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Chapter 1

Introduction

1- Definition and basics

Lecture aims:

1- To present the definition of “power electronics”

2- To explain the applications and types of power converters

3- To describe the main required characteristics of power converter.

4- To construct a hypothetical power converter and define its switching states
5- To use the genetic converter for basic conversion actions.

[y
1

Definition of power electronics

Power electronics can be defined as a branch of electrical engineering devoted to conversion
and control of electric power, using electronic converters based on semiconductor power

switches.

2- Application and types of power converters

Power Converter is the general name of the power electronics circuit.
Converters are used to match the available power source to a load of special demand, the
matching may include:

-Changing the type: AC<—-> DC
-Adjusting voltage
-Adjusting frequency

...etc.
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Available Power
Source:

-AC mains
-Battery
-Solar Panel

Power Converter

Load with special
demands:

-ACor DC
-Voltage
-Frequency

Fig. 1. Power converter to use available supply and meet load demands

Types of power converters

The general name “converter” is usually specified according to the type of operation as follows:

Input type Output type Converter name Remarks
DC DC Chopper To change voltage level
(Chapter 5, 7)
DC AC Inverter To obtain variable voltage and
frequency AC (Chapter 6)
AC DC Rectifier To obtain fixed or variable DC voltage
(Chapter 3)
AC Controller To change the voltage (fo=fin)
(Chapter 4)
AC AC Cyclovonverter To change voltage and frequency
(fo<<fin)
Matrix Converter | To change both voltage and frequency

CHOPPERS

DC

DC

INPUT

CONSTANT MAGNITUDE AND FREQUENCY

CYCLOCONVERTERS

AC AC

AC VOLTAGE CONTROLLERS

MATRIX CONVERTERS

Fig. 2 Types of power conversion
2
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Power losses

i Converter out

ii Control signals

Fig.3 Power flow through power converter

3- - Main characteristics of power converter.

-As it transforms load power (Fig. 3) it is necessary for the converter to operate with: High
Efficiency

-Low efficiency leads to losses of energy and the power associated losses are dissipated in the
converter circuit causing temperature increase.

-To ensure high efficiency, power consuming elements, such as fixed or variable resistors,
transistors in linear mode (i = fig),...etc; are NOT allowed in the converter circuits.

- Changing the output values as desired is done by “control” signals, therefore the converters
usually have control ports to receive the signals that determine its output.

-Converters have been constructed using switching devises as the switch is (i) lossless and (ii)

controllable, as shown in Fig. 4

Switch closed:  v(f)=0 i I
ift)

Switch open: i(f)y=0
V(1) \
(]

In either event:  p(f) =v(1) i(f)=0

Ideal switch consumes zero power ¢

Fig. 4 Ideal switch is a lossless Element
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4- Generic Power Converter

To explain how the converter can be operated using switches, a generic hypothetical 5-switch
power converter is constructed as shown in Fig. 5. The converter is designed to operate in one

of the three following states:

State $1,52 | S3,54 | S5 Vo i Description
State 1 ON OFF | OFF | v io Load is directly connected to source
State2 OFF ON OFF | —vy; — o Load is cross connected to source
State O OFF |OFF |[ON |0 0 Source is opened and Load is
Shorted (assuming inductive load)

1 Sl o1
A ) ; A
s3 i
S5
SOURCE v, sS4 v, LOAD
S2
/: ‘e
2 02

Fig. 5 A Generic 5-switch converter
Note that State 0 has been design to suit the common case of having (1) a voltage source which
should never be short circuited and isolated by opening it; and (2) highly inductive load with a

current that cannot be interrupted and always required to have a closed path for the current.
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5- Performing some conversion actions with generic converter

To explain the tactics used in converters, this section shows two basic converter operations:
rectification and inversion.

a. Rectifier operation:
The rectifier input is an AC voltage of the following form (assuming zero phase angle):

v =Vi,sinwt

Where V; ,, is the amplitude (peak) of the sinusoidal input voltage and  is its radian frequency.
This voltage is positive for 0 < wt <  and negative for 1 < wt < 2m. The generic converter is
operated to connect the positive voltage to the output side and inversely connect the negative

voltage. Selecting the suitable states as follows:

statel for0 < wt<m

converter state =
{state 2 form < wt<?2m

This leads to an output voltage given by:

v, = Viplsin wt]

<«State 1 »«€State 2->;<—St ate 1 »<€State2»
V790 S 5
io
0 : h s wl
Vo=Vi T, Vo=—Vi_-?= Vo=Vi 1 Vo=—V; m
'v';'
Fig 6
5
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Both the output and input voltages are shown in Fig. 6. It is clear that the output voltage is not the

ideal DC voltage! However this voltage has a positive average that can be taken as the DC voltage.

Fig. 6 also shows the output current waveform for an R-L load drawn considering the following data:
v; = 100 sin 120mt, R=1.3Q, L=2.4mH

The analysis for obtaiing the current waveforms will be discussed later in this chapter. Now, it can be

noted that the current waveform is closer to the ideal DC compared to the voltage wave as the

variation around the “average” is smaller compared to the voltage.

b. Inverter Operation
This section shows how to obtain an AC voltage given a DC supply by operating the generic converter
as inverter.
Assuming that the desired load frequency is fo; this implies that the load voltage period is T=1/fo.

The converter is operated periodically as follows:

T
state 1 for0<t<§
State = {

T
state 2f0r§ <t<T

The generic inverter operation is shown in Fig. 7.
Similar to the rectifier case, it can be seen that the resultant output voltage is square and not pure

sinusoidal as for the ideal AC. However, according to Fourier series analysis, the fundamental
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component is of this wave is a pure sine. Therefore, the fundamental component of v,is considered as

required output voltage.

2m / 47

<€—Statel—»> <€ State 2

Fig 7
The output current has been shown is Fig. 7 for RL load. It can be seen that the output current is closer

to the pure sine wave compared to the voltage.
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Chapter 1

Performance Indicators

Lecture aims:

1- To determine the: average, rms and ripple components associated with a periodic
quantity.

2- To define the ripple factor.

3- To review Fourier series equations and draw the spectrum.

4- To Define the Total Harmonic Distortion (THD).

5- To Define the Power Factor considering non-sinusoidal AC current.

6- To present the concept and calculation method of conversion efficiency.

1- Performance of DC supplying circuit:

The Average Component

Recall the output voltage waveform of the generic rectifier (lecture#1) and redrawn in Fig.
1. This waveform is NOT a pure DC. However, v, has been accepted as a DC output because
it has a non-zero average (DC) component.

The DC component of a periodic waveform can be determined by taking the average of the

area under its curve over one complete cycle. As follows:

1
Fy. = ;fT f®)dt (1)

Where f{(t) is the periodic function being voltage or current. T is the period and Fu. is the

average value (the DC component) of f(t).

Figure 1 marks V, qc calculated using Eq. (1) as follows:

s
Vo,dc = Ef Vipsinwt dwt = — (cos0 —cosm) = —
0
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Fig. 1 The output voltage of the generic converter and its average
Notice the followings:
o Theperiod () Ls the output voltage wave, this period may or may not equal to
the input voltage period,
*  For convenience, we have multiplied the time integration by o (by using dot
tnstead of ot) and divide it bg o (using /T instead of 1/T), The integration
Limits have been changed accordingly (T instead of T).
The Total RMS
The RMS has been used to describe periodic quantities as the effective value since it
determines the power associated to this value. The RMS value of a periodic function is defined

as the square root of the mean value of the squared function.

Fons (or 1) = [2f, G200 .0

Where Fms or F denotes the RMS value.

The RMS of the output voltage of Fig. 1, is derived as follows:
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s 2 s
1 ) 2 Vip 1 —cos2 wt
Ef(Vi’p sinwt) dwt = f

0 0

dwt
v, = Vip\/i[ﬂ—COSZTT—O—COSO] =@
w2 V2
RMS of functions with orthogonal components:
Assume that
9(@) = 91(6) + g2(t) + g3(6) + -~ «(3)

The components g;, g;are orthogonal if fT gi-gjdt = 0.

If all the components g indicated in Eqg. (3) are orthogonal, the total RMS (G) can be

determined given the RMS of the components (G1, G, ...) as follows:

G =G?+ G2+ G2+ - (4)
For periodic waveforms with multiple orthogonal components the total RMS can be

determined using the RMS of the components.

The Ripple (AC component)

The AC component of a period wave is the total function minus the average value:

fac = f — Fac .(5)

The AC component of the generic rectifier output is shown in Fig. (2). The RMS of the AC

component can be determined using Eq. (2) or Eq. (4). However, it is much easier to use Eq. (4).
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Assume that the function f has two components Fac and fac; the RMS of the latter is Fqc, as the

DC and AC components are orthogonal we can apply Eq. (4)

F=\F;.+F%>F,= /FZ — FZ, ...(6)

Substituting for the total RMS and Vo, 4c

~ 0.308V,,,

>wi

b
®

1)
1)
L)
.
[
1]
1)
1]

Fig. 2 The DC and AC components of the generic rectifier output voltage.

The Ripple Factor, RF

The ripple factor is the basic parameter used to determine the effect of distortion on DC

guantities. The ripple factor is defined as:

Fac
RFf = 1 (7
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The ripple factor is the ratio of the RMS of the AC to the DC components of a quantity. The
higher ripple factor indicates more distorted DC quantity. A pure DC quantity has RF=0.

Example 1: Determine the ripple factor of the periodic DC voltage shown in fig. 3

A
v(t)
v
oV S . b ————
5 15 20 30 35 time (ms)
Fig. 3
Ans.
The period, T = 15msec
15x1073 15%x1073
V4. = L f (t)dt = 1 f 10dt
ode = v ~ 15 x 10-3
0 5x10~3
V,.= ;10[15 x 1073 -5x%x1073] = 6.67V
dc ™ 15 x 10-3 '

The ACcomponent of v, is shown

y Vae ( f)

333V [~y RS { 1
§  15i20f 30 I | time(ms)
-6.66V fonned -
The rms of the AC component:
. 0.005 0.015
Ve = |———= —6.67)%dt + f 3.33)2dt
= |gorz| | 667 (3.33)
0 0.005
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1
Voe = |=——=10.222 + 0.11] = 4.7V
ae \]0.015[ * ]

The ripple factor:

Ve 47

RF, =X =—_
TV, 667

= 0.704

Drill: Find the ripple factor using the method described in Eq. (4)

2- Performance of AC supplying circuit:

Fourier series Analysis

You have learned from mathematics that a periodic function f(t) can be represented by an

infinite Fourier series as:
f® =a,+ Y. _ (aycos(nwt) + by sin(n wt)) ...(8)

Where a, = [, f(t)dt which (=Fqc)
T= period of f
w = 2?” radian fundamental frequency=21f;

f1 is the fundamental frequency (=1/T)

2
a, = Tf f(t) cos(nwt) dt
T

2 :
b, = ?J f(t) sin(nwt) dt
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Calculations of Fourier series can be simplifield if the function has one or two symmetries as

given in the following table:

Symmetry Condition Simplified equations
Even f(@) 4 T/2
=f(=t) a, = TJ- f(©® cos(nwt)dt, b,=0 foralln
0
Odd f(@®) a, =0 foralln, b, = ifOT/zf(t) sin(nwt) dt
= —f(=t) "
Halfwave f®
T =0 =b,=0 =246..
=—f(ti§) a, , n n forn
Even 8 %
+Halfwave a, =z [y fO cos(nwt) dt n=1,3,5...
a, forn=0,246..b, =0 foralln
OoDD a, =0 foralln
+Halfwave T

8 [ ,
b, = Tf f(t) sin(nwt) dt

0
forn=135,..
b, =0 forn=246,..

