C is charged to source voltage Vs with lower plate positive.



*  When T1is on, normal load current I, flows from source to load through T1.
*  For breaking the dc circuit, auxiliary thyristor TA is turned on.

»  Capacitor C at once applies a reverse voltage across T1 turning it off at once.

@)

Fig. 1117, Single-pole thyristor dc gwiteh,

;f' [ ST | ~n

»  After this, load current flows as shown in Fig.11.17(b).

»  Capacitor now gets charged from +V; to —V; and current through TA falls below its holding
current to turn it off.

»  Subsequently, freewheeling diode takes over & load current eventually decays to zero.

8 Explain what is an inverter? Also, explain different performance parameters of inverter.
Soln.
Inverter explanation= 2 marks, 4 performance parameters = 2marks * 4= 8 marks.

*  DC-to-AC converters are known as inverters.

»  The function of an inverter is to change a dc input voltage to a symmetric ac output voltage of
desired magnitude & frequency.

*  The output voltage could be fixed or variable at a fixed or variable frequency.
» A variable output voltage can be obtained.
»  This is done by varying the input dc voltage & maintaining the gain of the inverter constant.

*  On the other hand, if the dc input voltage is fixed & it is not controllable, a variable output
voltage can be obtained.

*  This is done by varying the gain of the inverter, which is normally accomplished by pulse-
width-modulation (PWM) control within the inverter.

» The inverter gain may be defined as the ratio of the ac output voltage to dc input voltage.

[10]

CO3

L2



* The input voltage to an inverter is dc & the output voltage (or current) is ac as shown in Figure
6.1a.

*  The output should ideally be an ac of pure sine wave.

«  But the output voltage of a practical inverter contains harmonics or ripples as shown in Figure
6.1b.

*  The inverter draws current from the dc input source only when the inverter connects the load to
the supply source.

* The input current is not pure dc, but it contains harmonics as shown in Figure 6.1c.

e The quality of an inverter is normally evaluated in terms of the following performance

parameters.
‘ UU
iy V, o
+ +
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8 o M
|
(a) Block diagram
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Lt win e
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0 e
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2
() Input current
FIGURE 6.1

[nput and output relationship of a de-ac converter,
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The output power is given by
P, = 1,V,cos 8 (6.1)

where V,, and I, are the rms load voltage and load current, 6 is the angle of the load
impedance, and R is the load resistance.
The ac input power of the inverter is

Py = LYs (6.2)

where Vg and I are the average input voltage and input current.
The rms ripple content of the input current is

L="%1~ L (6.3)

where [; and I are the rms and average values of the dc supply current.
The ripple factor of the input current is

RF, = ﬁ

¥

s

(6.4)

The power efficiency, which is the ratio of the output power to the input power, will

depend on the switching losses, which in turn depends on the switching frequency of
the inverter.

[ ; N ¥ r'
Harmonic factor of nth harmonic (HF,). The harmonic factor (of the nth ha
onic). which is a measure of individual harmonic contribution, is defined as

HJI
HF, = = forn>1 (6.5)
Vol

where Vo is the rms value of the fundamental component and V, is the rms value of
he nth harmonic component,

Total harmonic distortion (THD), The total harmonic distortion, which s 2

measure of closeness in shape between a waveform and its fundamental component,
is defined as

1 o0 11
THD = — l (66)
gl

ol \p=23...



Distortion factor (DF). THD gives the total harmonic content, but it does
not indicate the level of each harmonic component. If a filter is used at the output of
inverters, the higher order harmonics would be attenuated more effectively. Therefore, a
knowledge of both the frequency and magnitude of each harmonic is important. The DF
indicates the amount of HD that remains in a particular waveform after the harmonics
of that waveform have been subjected to a second-order attenuation (1.€., divided by nz).
Thus, DF is a measure of effectiveness in reducing unwanted harmonics without having
to specify the values of a second-order load filter and is defined as

17 & [V, \m
DF=V—01 “23(?” (6.7)
The DF of an individual (or nth) harmonic component is defined as
DF, =" V""z forn > 1 (6.8)
Vo

Lowest order harmonic (LOH). - The LOH s that harmonic component whose
requency is closes o the fundamental one, and its amplitude i gteater than or equal

103% of the fundamental component

Key Points of Section 6.

 The performance parametrs, which measurs the qualtyofte inverter utpu
Votage, are HF, THD, DF, and LOH.
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