Considering the output voltage of the generic inverter obtained in last lecture, and redrawn in

Fig. 4. We can see that this waveform is ODD and HALFWAVE symmetrical, therefore:

The fundamental component V,,;

Fig. 4 also shows the difference between v, and v, ; denoted v,

T
7
_ fV in(ncot) df = 8V, [ . 2nT
= i SIN(\nw = . 2_7_[ CoSs cosn 4T
0 Lo
Vomp = o n=1,3,5,...
_— Voip _ 2V2V,
0,1 — \/E - T

the summation of all (unwanted) higher order harmonics v, , = Y- Vo -

Power Electronics-Chapter 1/lecture 2 7
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//Remark: for sinusoidal wave: the RMS is the peak/v2..well known and no

need to prove//

v
0,1
Pl
. ’ .
':' \‘ 'Uo \
7 . . )
’ \ A A
’ D . (I
' \ ) v
| 15 (%4 i
b 'H Vi
o A v ! !
Y Y% o-h ' &
g 2 Lo P | GRS v
s % F. 8 Y §os
I I SN2 P S 4T
04— e  — - — wi
L s $ % 4
" N s ' : T
i F) ¢ A )
% ! A L3
4 ¥ ]
! v 3 F
' 3 k
i 3 i B
£ S % ) 03
1 [ 1
t S o %
1 - !
S, S —
T
\ ,' ‘.‘ "
. /

Fig. 4 the output voltage of the generic inverter and its fundamental and harmonic components

The Total Harmonic Distortion, THD

The total harmonics distortion is defined as

THD = h .(9)
F.

1

Where Fp is the RMS of the harmonic of f except the fundamental harmonic and F; is the RMS

of the fundamental harmonic.

The determination of the THD,,,of the generic inverter output voltage is as follows:

AsV, = ’Voz’l + V(fhéVO,h = V2 — V02,1

Power Electronics-Chapter 1/lecture 2 8 [Type here]



The spectrum is a very useful tool that is used to visualize the harmonic contents. It is a graph
of the harmonic amplitude against the harmonic order (or frequency). Using the above result
the spectrum of the generic inverter output voltage is drawn in Fig. 5. It can be seen that, for

this waveform, as the harmonic order increases its amplitude decreases.

Spectrum of the square wave
140
120
100
80
60

40

Amplitude (% of Vi)

20 | I
0 I I 1 1 1 0 & &

0 1 23 456 7 8 9 101112 13 14 15 16 17 18 19 20 21
Harmonic Order, (n)
Fig. 5 Spectrum of the square wave voltage shown in Fig. 4

Drill Problem: Determine the THD of the voltage waveform shown in Fig. 6. Draw the spectrum
corresponding to this voltage

100V R

0 n/6 5S7/6 m© 6 116 2x 137/6

-100V

ans:0.311

Fig. 6
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3- Power factor and efficiency:

Input power factor, PF:

Power factor is a performance indicator used with converters supplied from (single-phase and
three-phase) AC lines. The general definition of PF is:

P.

PF =- ..(10)

Si
where P;and S; are the real and apparent input powers respectively. Converter usually draws
non-sinusoidal periodic power. In this case the famous relationship (pf=cos®) used in AC circuit
is inapplicable. Instead, the power factor can be determined looking at the input voltage and
current waveforms only using the following expression:

PF = KK, (11)

Here, K4 denotes the so-called distortion factor, defined as the ratio of the RMS fundamental
input current:
I
K; = L1
i
Ky is the displacement factor:, Kz = cos @ the angle between the fundamentals of input
voltage and current.

In coming chapters we are going to show that the two expressions of eq.(10) and eq.(11) are
equivalent.

Example 2: Determine the power factor for the input current and voltage waveforms shown in
Fig. 7
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/s
Sol. Ky = cos @; = cos_ = —

221,
¢ i I; n

1232 2
IJF':=1(¢fQ1:= 225-7;—12 ;

Conversion efficiency, 7c

The conversion efficiency, nc of the converter is defined as the ratio of the desired output
power to the converter input voltage. The desired output power is the power associated to the
DC quantity in DC producing converter and the fundamental component for the AC producing
converter).

For DC-output converter:

Podc
= — (12
c= 5. (12)
For AC-output converter:
_Po1
Ne = Por ..(13)

Symbol P, q4c denotes the dc output power, that is, the product of the dc components of the
output voltage and current, while P, ; is the ac output power carried by the fundamental

components of the output voltage and current. In the cases discussed in this chapter using
generic power converter; the converter does not incur any power losses and therefore the

input power to the converter (Pi» in Eq. (12) and (13)) is equals to the output power.

Power Electronics-Chapter 1/lecture 2 11 [Type here]



Chapter 1

Phase Control and Current Calculation Using Analytical
Methods

Lecture aims:

1- To introduce the phase control concept using the hypothetical generic converter.

2- To present the analytical method of load current calculation based on natural and
forced response.

3- To present the analytical solution method based on Fourier series and superposition.

4- To compare the RF and THD of the load current to those of the load voltage.

1- Phase control:
The aim of the control methods is to vary the output voltage as desired. The phase
control is a systematic method characterized by low switching frequency which is
usually equal to the output or input frequency. The term phase came from the fact that
the output is varied by changing a control angle.

Applying the phase control on generic rectifier:

The average output voltage of the generic rectifier (studied in Lecture 1) can be varied by
including zero level to produce an output voltage similar to that shown in Fig. 1. Where the
converter is operated in state 0 to produce zero output voltage for the interval (0 < wt <
ay) before moving to state 1 (if v; is positive) or state 2 (if v; is negative).

@ can be set to any value within the range 0 < ay < m. Setting @y = 0 results an output
voltage of full wave rectifier which is the maximum output voltage of this converter. On the
other hand, @y = m results an output voltage=0. Therefore the output voltage can be

controlled through this angle, where:

1 Vi
Vo,dc = ;faf Vi,p sinwt dwt = % (1 + cos af) (1)

Power Electronics-Chapter 1 1 lecture 3



The variation of the output voltage with the control parameter (ay)is described in Fig. 2. The

magnitude control ratio, M is defined as:

M= _Loadi (2)

Vo,adj,max
M is generally used to describe the effect of control parameter.

Fig. 1 also shows the output current for a series connected RL load, the following section shows

how to determine the current.

Converter State State .State State State State State State

state: $q0:42> 0,1t 0 2,

—y
a, T oafm 2T af2m 3W §

., v _.

Fig. 1 The output voltage wave of a phase-controlled generic rectifier.

MAGMITUDE CONTROL. RATYO

0 30 60 90 120 150 180

FUnell ANGLE (oeg

Fig. 2 The control characteristics of phase-controlled generic rectifier.
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2-Current calculation using the analytical method

One cycle of the output current for the interval (0,1) is determined by dividing this interval

according to the output voltage. The output voltage is given by:

0 for 0 <wt<ar

- Visinwt forar<wt<m ~(3)

UO
For 0 < wt < ay, the load RL circuit (Fig. 3) has zero voltage (source-free) and the current is

known by the natural response only.

_t et __wt
iO,l = Ale T = Ale wL/R = Ale tan@ (4)

0<a)t<af

Where Ai=i,(®t=0), R and L are the load resistance and inductance of the load as shown in Fig.

3. Subscript (1) denotes the first segment of current equation

For ay < wt <, the circuit has a sinusoidal supply and the circuit current has two

components, forced i, rand naturali, y:

lo2 = lozr T lozN ...(5)
Where

] Vip sin(wt-0)

lOZ,F = —|Z| (6)

) _wt—af

lOZ,N = Aze tan @ (7)

Where |Z| = /R% + (wL)?and @ = tan™! (%L)

To specify the current expressions, we need to determine the integration constants Ai1and A,

to be calculated using two (boundary) conditions:

io1(wt = af) =iy, (wt = af) ..(8)
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Gives:

-
Ale tang —

_r
AZ = Ale tang —

Example 1

iO,l(wt == 0) - ioll(a)t - T[)

a Vipsin(ay—0) 14
|z| 2

i Vipsin(ay—0)

1|

Phase-
Controlled
Rectifier

Fig. 3 RL load connected to the rectifier output side.

..(9)

.(8)

.(9)

A phase control generic converter is supplied by a 220V AC supply and the firing angle is

adjusted to produce an average output voltage, V, ;. = 169V. The load has series RL model

with R=1.4Q and L=4.5mH.

© oo oo

g -

Solution:

Calculate the firing angle, ay
Calculate the magnitude control ratio
Calculate RFyo

Derive the numerical expression of i,

On the same time scale, draw the waveforms of:

the supply voltage

the switching states

the output voltage

the output current

. theinput current

Calculate RFi

Calculate the input power factor

Power Electronics-Chapter 1 4
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a. Voac= V;T—’p(l + cos af)

220x/_
169 = (1 + cos af)
1 [ 1697‘[ 1] 450
af = COS —1| =
! 220v2
_ Vo'dc _ 169 _
b. M - Vo,dc,max - 220\/—*2 O 8532
1 } 2 1
= \/; f;(Vi’p sin a)t) dot = Vi'P\/E f;rf(l — cos 2wt)dwt
1 sin2wt] @ 1 sin2m  sin2a
Vo =Vip 27r[wt_ 2 ]“f = Vip E[(”_“f)_ 2 T2
1 T 1
=220V2 |—|(m—) =0+ 5| = 209.
v, oszﬂ[(n 4) 0+2] 09.8V
Vo_ac = ’VOZ — VO de = = 124.3V
Ve 124.3
RE,, =——=——=10.736
T Vg 169
d.

Z =R+ jwL= 1.4 + j0.451 ~ 2245°

wt

d. ip1=Aje @ = A;et for0 < wt < %

2202 n e
lo2 = > —— ssin(wt — _) + Aje (wt ) = 155.6 sin(wt — —) + Aye (wt 4)

T
forZSwt<n

To determine A; and A,use Egs. (8) and (9)

ioll(wt = af) = iolz(wt = af)
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Gives A; = 115,A4, = 52.42

ip1 = 115e~f ffor0 < wt <=
’ 4

io2 = 155.6 sin(wt — %) 4 52.42¢~(“13) for% <wt<mw

Power Electronics-Chapter 1

p1(wt =0) =i, (wt =m)

1:

Aie

_r
4—:A2

AZ = 0456141

155.6

V2

—-0.751
Ase

ot iy
0 115
15 88.5
30 68.1
45 52.42
60 80.6
75 108.9
90 133.9
105 153.1
120 164.5
130 166.9(max)
135 166.5
150 158.7
165 141.2
180 115

6
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Fig. 4 Solution of Example 1 e
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To determine the current ripple factor,

V, 169
Ipac = "Tdc = = 120.74

we will approximate the current ripple to sinusoidal,

Vpacpp = 166.9 — 52.4 = 114.5

Gives
v _ 114.5 — 40.54
o,ac — 2\/7 - .
Iy ac 40.5
RF;, = — =———=10.335
to loac 120.7

-To determine the apparent power, find I,

I, = /Igldc + 12, = 12734

We will use the approximation:

3
I ~ 10\/; = 110.34

S; =220 % 110.3 = 24.3KVA
P, =P, = I2R = 22.7kW

F_Pi_24.3_093
S 261
12
Ne = OI’ngOB
o

3- Phase-Controlled Inverter

The generic inverter presented in Lecture 1 provides an output voltage with fixed amplitude. It

2v2

. 2V; .
has been shown in Lecture 2 that the output has a fundamental of (V,, = — ‘), which means

that the output is constant. In order to control the amplitude of the inverter output voltage
state O is inserted in the way shown in Fig. 5 to zero the voltage between positive and negative

pulses. The operation cycle of this phase-controlled inverter is given by:

Power Electronics-Chapter 1 8 lecture 3



interval Operation state Vo
O~ay State O
ag~(m—ay) State 1 Vi
(r—ag)~(mT+ ay) State 0
(m+ ay)~2r — ay) State 2 -V,
2m — ay)~2m State 0 0

Where a denotes the “delay angle”. The resultant output voltage waveform is odd and half-

wave symmetrical. And it is left to the student to show for this waveform that:

4
Vonp = bn = EVi cosnag

..(10)

By examining Fig. 5, we can realize that the delay angle (a,;) is adjustable in the range O~§. The

output voltage fundamental is maximum when a; = 0 (Vo,l,max = %Vi) and minimum (=0)

T . . .. . .
when ay = o The control characteristics of the phase controlled generic inverter is shown in

Fig. 6.

Fig. 5 output voltage of phase-controlled inverter

Power Electronics-Chapter 1
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M 09r /V

0.8 [
0.7 [
0.6 [
0.5 [
0.4 r

03[

o

021

0.1

Fig. 6 Control characteristics of phase controlled inverter

4- Fourier series analysis:
Fourier series analysis use the superposition principle to carry out the analysis with any periodic
non-sinusoidal supply to basic DC and AC analysis.
The idea is to replace the non-sinusoidal supply (the converter output voltage in our case) by its
Fourier components which are DC and AC sinusoidal as shown in Fig. 7. The response of the
circuit (i,) is calculated by summing up the responses of the corresponding individual Fourier
components.

i =Ymeolin .(11)
Where

_ Vnp sin(nwt+0y)

.(12)

n R+jnwyl

The following example demonstrates how to perform the analysis to determine the output
current by applying superposition on Fourier components. Before presenting the example, it
must be stressed that the analytical method based on DE solution similar to the one followed in

Example 1 is similarly applicable here.
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— — i

\'
V.

Periodic C
(non-sin.) \Z

vn (nfo)

nolL

Fig. 7 Analysis of circuit supplied by periodic non-sinusoidal supply.

Example 2:

A generic converter is operated as a phase controlled generic inverter. The input DC voltage is

300V and the output fundamental voltage is 200V at 41.67Hz. The RL load has R=1.3Q and

4.4mH.

a. Calculate the delay angle.
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b. Determine the expression of the nth harmonic of the output voltage. Draw the

spectrum of vo.

c. Determine THD of the output voltage.

d. Use Fourier analysis to calculate the output current and its THD.

Sol.

a. Todetermine ay4(V,, = 200V, V; = 300V), from Eq. (10)

4
Vo1p = p- V;cosay

4
200V2 = ;(300) cosay — ag = 42.2°

b. From Eqg. (10):

4
Vonp = - V; cosnay

To draw the spectrum, we calculate V, ,for different values of n

n Vonp Von Accumulated Harmonics RMS
1 282.9 200 0

3 -75.9 53.66 53.6694
5 -65.48 46.3 70.88173
7 23.4 16.6 72.78736
9 39.9 28.2 78.06411
11 -8.5 6 78.29515
13 -29 20.5 80.93596
15 1.33 0.94 80.94143
17 22.4 15.8 82.47663
19 2.87 2.03 82.50159
21 -17.66 12.5 83.4413
23 -5.5 3.89 83.53189
25 13.84 9.79 84.1032
27 7.2 5.09 84.25716
29 -10.6 7.5 84.58989

Power Electronics-Chapter 1
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Fig. 8 shows v, spectrum, the green bars indicate negative amplitudes as calculated using Eq.

(10), which means that the corresponding component is 180° out of phase.

For explanation only (and not a part of the solution), Fig. 9 shows the result of adding the
harmonics calculated in the table above and shown in spectrum of Fig. 8. By comparing the
three parts of Fig. 9 we can see that as more harmonics added the summation converges to the

guasi square wave similar to the one shown in Fig. 5.

Spectrum of vo (ex 2)

300
250
200
150
100

50

0 ll ~ n _ .
7 9

11 13 15 17 19 21 23 25 27 29

Fig. 8

THDyo calculation:

v =300 [(80°2%42D) _ oeay
o 180 - '

Vor = /VOZ — V2, =883V

88.3
TWffl)vo == 32625 == 4¢1ﬁ19@

We can notice that the ripple accumulation calculated in the Table above and drawn in Fig.10 is

converging to V, , determined above.
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Fig. 9 the summation of obtained harmonics top: 15t and 3™ middle: up to 9t Bottom: up to 29t
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Spectrum of vo (ex 2)

300 90
80

250
70
200 60
50

150
40
100 30
20

50
I 10
0 | e - 0

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

Fig. 10 the accumulation of Vh with the spectrum
d. Current Calculation

We are going to view deal the supply as an infinite series connected sinusoidal supplies as

indicated in Fig.

The current in calculated by applying superposition on these supplies. Recall that while the load
resistance does not affected by the supply frequency, the inductive reactance is proportional to

the frequency. Therefore the impedance seen by the nth harmonic is:

1.1nn
3

Zo=R+jw,L =R+ jnwl =13+]

Z, =+RZ+ (nwL)ZLtan‘lnch’L

The current Fourier components are given in the following table, and the current spectrum is

shown in Fig. 10.

We can notice that the current harmonics amplitude reduces faster than the voltage as the
harmonic order increase. This is basically due to the increase of the inductive reactance which is

proportional to the frequency.
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n
n Vo,n,p Zn |Io,n| Z lo, h
i
1 282.9 1.74.41.54 115.1 0
3 -75.9 3.692177L69.4 14.53598 14.53598
5 -65.48 5.904465L77.3 7.841753 16.51629
7 23.4 8.167527.80.8 2.025864 16.64007
9 39.9 10.44842..82.9 2.70027 16.85774
11 -8.5 12.73758.84.1 0.471864 16.86434
13 -29 15.03122L.85 1.364234 16.91943
15 1.33 17.32756L85.7 0.054275 16.91952
17 22.4 19.62566L86.2 0.807066 16.93875
19 2.87 21.92496.86.6 0.092561 16.93901
21 -17.66 24.225121.86.9 0.515478 16.94685
23 5.5 26.52592( 87.2 0.146615 16.94748
25 13.84 28.8272..87.36 0.339483 16.95088
27 7.2 31.12886L.87.6 0.163551 16.95167
29 -10.6 33.43082.87.77 0.224204 16.95315
Chart Title
120
100
80
60
40
20
9 3 5 11 13 15 17 19 21 23 25 27 29
Fig. 10 the spectrum of lo
. I 16.95
The current ripple factor, RF;, = 2% = == = 0.147
Ipy 1151
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Chapter 1
PWM Control and Practical Example

Lecture Aims

1- To introduce the concept of PWM control

2- To define the duty ratio as a control parameter

3- To relate the magnitude control ratio to the switching signal duty ratio

4- To highlight the effect of the switching frequency.

5- To present a practical circuit and compare it to the generic power converter.

1- PWM control of DC Chopper
The principle of PWM can be explained considering DC-to-DC power conversion
performed by generic converter supplied by a DC voltage. The converter controls the dc
component of the output voltage as shown in Fig. 1 by producing an output voltage
consists of a train of pulses. The similar practical power electronic converters are called

choppers.

/NN NN

= e

0 t
Fig. 1 PWM control applied to DC chopper.

In the case shown in Fig. 1, the pulses and notches are of equal duration, that is,
switches S1 and S2 operate with the duty ratio of 0.5. A duty ratio, d, of a switch is

defined as

—_— tOTl
d= —r (1)

where ton is the on-time, and torr is the off-time. Switch S5 in this case also operates
with the duty ratio of 0.5. However, if the duty ratio of switches S1 and S2 were, for
example,(d1,2=) 0.6, the duty ratio of switch S5 would have to be (ds=1-d12=) 0.4.

1
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The average value, Vo,dc, of the output voltage is

Voac = dV; ..(2)
As V acmax) = Vi; then M=d (remember is M defined in Lecture 3 as V;, 44;/Vo,aajmax))
The possible range of a duty ratio is from zero (switch open all the time) to 1 (switch
closed all the time), changing the duty ratio, allows the adjustment of Vo,dc to any level

between zero and Vi.

The effect of switching frequency

The switching frequency, fsw, defined as:

£ = 1 _ 1
W Tsw ton+toff

The switching frequency does not affect Vo.dc. However, the quality of output current
depends on fsw. As illustrated in Fig. 2, where fsw is doubled compared to that in Fig. 1,
results in the reduction of the current ripple by about 50%. This can be reasoned in two
ways:
First: If the time between state changes is short enough, it will not allow
significant current changes between consecutive output voltage levels is.
Second: The fundamental output frequency equals the switching frequency. As a
result, harmonics of the ac component of the voltage appear at frequencies that
are integer multiples of fsw. The corresponding inductive reactances of the load

are proportional to these frequencies.

i

— —T — T — - T - T—T T TT-—T T 0

] f
Fig. 2 The current ripple reduces to half as the frequency doubled compared to Fig. 1
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If the switching frequency is sufficiently high, the ac component of the output current

may be negligible that the current is practically of ideal dc quality.

PWM Application in Other types of Converters

PWM can be applied in all the other types of electric power conversion described
earlier. The application of PWM control on rectifier and AC controller is shown in Fig. 3.
Here, the ratio, N, of the switching to input frequency is 12. This is also the number of
pulses of output voltage per cycle. The duration of one pulse cycle is called the
switching interval (Tsw), the operating switching complete an operation cycle (ON-OFF-
ON) with each interval. The switching intervals may or may not be synchronized to the
input supply, this will be discusses in details in coming chapters.

As for the DC chopper case, Fig. 3 shown that the output current waveforms have
higher quality compared to those of phase controlled converters.

Practically the switching frequency of a PWM converter is in the order of kHz, this is
way higher than that shown in Fig. 3. Were the switching frequency is chosen to be low
for clarity. Generally, a switching frequency should be several times higher than the

reciprocal of the time constant of the load.

[}

Fig.3 Voltage wave forms and RL load resultant current of PWM converters (a) Rectifier
(b) AC controller

3
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Duty ratio and Magnitude control ratio

It can be shown that the linear relation of to the chopper (M=d) can be extended on
other types of PWM converters, such as rectifiers and ac voltage controllers. In all these

converters:

Vo,adj = dVo,adj(MAX) ...(3)

Depending on the type of converter, symbol Vo,adj, represents the adjustable DC
component or fundamental AC component of the output voltage, while Vo,adj(max) is
the maximum available value of this component. However, concerning the rms value,

Vo, of output voltage, the dependence on the duty ratio is radical, that is,

Vo = VadVy max) ...(4)

where Vo(MAX) is the maximum available rms value of output voltage.

1.0 .—

MAGHNITUDE CONTROL RATIO

0.0 0.2 0.4 0.6 0.8 1.0
DUTY RATIO

(o)

MAGHITUDE CONTROL RATID

0.0 ; ; ;
0.0 0.2 0.4 0.6 0.8 1.0

DUTY RATIO

(b)
Fig. 4 Control characteristics of PWM converter (a) Rectifier (Vo=Vo,dc) (b) AC
controller (Vo=Vo(rms))

4
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Control characteristics of the generic PWM rectifier and AC voltage controller are shown
in Fig. 4.

Harmonic spectra of the output voltage of the generic PWM rectifier and AC voltage
controller are shown in Fig. 5. In AC controller, the switching frequency is 12 times
higher than the input frequency, that is, the output voltage has 12 pulses per cycle. The
duty ratio of converter switches is 0.5. In Fig. 5(b), we can notice that:

- Low order harmonics are almost eliminated.

- Higher harmonics appear in clusters centered about integer multiples of 24 (2N)
for the ac voltage controller. The relationship between the number of pulses per
cycle (N) and dominant harmonics order will be explained for each specific type
of PWM converter in coming chapters.

The PWM rectifier spectra shows that the output voltage has all harmonics nonzero
(including evens). This is due to the absence of any form of symmetry.

The reduced amplitudes of low-order harmonics (2™ to 10™) of the output voltage
results in reduced ripple in the output current waveforms. The low order harmonics
amplitudes is small compared to the harmonics of order around 12 and its multiples,

and therefore current distortion is reduced.

2- Practical Example: Single-Phase Diode Rectifiers

Single-phase diode rectifiers are the simplest static converters of electrical power. The
power diodes employed in the rectifiers can be thought of as uncontrolled
semiconductor power switches. A diode in a closed circuit turns on when the diode is
forward biased. The diode turns off when its current changes polarity.

The single-pulse (single-phase half-wave) diode rectifier is shown in Fig.6. It is
equivalent to a reduced generic power converter having only switches S1 and S2, which
stay closed as long as they conduct the load current. If the load is purely resistive (R-
load), and the input voltage is sinusoidal, the output current waveform is similar that of
the output voltage, as shown in Fig. 7(a). It can easily be seen that the average output

voltage, Vo,dc, in the single-pulse rectifier is half as large as that in the generic rectifier,
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that is, Vo,dc = Vi,p/z = 0.32 Vi,p . The single “pulse” of output current per cycle of the

input voltage explains the name of the rectifier.

: Y
=3 0.1 4 - o e
= a
=
- ”""”"" m" I"
0.0001 M CLLPLARLLEEEUEEUE LA |" il
¥ 10 20 30 40 SO
HARMONIC NUMBER
(a)

I

iﬁ 1L
YR | S U 1§ ;
: I i il
< 0.001 SN .88 5 v : ‘ l

Q.0001 + e
0 10 20 30 40 S0
HARMONIC NUMBER
(b) N
Fig. 5 Harmonic spectra of output voltage in a PWM controlled (a) rectifier (b) AC
controller
o M)l o
o ™ o

-.f. C_r) o

Fig. 6 Single pulse diode rectifier

The output voltage gets even lower when the load contains an inductance (RL-load).

The output current, flows until it reaches zero at «t = e, where «e is called an extinction
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angle. Thus, when io > 0, that is, when 0 < «t £ . The output voltage and current

waveforms of a single-pulse rectifier with an RL load are shown in Fig. 7(b). As the

extinction angle is greater than 180°, the output voltage is negative in the «t = 7 to at

= ae interval, and its overall average value is lower than that with the resistive load.

| i |a 2m 3m 4T
| a
|
it
FE am 4T

(a) (b)
Fig. 7 The output voltage and current of a single pulse rectifier with (a) R load , (b) RL
load

To calculate the extinction angle, we first obtain the output current expression as

follows:

wt

ip(wt) = ViT'psin(wt — @) + Ae tane ...(5)
To find A, consider the initial condition: i,(0) = 0, gives:
A ="2sin(g) ...(6)

And therefore

Vip

io(wt) = —* [sin(wt — ¢) + sin(¢) e_%] ..(7)

To find the extinction angle we have to solve Eq. 7 for i,(a.) = 0 and a, > m. This can

be done only numerically (by iterations).

The negative part of the output voltage can be eliminated by connecting the

freewheeling diode, DF, across the load, as shown in Fig. 8.

Power Electronics-Chapter 1/Lecture 4



+]

Vi |';_+-“| E

L1
o~

o

Fig. 8 Single pulse diode rectifier with freewheeling diode

The freewheeling diode, which corresponds to switch S5 in the generic power converter,
shorts the output terminals when the output voltage reaches zero and provides a path
for the output current in the 7 to «e interval. Until the voltage reaches zero, the
waveform of output voltage is the same as that in Fig. 7(b) and that of output current is

described by Eq.(7) . Later, the current dies out while freewheeled by diode DF. As now

Vo = 0, the equation of the current is simply
wt—1

ip(wt) = Ae tane form < wt < a, ...(8)
where constant A can be found by equaling currents given by Egs. (8) and (7)
at et = 7:

Vip

T V; T
A= 2 sin(r — @) + sin(p) e fa"‘l’] = %psin(go) [1 +e CCWP]

Gives :

wt wt—T

Vv
io(wt) = %sin((p) [e tang 4 e tanfp] forr<owt<a,

Waveforms of the output voltage and current of a single-pulse rectifier with the
freewheeling diode are shown in Fig. 9.

Practical single-pulse rectifiers do not belong in the area of true power electronics, one
reason is the need for large filtering capacitors.

The average output voltage, Vo,dc, can be increased to 2Vip/7z = 0.64Vi,p in a two-
pulse (single-phase full-wave) diode rectifier in Fig. 10. Diodes D1 through D4
correspond to the respective switches in the generic converter, directly connecting and
cross-connecting the input terminals with the output terminals in dependence on polarity

of the input.
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Fig. 9 The output voltage and current of a single pulse rectifier with freewheeling diode
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Fig. 10 2-pulse diode rectifier
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Chapter 2

Semiconductor Power Switching Devices

Chapter Outcomes

* Comparison between ideal and semiconductor switching
devices.

* To study the static and dynamic characteristics of power
diodes and define the diode ratings, and features of the
special power diodes.

* To study the static and dynamic characteristics of SCR.

* To describe the operation, characteristics advantages and
disadvantages of the most common fully controlled
switching devices: GTO, BJT, MOSFET, IGBT and MCT.
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Semiconductor verses ideal switching devices
~ Mdealswitth  SemiconductorSwitch

Conduction (ON-state) resistance =0 QQ At Conduction (ON)-state there is a voltage
Or zero on-state voltage drop drop across the switch. (Typically 1~3Volts)

Blocking (OFF-state) resistance = co() At Blocking (OFF)-state there is a small
Or zero Off-state leakage current. leakage current, dependent on temperature.

usually conducts the current in one direction
directions only
Switching time is not zero and varies largely
time. between different types/ratings of devices.

There are 3 types: Uncontrolled,
Semi-controlled and Fully-Controlled

Zero control power Needs a driving power for control signal

Fully Controlled

Power losses in semiconductor switches

1-Conduction Loss, P,
Losses due to voltage drop during on state, the average of
the conduction power losses is given by: OFF| ;|

1 oT . r—l Ton | ON | Toff |

Po = — j (Vop i)dt “
sw 0

Where D is the duty ratio i

2-Switching Loss, P,

Losses due to presence of significant voltage and current

values during the ON-OFF transient. The average of switching

losses is given by

ton toff 7
Pu.= fsw(j pdt+ jpdtJ Fe
0 0
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Power Diodes

[V
A 2-layer, 2-terminal
semiconductor device, compared
to the (basic) rectifying diode A /_\, K
there are some differences, like i
higher current and voltage
capabilities and higher ON-state A
voltage drop. lau

\

Schematic diagram Static characteristics

Diode Ratings

Breakdown voltage, Vgg:
* The maximum allowable reverse voltage

* Applying a voltage > Vg, sets the diode in the avalanche breakdown
region and damage the diode.

* This figure represents the device voltage rating.

Maximum Ratings and Eleetrical Characteristics (@T. = +25°C unless otherwise specified )
Simgle phage, naElf walkesB0Hz, resistive or inductive load

Characteristic
Peak Repetitive Reverse Voltage
Waorking Peak Reverse Voltage
DC Blocking WVoltage

-
o8

ma e iz
Average Rectified Output Curment (Note 1) @ Ta =+75°C Io

)
HMNon-Repetitive Peak Forward Surge Current 8.3ms I 30 A
Single Half Sine-Wawve Superimposed on Rated Load FSM
Forward Voltage @ Ir = 1.0 VEM 1.0 W
Peak Reverse Current @&@Ta = +25°C 1 5.0 s
at Rated D'C Blocking Voltage @ Ta = +100°C R 50
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Diode Ratings

Full cycle average forward current, |, :
* Maximum allowable average current for one cycle of the periodic
diode current.
* This Figure represents the diode current rating.
* There are other current ratings such as : I ..o, lrsy (Non-repetitive

Maximum Ratings and Electrical Characteristics (@71, = +25°C unless otherwise specified.)
Single phase. hali wavwe,60Hz, resistive or inductive load.

For capdgitive loadyderate currentiby 2086.
Characteristic Symbaol 1N4001 | 1N4D02 | 1N4003 | 1N4004 | 1N4D0S [ 1N4DOE | 1NADOT | Unit

Peak Repetitive Reverse Voltage VermMm
Waorking Peak Reverse WVoltage Virmwera 50 100 200 400 [=als] 800 1000 W
DC Blocking Woltage Vi
Average Rectified Output Current (Mote 1) @ Ta =+75°C | I '
Single Half Sine-Wawve Superimposed on Rated Load I!!! i
Forward Voltage @ Ir = 1.0 VEM 1.0 W
Peak R C t Ta = +25°C 5.0

=% everse Curment @Ta +! eera 59 i

at Rated DC Blocking Voltage @ Ta = +100°C

Diode Ratings

Maximum Forward Voltage Drop, V,:
* The On-state voltage drop when the device current =/,

Maximum Ratings and Electrical Characteristics (@71, = +25°C unless otherwise specified.)
Single phase. hali wavwe,60Hz, resistive or inductive load.

For capdgitive loadyderate currentiby 2086.

Characteristic Symbaol 1N4001 | 1N4D02 | 1N4003 | 1N4004 | 1N4D0S [ 1N4DOE | 1NADOT | Unit
Peak Repetitive Reverse Voltage VermMm
Waorking Peak Reverse WVoltage Virmwera 50 100 200 400 [=als] 800 1000 W
DC Blocking Woltage Vi
RMS Reverse Vollage I 35 70 140 280 420 560 700 W
Average Rectified Output Current (Mote 1) @ Ta =+75°C Io 1.0 I
Non-Repetitive Peak Forward Surge Current 8.3ms - "
Forward Voltage @ Ir = 1.0 VEM 1.0 W
e il p—
at Rated DC Blocking Voltage @ T = +100°C e 50
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Diode Ratings

Junction and case temperature, GMand Gm

* Maximum operating temperature and maximum and minimum
storage temperatures are specified.

* The maximum temperature is around 150-200°C. The minimum
storage temperature around —75 to —50°C.

Maximum Ratings and Eleectrical Characteristics (@7, = +25°C unless otherwise specified.)

Single phase, half wawes80Hz, resistive or inductive load.
For capagitive loadyderate curreniby 2085,

Characteristic Symbaol 1M4001 | 1N4002 | 1N4003 | 1N4004 | 1N4005 | 1N4D0E | 1N4007 | Unit
Peak Repetitive Reverse Voltage VRRM
Working Peak Reverse Voltage VRWM 50 100 200 400 600 &00 1000
DC Blocking Voltage VR
RMS Reverse Voltage Viemas) 35 70 140 280 420 560 700 W
Average Rectified Output Current (Mote 1} @ Ta =+75°C o 1.0 A
MHon-Repetitive Peak Forward Surge Current 8.3ms | 30 A
Single Half Sine-Wawe Superimposed on Rated Load FSM
Forward Voltage @ Ir = 1.04 VEM 1.0 W
Peak Reverse Current @Ta = +25°C I 50 A
at Rated DC Blacking Voltage @ Ta = +100°C RM 50
Typical Junction Capacitance (Mote 2) C 15 8 pF

i ¥ " " it =1 400 I-(m

Maximum DC Blocking Voltage Temperature Ta, +150 =C
Operating and Storage Temperature Range Ty, Tste -B5 to +150 =C
Mobes: 1. Leads maintained at ambient temperature at a distance of 9.5mm from the case.

Diode Ratings
Thermal resistance, Ry)cand Rycg
* Given in (°C/Watt)

* Specifies how much the junction temperature increases when the loss
power is dissipated to the ambient.

* Used in the design stage to determine the specifications of the
heatsink (or the need for other means for cooling).

RMS Reverse Voltage Viemus) 35 | 70 | 140 | 280 | 420 | 560 | 700 W
Average Rectified Output Current (Note 1) @ Ta =+75°C lo 1.0 A
Mon-Repetitive Peak Forward Surge Current 8.3ms I 30 A
Single Half Sine-Wawe Superimposed on Rated Load FSM
Forward Voltage @ Ir = 1.04 VEM 1.0 W
Peak Reverse Current @Ta = +25°C I 5.0 WA
at Rated DC Blocking Voltage @ T = +100°C R 50
|Typical Thermal Resistance Junction to Ambient | Rawm | 100 [IETH l
Operating and Storage Temperature Range Ty, Tate -85 to +150 =C
MNotes: 1. Leads maintsined at ambient temperature at a distance of 9.5mm from the case.

2 Measured at 1.0 MHz and applied reverse voltage of 4.0V DC.
3 EU Diractive 2002/85/EC (RoHS). All applicable RoHS exemptions applied, see EU Directive 2002/85/EC Annex Mates.
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Thermal Capacity, /4t

* This parameter is needed for fuse selection.
* ’t of the fuse must be less than that of the device.
* The fuse is important to protect the device against faults.

Diode Reverse Recovery

IF

Qrr is the amount of charge required to
build up the voltage across the junction
capacitor as the diode turns OFF.

Qrr determines the reverse recovery

VF,

W |

5710} /

WY A

time, trr
t ~ 2er
rr |
-~ RRM
<
dirr/ ~
dt —

12
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4.5-kV/0.8-KA press-pack and 1.7-kV/1.2-kA module diodes.

chapter #1 - lecture 1-September 19,2018 13

Special Diodes: 1 Fast Reverse Recovery

« Required for power electronics circuits that
operates at frequencies higher than line frequency.

» For ultra Fast recovery t,, in the order of 100ns,
which is about 1000 times shorter than that for
line frequency diodes.

« Disadvantage: Higher on-state voltage drop

14
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Special Diodes: 2 Shottky diodes

*Based on metal-semiconductor junction.

*Required for power electronics circuits that
operates at low voltage level

*The ON-state forward voltage drop is 0.2~0.4V

*Disadvantage: The maximum breakdown
voltage is about 200V

15

|
ItH | _
_l A i
lgs lo3 lez let  leo
K N A
I >
VTH Vis

Normal operating regions:
-Forward and reverse

blocking regions les4 < laa <laz<lai<leo=0
-Conduction region

16
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How the SCR can be turned ON?

. Through the Gate: When the SCR voltage is positive, A positive gate current pulse with

sufficient duration and amplitude turns ON the SCR, If the Anode current (II) increased
to higher than the device latching current (1), while the gate pulse is being applied.

. If the forward voltage (V,,) acceded the forward blocking voltage of the device (Vg)

. When the OFF-state voltage changes (suddenly) at a rate higher than the device’s rated
(dv/dt).

. By injecting energy to the gate circuit using other means such as light, the typical way to
trigger the LASCR (light activated SCR)

. High temperature might cause undesirable triggering

How the SCR can be turned OFF?

* For SCR Turn-OFF (Commutation), the forward conduction current
must be reduced to a value below the holding current (/, ) of the
devices for sufficient time.

* This reduction in the current can be done only through the external
circuit.

* In AC circuits SCR turns OFF as the currents tends to change its
polarity (natural commutation)

* In DC circuits, to turn OFF the SCR an additional auxiliary circuit is
applied to bring the SCR to zero (forced commutation)
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Additional Thyristor Ratings

* All diode ratings (discussed previously) are applicable for SCR, However SCR
has additional rations, the common additional ratings are

* Latching current, I.: The minimum anode current that will cause the device
to remain in forward conduction as the thyristor moves from forward-
blocking to forward conduction. The external circuit must allow sufficient
anode current (>l ) to flow to keep the device in conduction region.

* Holding current, |;: If the thyristor is already in forward conduction and the
anode current is reduced, the device can move its operating mode from
forward-conduction back to forward-blocking. The minimum value of
anode current necessary to keep the device in forward-conduction after it
has been operating at a high anode current value is called the holding
current /,,.

Critical dv/dt rating: Critical rate of rise of off-state voltage dv/dt : this specifies the maximum rate
of rise of off-state voltage that will not drive the device from an off-state to an on-state when an
exponential off-state voltage of specified amplitude is applied to the device.
Maximum Allowable di/dt (repetitive, non-repetitive) Critical rate of Rise of on-state current. At
specified case temperature, specified off-state voltage, and specified gate conditions, indicates
the maximum rate of rise of on-state current which the thyristor will withstand when switching
from an off-state to an on-state, when using recommended gate drive.
Gate ratings
o g, Gate current to trigger: At a junction temperature of 25°C, and with a specified off-voltage,
and a specified load resistance, indicates the minimum gate dc current required to switch the
thyristor from an off-state to an on-state.
o Vgp, At a junction temperature of 25°C, and with a specified off-state voltage, indicates the

minimum dc gate voltage required to switch the thyristor from an off-state to an on-state.

10



SCR Dynamics

* Turning On

Ve

[\

* Turning OFF

P
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Fully Controlled SCSDs

* GTO

* BIT

* MOSFET

* IGBT

* GCT

* Power Modules

9/26/2018
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GTO

*The Forward (Turn-ON) characteristics are similar to those

of the SCR. G
eNegative gate is able to turn off the device. ) FJ
A K

*The gate cathode junction is divided many segments. The
most popular design features multiple segments arranged
in concentric rings around the device center. P .

eThere are two types symmetrical (Vggp=Vprm) @and [ | +

asymmetrical (Vggm<<Vprm)- 7

*The positive gate pulse required to turn on the device has
an amplitude of few hundreds of milliamperes.

*To ensure reliable turn off, the rate of change of negative
gate current (d,s,/dt) must meet the device specifications.

GTO Characteristics

* The latching current of a GTO is much higher than a SCR’s.
* The forward leakage current is also considerably higher.

* GTO can block rated forward voltage only when the gate is negatively
biased with respect to the cathode in forward blocking state.

* Asymmetric GTOs have small (20-30 V) reverse break down voltage.

* Fast turning ON (high dia/dt), we need high (diG/dt) which requires
high Vg
* Fast turn OFF (storage time reduction) requires high negative diG/dt.

12
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0.17 5,4
chapter #1 - lecture 2-September 26,2018
Vorw = 4500 V Asymmetric Gate turn-off
ITGQM = 4000 A =
her = 26%10° A Thyristor
Ve = t2v 5SGF 4004502
It = 0.65 mQ
Vpeiink = 2800 V

+ Patented free-floating silicon technology

* Low on-state and switching losses

¢ Annular gate electrode

* Industry standard housing

+ Cosmic radiation withstand rating

Blocking

Maximum rated values "

Doc. No. 58YA1209-04 Feb. 05

Parameter

Symbol

Conditions

min

typ max Unit

Repetitive peak off-state
voltage

VDRM

Verz2V

4500 \%

Repetitive peak reverse
voltage

VRRM

chapter #1 - lecture 2-September 26,2018
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GTO Data

On-state
Maximum rated values "

5SGF 40L4502

Parameter Symbol | Conditions min typ max Unit
Max. average on-state brgavm Half sine wave, T¢ =85 °C 1180 A
current
Max. RMS on-state current | lygus) 1850 A
Max. peak non-repetitive lram t, =10 ms, T,; = 125°C, sine wave 25x10° A
surge current After Surge: Vp =V =0V
Limiting load integral It 3.1x10° | A%
Max. peak non-repetitive lrsm t,=1ms, T, = 125°C, sine wave 40x10° A
surge current After Surge: Vp=Vg =0V
Limiting load integral I’t 800x10° | A’s
Characteristic values
Parameter Symbol | Conditions min typ max Unit
On-state voltage Vi I+ =4000 A, T;=125°C 3.8 \
Threshold voltage Vit Ty=125°C 1.2 \
Slope resistance rr Iy = 400...5000 A 0.65 mQ
Holding current Iy T,=25C 100 A
Turn-on switching
Maximum rated values "
Parameter Symbol | Conditions min typ max Unit
Critical rate of rise of on- di/dt,, N _ 500 Alus
state current Ty=125°C, f=200 Hz

— - - lt=4000 A, lgy =50 A,
Critical rate of rise of on- dit/dt, 1000 Alus

déﬁé%{ezr hgp éﬂﬂ% e 2-SeptemBer JoH@Ls

state current

Power Bipolar Junction Transistor (BJT)
BJT is the first SCSD to allow full control. Subsequently, many

other devices (that over perform BJT) classified as “Transistors”
have been developed. They have almost completely replaced BJTs.

9/26/2018

The construction and operating characteristics of a Power BJT
differs significantly from the signal BJT due to the (V and I) ratings

requirements.

In the cut off region (iz < 0) the collector current is almost zero.
The maximum voltage between collector and emitter under this
condition is denoted by Vg, (the rated voltage) .

Power transistors have very small reverse voltage withstanding

capability.

chapter #1 - lecture 2-September 26,2018
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Power Bipolar Junction Transistor (BJT)

A Secondary
Quasi e ' " breakdown C
saturation line \‘ I ~ limit
Deep saturation™ | —{ I, Increasing
line \ / |
B
/
/
T power limit

I

\/

( Cutoff region

9/26/2018 chapter #1 - lecture 2-September 26,2018 29

BJT Characteristics

Current-Controlled Device
sLow current gain compared to signal amplifiers 10<f<20

*Moderate switching frequency (up to 10kHz), voltage (up to
1.5kV) and current (up to 1kA) ratings.

*Subjected to secondary breakdown

*The saturation region of BJT can be subdivided into a quasi
saturation and a hard saturation regions.

«In the quasi saturation region, the resistivity depends to some
extent on the base current. The total voltage drop across the
device in this mode of operation is higher for a given collector
current compared to hard saturation region.

9/26/2018 chapter #1 - lecture 2-September 26,2018 30
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BJT switching characteristics (turn ON)

t

I
e
[

i
o
t

Y |

* The delay time (t,) is determined by the collector current and
collector voltage during switching, both determined by
external circuits.

* The rise time (t,) is determined by the base current waveform.

* The switching characteristics of BJT is specified in relation to
the external load circuit and the base current waveform.

9/26/2018 chapter #1 - lecture 2-September 26,2018 31

BJT Turn OFF

* By applying negative Vg, negative base current starts removing
carriers during the storage time (ts).

* After a further time —the fall time- “t;” the BJT completes traversing
through the quasi saturation region and enters the active region
towards cutoff. Turn OFF process of the transistor ends at this point.

* Turn OFF time intervals of BJT are strongly influenced by the
operating conditions and the base drive design. Manufacturers
usually specify these values as functions of collector current for given
positive and negative base current and case temperatures.

9/26/2018 chapter #1 - lecture 2-September 26,2018 32
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BJT requirements

For fast switching:
* Avoid deep saturation
* Apply negative base current pulse to switch-off
To minimize leakage current:
Apply small negative Vg during Off interval
Due to small f:
BJT always used as a Darligton pair or triple.
Due to its limitations:
BJT is rarely used nowadays and almost completely
replaced by more advanced “Transistors”

Power MOSFET

e

Body diode

Due to body diode, no reverse voltage blocking,
therefore the device is suitable for DC-supplied
converters

10/31/2018
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Power MOSFET (ON-state)

R

'Drain '

ePositive gate voltage induces conducting channel

eDrain Current Flows through n-region and conducting channel.

9/26/2018 chapter #1 - lecture 2-September 26,2018

Power MOSFET (OFF-state)

Source

*Pn junction is reverse-biased

e off-state voltage appears across n- region

9/26/2018 chapter #1 - lecture 2-September 26,2018
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Power MOSFET Characteristics

ID
on | GS
region A
Constant /

resistance

region

VDS

9/26/2018 chapter #1 - lecture 2-September 26,2018 37

Power MOSFET

Compared to BJT,
* power MOSFET does not undergo second break down.

* The primary break down voltage of a MOSFET remains same in the
cut off and in the active modes.

* The ON state resistance of a MOSFET in the Ohmic region has positive
temperature coefficient which allows paralleling of MOSFET without
any special arrangement for current sharing. On the other hand, BJT
has negative temperature coefficient making parallel connection of
BJTs very complicated.

9/26/2018 chapter #1 - lecture 2-September 26,2018 38

19



MOSFET Characteristics

* High switching speed; the highest among all other devices.
* Voltage controlled; low control power.

* Simple control circuit requirements; no deep saturation and zero
voltage is required for off-state.

* Negative thermal coefficient leads to equal current division among
parallel-connected devices.

* Higher Conduction Losses than the BJT.

* Available with small-to-small medium power ratings (100s of Amps and <1000V)

IGBT

Hybrid Device that combines the gate advantages
of the MOSFET and the conduction and high
ratings advantages of the BJT

C C
G
: Jé g
Equivalent circuit
Schematic symbol
E

10/31/2018
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IGBT characteristics

* The available ratings are up to 6.5kV, and 3.6kA (different devices)
* Typical switching frequencies 3-30kHz

* Slower than MOSFET but faster than BJT, GTO, SCR.

* Easy to drive; like MOSFET.

* Conduction losses less than MOSFET and higher than BJT and CGT.

9/26/2018 chapter #1 - lecture 2-September 26,2018 41

1.7-kV/1.2-kA and 3.3-kV/1.2-kA IGBT modules.

9/26/2018 chapter #1 - lecture 2-September 26,2018 42
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Vin Gate
o—————» Driver
From
DSP/FPGA
(a)
+15V

90%

I-lov

10%

20484

r{i‘(}}i‘ d
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(GCT/IGCT) Gate-Commutated Thyristor

* A Hybrid-Driven GTO

e Gate driver is build-in to the Module

* Voltage blocking is symmetric, asymmetric or
reverse conducting

* Conduction voltage drop < IGBT

* Switching frequency in kHz

* No snubber needed

9/26/2018

chapter #1 - lecture 2-September 26,2018
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6.5-kV/1.5-kA symmetrical GCT.
9/26/2018 chapter #1 - lecture 2-September 26,2018
Antiparallel Blocking Example
Type Diode Voltage (6000V GCT) Applications
Asymmetrical GCT  Excluded Verwm <€ Vory Vorae = 0000V For use in voltage
Vepae=22V SOUrce converters
with antiparallel
diodes.
Reverse-conducting  Included Vigae =0 Vpras = 6000V For use in voltage
GCT source converters.
Symmetrical GCT Not required  Fypyr = Vprye  Vprar = 6000V For use in current
(reverse blocking) Vipas = 6500V source converters.
l‘la_!.(imum Vora Virm Trorm Trgvn Irgys —
Rating 6000 V 22V | 6000A | 2000A | 3100A —
Switching Turn-on | Turn-off | dif/dr dvldt digy/dt digy/dt
Characteristics | Switching | Switching
ty< L0 ps [ £, <3.0 us | 1000 A/ps | 3000 Vs | 200 Afps (10,000 Alus
(,<20us | H—N/A
On-state Vrtomstate) = 4V at I = 6000 A
Voltage
9/26/2018

Part numbét FGCE000 AR 2008 {Mitsubishi)

10/31/2018
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Parameters considered in switching device
selection

* Voltage/current rating.

* Required switching frequency.

* Conduction and OFF-state losses.

* Switching losses.

* Gate requirements.

* Negative temperature coefficient: when parallel operation is needed.
* dv/dt and di/dt capabilities

* low price

9/26/2018 chapter #1 - lecture 2-September 26,2018 47

Power Modules
* A power module is a set of semiconductor power switches
interconnected into a specific topology and enclosed in a single
case.

* Most popular topologies are the single- and three-phase
bridges, or their sub-circuits and several switches of the same
type connected in series, parallel, or series-parallel, to increase
the overall voltage and/or current ratings.

* In intelligent power modules (IPMs), power components are
accompanied by protection circuits and gate drives.

4& A% o
- 5

[ 1

10/31/2018
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Chapter 2

Power Semiconductor Switches

Lecture Aims:

1- To furnish a comparison between ideal and semiconductor switching devices.

2- To formulate the equations of power losses in switching devices

3- To study the static and dynamic characteristics of power diodes and define the diode

ratings.

4- To highlight salient features of the most common special power diodes.

5- To introduce the SCR construction and principle of operation using two transistor

model.

6- To study the static and dynamic characteristics of SCR and present the SCR ratings.
7- To describe the turn ON and Turn OFF process of SCR.
8- To present the LASCR and TRAIC compared to SCR.

1-Comparison between ideal and semiconductor switching devices

Ideal Switch

Semiconductor Switch

Conduction (ON-state) resistance =0 Q
Or zero on-state voltage drop

At Conduction (ON)-state there is a voltage
drop across the switch. (Typically 1~3Volts)

Blocking (OFF-state) resistance = oc0Q
Or zero Off-state leakage current.

At Blocking (OFF)-state there is leakage
current, normally very small but highly
dependent on temperature.

When conducting (ON) conducts current in
both directions

Basically it conducts the current in one
direction only

When OFF blocks positive and negative
voltage

Some types block bidirectional voltage,
others block the voltage in one direction
only.

Instantaneous switching, or zero switching
time.

Switching time is not zero and varies largely
between different types/ratings of devices.

Fully Controlled

There are 3 types:
Uncontrolled,
Semi-controlled and
Fully-Controlled

Zero control power

Needs a driving power for control signal

Power Electronics EEP303/Chapter 2 (25/0ct/2018)




2- Power losses in semiconductor switches

The nonzero on-state voltage drop and leakage current, and the non-zero turn ON and turn OFF
time result in power losses in semiconductor switching device as shown in Fig. 1

\

r——

Pc

\

Fig. 1 Voltage, current and dissipated power in semiconductor switch
There are two types of losses in the semiconductor switch:

1-Conduction Loss, P

Losses due to voltage drop during on state, the average of the conduction power losses is given
by:

1 DT
Pc :ﬂ I[(VONI)dt

Where D is the duty ratio

2-Switching Loss, Psw

Losses due to presence of significant voltage and current values during the ON-OFF transient.
The average of switching losses is given by

ton toff
P, = fsw{j pdt+ | pdt}
0 0

Power Electronics EEP303/Chapter 2 (25/0ct/2018) 2



The OFF-state leakage current, and therefore, power losses are usually negligible.

The total switch losses are the SUM of the Pc+Psw

DT ton toff
P = fow <f Vonldt +f pdt +f pdt)
0 0 0

Example 1: Calculate the switching losses and conduction losses in a semiconductor switching
device considering the following data:

Switching frequency: 500 kHz, duty ratio: 0.4, On-state voltage drop: 2V, On-state current :
100A, off-state voltage: 300V, turn —on time: 1 nsec, turn-off time: 3nsec

Answer:

Conduction losses, P.,,, = ifTon Vonl At = fou ATy Vonl = 0.4 % 2 x 100 = 80W

TSW
Switching losses, Py, = foton ivdt + fotoff ivdt =

3x107°

107°
=50%103 [f (10111:)(300 — 3% 1011t)dt + f (100 — 3.3 101°t)(1011t)dt
0 0

=500 % 103[0.5 % 1075 + 4.2 x 107°] = 23.5W

Total switch losses=80+23.5=103.5W
3-Power Diodes

A 2-layer, 2-terminal semiconductor device, compared to the (basic) rectifying diode there are
some differences, like higher current and voltage capabilities and higher ON-state voltage drop.
The schematic diagram and static characteristics of the diode are given in Fig. 2.

A

IFM

Schematic diagram lew | VAw

Static characteristics
Fig. 2

Power Electronics EEP303/Chapter 2 (25/0ct/2018)



Diode Static Ratings:

Ratings of the switching devices describe the numerical limits of the device withstand.

Breakdown voltage, Vgg:

e The maximum allowable reverse voltage

e Applying a voltage > Vgrsets the diode in the avalanche breakdown region and damage
the diode.

e This figure represents the device voltage rating.

e The manufacturers specify other voltage ratings in the data sheet as shown in Fig. 3.

Full cycle average forward current, lgm :

e Maximum allowable average current for one cycle of the periodic diode current.
e This Figure represents the diode current rating.
e There are other current ratings such as : Iryms), Irsm (Non-repetitive peak surge current).

Maximim Forward Voltage Drop, Vem:

e The On-state voltage drop when the device current =/ry

Junction and case temperature, 0w and Ocwm

e Maximum operating temperature and maximum and minimum storage temperatures
are specified.

e The maximum temperature is around 150-200°C. The minimum storage temperature
around —75 to —50°C.

Maximum Ratings and Eleectrical Characteristics (@1, = +25°C unless otherwise specified.)

Single phase, hali wavep80Hz, resistive or inductive load.
For capagitive loadyderate currentiby 205,

Characteristic Symbol | 1N4001 | 1N4002 | 1M4003 | 1N4004 | 1N4005 | 1M4006 | 1N4007 | Unit
Peak Repefitive Reverse Voltage VRRM
Waorking Peak Reverse Voltage Viewm 50 100 200 400 G600 800 1000 W
DC Blocking Voltage Ve
RMS Reverse Voltage VRRMS] 35 70 140 280 420 580 700 W
Average Rectified Output Current (Note 1) {@ T, =+75°C g 1.0 A
an-Repelilhfe Peak FDrward_ Surge Current 8.3ms I a0 A
Single Half Sine-Wave Superimposed on Rated Load FEM
Forward Voliage @ I = 1.0A VEM 1.0 A
Peak Reverse Cur!'enl @Ta = +25°C I 5.0 A
at Rated DC Blocking Voltage @ T, = +100°C 50
Typical Junction Capacitance {Note 2) Ci 15 8 pF
Typical Thermal Resistance Junction to Ambient R 100 KW
Maximum DC Blocking Voltage Temperature Ta +150 C
Operating and Storage Temperature Range T, Tsta -85 to +150 G
Motes: 1. Leads maintasined at ambient temperature at a distance of 8.5mm from the case.

2. Measured at 1.0 MHz and applied reverse voltage of 4.0V DC.
3. EU Directive 2002/85/EC (RoHS). All applicable RoHS exemptions applied, see EU Directive 2002/85/EC Annex Notes.

Fig. 3 Description of static characteristics in Data sheet

Power Electronics EEP303/Chapter 2 (25/0ct/2018)



Thermal resistance, Rojc and Rocs

e Givenin (°C/Watt)

e Specifies how much the junction temperature increases when the loss power is
dissipated to the ambient.

e Used in the design stage to determine the specifications of the heatsink (or the need for
other means for cooling).

Thermal Capacity, Ft

e This parameter is needed for fuse selection.
e /’t of the fuse must be less than that of the device.
e The fuse is important to protect the device against faults.

Diode Dynamic Characteristics:

Reverse recovery: When a conducting diode becomes suddenly reverse biased, the device does
not regain its reverse-blocking capability until the reverse recovery charge, Qrr, is removed
from the junction capacitance. To discharge that capacitance, for a short time the diode passes
a high current in the reverse direction. This phenomenon is illustrated in Fig.4 which shows the
voltage and current waveforms when a reverse voltage, VR, is applied to a conducting diode at
t = 0. The reverse recovery time, trr, is also shown.

Within this period, a negative current overshoot, v, occurs, closely followed by a voltage
overshoot, Vgum. The latter overshoot is proportional to the slope, dirr/dt, of the current tail,
that is, the decaying portion of the current waveform.

di_/al fr = [ —
 — / Q. r Os +(;Jr
t L
JF -, e [, = | trr
t —
Q Q 10% 1 . <
lr' o F ° rem g dll’l’/ 2
dt —

WHAA

Fig. 4 diode reverse recovery

Power Electronics EEP303/Chapter 2 (25/0ct/2018) 5



e When conducting diode goes to blocking region, it passes considerable amount of
current in the reverse region for short time before it becomes fully blocking.

e The reverse recovery time, t. is the time taken by the diode to recover its blocking
capability. Or the time interval between the instant the declining current passes through
zero and the moment the reverse current has decayed to 25% of its peak reverse value.

e t,depends on dig/dt and junction temperature.

e Reverse recovery charge, Q.the amount of charge carries that flows across the diode in
the reverse direction.

* Qrr

IR

1
Elrrtzz
A datasheet shows dynamic parameters is given in Fig.5

Switching Characteristic, Inductive Load

» Value )
Parameter Symbol |Conditions - Unit
min. | typ. | max.
Diode Characteristic, at T,; = 256°C
Diode reverse recovery time I Ty =25°C, - 30 - ns
Diode reverse recovery charge Qr }/R :14503;" - 0.20 - pC
F= . N
Diode peak reverse recavery current lrm dig/dt = 1000A/ps - 12.8 - A
Diode peak rate of fall of reverse . Lo = 35nH, N ,
recovery current during t, din/dt Co = 32pF, . - | 6500 - |As
switch IPWG0R045CP
Diode reverse recovery time f Ty = 25°C, - 47 - ns
Diode reverse recovery charge Qr }/R :1‘}508;'- - 0.12 - uc
F=12.UA,
Diode peak reverse recovery current frm dig/ct = 200A/us, - 3.3 - A
Diode peak rate of fall of reverse , Lo =35nH, \ ;
recovery current during t, dinfdt | Co = 32pF, - 1800} - (AMs
switch IPWE0R045CP

Fig. 5

4- Special Types of Power Diode

Fast Recovery diodes :

* Required for power electronics circuits that operates at frequencies higher than line
frequency.

* For ultra Fast recovery t,, in the order of 10s of nano seconds, which is about 1000
times shorter than that for line frequency diodes.

* Disadvantage: Higher on-state voltage drop.

Power Electronics EEP303/Chapter 2 (25/0ct/2018) 6



Shottky diode:

* Based on metal-semiconductor junction.

* Required for power electronics circuits that operates at low voltage level
* The ON-state forward voltage drop is 0.2~0.4V.

* Available with current ratings up to several hundreds of Amperes

* Disadvantage: The maximum breakdown voltage is about 200V.

6-The Silicon Controlled Rectifier, SCR

The SCR is a member of the thyristor family. Where the thyristor family includes devices
composed of 4-layers p-n-p-n, as shown in Fig. 6

Thyristors
(4-layer devices)
1
| 1
Semicontrolled Fully Controlled
hybrid devices
Diac — Traic includuding:
MCT,GCT, IGCT...

Fig. 6

Uncontrolled

e The anode side is the p-layer side of the device and the cathode side is the n-layer of the
device (Fig. 7). The gate is connected to the p-layer next to the cathode.

e The main device current passes from anode-to-cathode, while the gate terminal is
intended to be a control terminal. The gate current circulates through the cathode.

Power Electronics EEP303/Chapter 2 (25/0ct/2018) 7
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(a) (b)
Fig. 7

SCR static characteristics

The SCR has three operation regions: forward conduction, forward blocking reverse
blocking and breakdown. (Fig. 8)
|

ITh ]
loa ’/Ic-;s ;32 ’/|Gl lco
I
VRB IH: ) ) _/ )

lea < le3 <le2<le1<lco=0

Fig. 8

What makes the SCR turns ON with a gate pulse? 2-transistor model explanation is given in Fig.
9

Power Electronics EEP303/Chapter 2 (25/0ct/2018)
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How the SCR can be turned ON?

1. Through the Gate: When the SCR voltage is positive, A positive gate current pulse with
sufficient duration and amplitude turns ON the SCR, If the Anode current (/1) increased
to higher than the device latching current (I;), while the gate pulse is being applied.

If the forward voltage (Vak) acceded the forward blocking voltage of the device (Vrs)
When the OFF-state voltage changes (suddenly) at a rate higher than the device’s rated
(dv/dt).

4. By injecting energy to the gate circuit using other means such as light, the typical way to
trigger the LASCR (light activated SCR)

5. High temperature might cause undesirable triggering

How the SCR can be turned OFF?

e For SCR Turn-OFF (Commutation), the forward conduction current must be

reduced to a value below the holding current (/» ) of the devices for sufficient
time.

e This reduction in the current can be done only through the external circuit.

e In AC circuits SCR turns OFF as the currents tends to change its polarity (natural
commutation)

e In DCcircuits, to turn OFF the SCR an additional auxiliary circuit is applied to
bring the SCR to zero (forced commutation)

Additional Thyristor Ratings

All diode ratings (discussed previously) are applicable for SCR, However SCR has additional
rations, the common additional ratings are

Power Electronics EEP303/Chapter 2 (25/0ct/2018) 9



e Latching current, I.: The minimum anode current that will cause the device to
remain in forward conduction as the thyristor moves from forward-blocking to
forward conduction. The external circuit must allow sufficient anode current (>1.)
to flow to keep the device in conduction region.

e Holding current, Iy If the thyristor is already in forward conduction and the anode
current is reduced, the device can move its operating mode from forward-
conduction back to forward-blocking. The minimum value of anode current
necessary to keep the device in forward-conduction after it has been operating at
a high anode current value is called the holding current IH.

e Critical dv/dt rating: Critical rate of rise of off-state voltage dv/dt : this specifies the
maximum rate of rise of off-state voltage that will not drive the device from an off-
state to an on-state when an exponential off-state voltage of specified amplitude
is applied to the device.

e Maximum Allowable di/dt (repetitive, non-repetitive) Critical rate of Rise of on-state
current. At specified case temperature, specified off-state voltage, and specified
gate conditions, indicates the maximum rate of rise of on-state current which the
thyristor will withstand when switching from an off-state to an on-state, when
using recommended gate drive.

e Gate ratings

o ler, Gate current to trigger: At a junction temperature of 25°C, and with a
specified off-voltage, and a specified load resistance, indicates the
minimum gate dc current required to switch the thyristor from an off-state
to an on-state.

o Vep, At a junction temperature of 25°C, and with a specified off-state
voltage, indicates the minimum dc gate voltage required to switch the
thyristor from an off-state to an on-state.

SCR Dynamics

Turning On and turning off are shown in Fig 10 and 11.

AVe
10% | _
k| tope—s
90% —4 tr A~
g
10% A _
Fig. 10 SCR Turn ON
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Fig. 11 SCR Turn OFF

The Triac

MAIN TERMINAL 2

Power Electronics EEP303/Chapter 2 (25/0ct/2018)

11



Chapter 3

AC-to-DC Converters

1- Single-Phase Full-Bridge Controlled Rectifier

Lecture aims:

1- To present the circuit diagram and operation of full-bridge rectifier.

2- To analyze the full bridge rectifier circuit considering a highly inductive load.

3- To derive the performance indicators of the converter circuit with highly inductive load.
4- To compare the operation of the converter supplying R-load and highly inductive load.

[y
1

Circuit Diagram, Control Signals and States

The single-phase full converter has four SCRs connected in the form of bridge as shown in Fig. (1). This circuit

is also known as:

e Single-phase full converter,
e 2-pulse converter,
e Single-phase fully-controlled rectifier, or

e Phase-controlled single-phase rectifier.
Assuming the supply voltage has the form:
Vs = Vpsin(wt) (1)

Where 1/,

» and o are the supply peak voltage and radian frequency respectively.

Thyristors T1 and T2 (Fig.1) are triggered at the same instant at (wt = o). SCRs T3 and T4 triggered at
ot=os+7. The load voltage and current are denoted by v, and i, respectively. Other assumptions made in the

following analysis include:

- The SCRs on state voltage and leakage current are zeros.

- The switching times: the turn-on time and the turn-off time are both zeros.
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Fig. 1 The fully controlled single phase rectifier.

The Firing angle, as:

The angle at which thyristors T1 and T2 are triggered by applying the gate pulse is known as the
triggering or firing angle and denoted by o
This angle is synchronized with the input AC voltage and measured on ot axis.
Thyristors T3 and T4 are triggered at angle (ay + 7), that is 180° after triggering T1 and T2. , the
difference of m between the two firing angles is important to ensure symmetry at DC side and AC side
as follows:
o At DCside: To make sure that the output voltage for the interval m < wt < 2m is identical to
that of interval 0 < wt < 7.
o At ACside: To make sure that AC supply current is is half wave symmetrical to eliminate the DC
component in AC supply current.
When as=0 the SCR act as a diode.

The SCR can be triggered as long as v, positive and therefore (0 < ay < m)

When T1 and T2 are ON; the equivalent circuit is shown in Fig. 2-a. When T3 and T4 are ON, the equivalent

circuit is shown in Fig. 2-b. If the load current reduces to zero, the SCRs will turn-OFF and the equivalent circuit

in this case is shown in Fig. 2-c. The three states are summarized in Table-1.
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(a) State 1: T1 and T2 Conducting
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(c) State O the four thyristors are OFF

Fig. 2 The three states of the full converter

Table the states of the full converter circuit as shown in Fig. 2

Fig T1,T2 T3, T4 Vo If
2-a ON OFF Vi io
2b OFF ON - Vi - o
2-C OFF OFF - 0
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2- Analysis of Full Converter with Constant Load Current

In this section we will consider a highly inductive load. High inductance reduces the current ripple. We will
assume the idealized case of pure DC load current; therefore the load is drawn as a DC current source as

shown in Fig. 3. The analysis of this circuit includes:

e determination of v, (o) and hence (Vo,4c,Vo, RFvo )

e determination of i;(os) and hence the supply power factor.

. Ot O +7T
dy T1 T3
N o1 <¢> Vo
lo
O +7T Ot
T4 T2

Fig. 3 single phase full converter with constant current load

The continuous load current assures that at any time there are two SCRs ON to carry load current. The

conducting SCR are as follows:

T1 and T2 conduct for ay < wt < ay + m: the supply is directly connected to the load makes v, = v5 and i5 =

I, (equivalent to State 1 of the generic converter)

T3 and T4 conduct for ay + ™ < wt < ay + 2m: the supply is cross connected to the load makes v, =

—v,s and ig = —I,. (equivalent to State 2 of the generic converter)
From that the waveforms of the load voltage and input current can be drawn as show in Fig. 4.

DC Side Voltage Calculations:

af+71'
1
Vo ac == f Vpsim(wt)dwt
ar
2
Vodc = ;Vpcosa'f (2)
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Fig. 4 waveforms of voltages and currents of converter
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The variation of the DC output voltage against o is shown in Fig. 5.

Notice that the average voltage becomes negative for as>m/2 (Fig. 5). The reason is that the negative region is
greater than the positive region under the voltage curve. In this case the average load power becomes
negative and this means that the power is being transferred from the load (the DC side) to the supply (the AC
side). Therefore, converter is said to be operating in inverting mode in contrast to the rectification mode for

positive V, 4. as indicated in Fig. 5.

The inversion mode is possible only if the load has the capacity to produce power (Example: DC machine in

generation mode). For passive load (R / RL) the converter can only operate in rectification region.
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Fig. 5

The output voltage RMS expression is similar to that of the sine wave as the squares of the two voltages are

identical:

vV, = \/%Vp (independent of ax)

The ripple factor is given by:
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RF= |- __1 .3)

8 cos?a

The variation of the ripple factor with o is shown in Fig. 6. The ripple factor increases dramatically for o,

around 1/2. And the minimum RF is for as=0°, (RF(af = 0) = 0.483).

Ripple Factor (p.u.)

0 0.5

Firing anélse (alpha (Rad) ‘

Fig. 6

Power factor Calculation:

Without much mathematical analysis, the supply power factor is determined using is waveform drawn Fig. 4

and the definition of the power factor for sinusoidal supply having non-sinusoidal current given earlier as:
Isa
PF = cos®, —=.
IS
From Fig, 4

®1=af

o 4 . .
And we can show that for the square-wave i, ;—1 =5Hn ~ 0.9 (left for student to verify as a practice)

N

Therefore:

PF=0.9 cosay
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3- Analysis of Full Converter with R Load

The converter circuit with R load is shown in Fig. 7. The following discussion focuses on the differences

between the R load and the constant load current cases.

As the instantaneous voltage reaches a negative the range at wt > m, the resistive load current also tends to
follow the voltage to negative. But as the current reaches zero?, SCRs (T1 and T2) turn-off. This leaves the
converter with all four switches at off state until the next triggering action at wt = a5 + 7. In other words, for

(7 < wt < af + 7), converter will be with four blocking switches or in state 0 shown in Fig. 2 c.

(oF: oL+ )
T1 T3 2

Vs® A R§ S

Fig. 7 Single-phase Fully-controlled rectifier with R-Load

Fig. 8 shows the waveforms of the voltages and currents for R load. Obviously the analysis and performance
indicators calculations determined earlier for constant current load are not applicable for R load. Therefore we

need to re-calculate it:
T
1 ) V
Vo,ac == | Vpsinwtdwt = — (1 + cosaf)
’ T YI4
af

The variation of V, 4. with asis shown in Fig. 9. This fig. shows that the converter with R load does not go

operate in inversion mode.
It is left for the student as practice to determine the following parameters for R-load case:

® Vorms) RF (v,), 15,151, @4, The AC supply power factor.

1 Recall that the SCR turns off as its forward current goes bellow the holding current (I4). The holding current is very small compared
to the load current; therefore in this discussion and almost all future discussions we will approximate /4 to zero.
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Chapter 3

AC-to-DC Converters

2- Analysis of Single-Phase Full-Bridge Controlled Rectifier with RL
Load

Lecture aims:

1- To distinguish between continuous and discontinuous load current modes.
2- To perform analysis of the converter in continuous mode.
3- To perform analysis of the converter in discontinuous mode.

1- Operation in continuous and discontinuous modes

The single-phase full converter with a series connected RL load is shown in Fig. (1). As indicated earlier,

T1 and T2 are triggered at (wt = @)
The AC supply voltage has the following form:
Vs = Vpsin(wt) (1)

The load voltage will take the value of vsas long as T1 and T2 are ON. The conduction of T1 and T2
starts at (wt = af) and continues as long as the current is positivel i, > 0. The current is determined
by the output voltage and load. RL load satisfies the equation:

dig

v0=Rio+Ldt

(2)

When T1 and T2 are ON, the output voltage equals to the supply voltage given in Eq. (1). In this case,

the solution of Eq. (2) has the following form

o = io,F + io,N (3)

1 More precisely: “as long as their current is greater than /n “
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Where:

lof = %sin(mt — @) (T1and T2 are ON) (4)
And
_t-af/w _wt—af
oy =Ae LR = Ae tano (5)

In order to calculate A, we need to impose initial, or boundary, conditions. And in order to specify the
condition we need to know if the rectifier is operating in continuous or discontinuous mode. Fig. 2

explains the boundary and initial conditions for the two cases.

The subsequent derivation initially assumes continuous current and then examines the condition:
(io.min > 0). If true, then i,is indeed continuous; otherwise it is discontinuous and A has to be

determined using the appropriate initial condition.

Also in subsequent discussion, one cycle of the periodic current for the interval (af <owt<ar+ n)

lo

R

Vo

—_
Vs@ Py _§
T4i_0‘+" T2 % y

Fig. 1 The fully controlled single phase rectifier with RL load

(04
T1 T3 ot
f o
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Fig. 2 Boundary and initial conditions for continuous and discontinuous modes

2- Continuous conduction mode
To determine the current expression assuming continuous current mode:

Substitute (4) and (5) into (3):

wt—af
i(wt) = %sin(wt — @) + Ae tano ..(6)
The boundary conditions at steady state (see Fig. 2a):
i(wt =af) =i(wt =af +m) (7)
Results by substituting into (6):
V V .
msm(af - (Z)) +A= msm(af +m— Q)) + Ae tang
Gives:
2V, sin(a f—0)
A=E— i (8)
|Z|<e tan@—l)

Substitute (8) into (6)
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wt—af

tang@ (9)

. v,
i(wt) = I7pl

2 sin(af—0)
T e
(e_tan (2)_1)

Foray < wt < (ay + m)

sin(wt — @) +

Eq. (9) is applicable providing that i,,,;;, > 0.
3- Determination of conduction mode
Considering that i,,;, = i(wt = ay), for continuous conduction mode
i(wt=as) >0

2sin(ay — @)

—
(e_tan(Z) — 1)

sin(ay — @) + >0

U

Since e tan® < 1; the condition reduces to
af < (b (10)

Example 1: A single-phase full bridge rectifier is supplied from a 220V, 50Hz AC source and its RL load

has a 50mH inductor and 10Q resistor. The firing angle is set to 45°

(a) Show that the rectifier is operating in continuous conduction mode.
(b) Calculate the following:
i. i,(wt)
i,V ac
TT A
iv. I,
v. RE,,
vi. RF;,
vii. PF

Sol
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From given data Z = 10 + j100m * 0.05 = 18.6£57.5°
V, = 220V2 = 311V

(a) To show that the current is continuous check the condition given in (10)

Since @ > ay, therefore the rectifier is operating in continuous mode

(b) The solution...

wtT
i. i(wt)= [sm(wt —57.5) + w - 0.51:]

()

_4wt—n'
i(wt) = 16.72 [sin(wt _575)+05e 2w ]

i, Voae ==V, cosay = =% 2202 » % = 140V

i, I qe =~ = 144

4wt-1
iv. I, = \/16';22 f:m [sm(a)t —57.5)+0.5e " z2r ] dwt=14.7A
v. RE,,
Vo,ac = Odc =4/220% — 1402 = 169.7V
|74
RE,, = 2% =1.212
Vo,dc
Vi. RFiO
Ipae = |12 =12 4. = 1472 — 142 = 4,634
4.63
io W = 033
2 *
vii. PF=2=-21=220— 0,668
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4- Discontinuous of conduction mode

If the condition given in (10) is not satisfied, the current falls to zero before (as+m). And the four SCRs

become OFF as shown in Fig. 2.

In this case the initial condition i, (wt = af) = 0 is used to determine A in Eq. (6)

|4

0= |7p|sin(af —P)+4
Gives:
v
A= ésm(@ - af) ..(11)

Note: as @ < ay, the value of A determined in (11) is always negative.
Example 2 Repeat Example 1 with ay = 90°.

Sol

(a) Since @ < ay, therefore the rectifier is operating in continuous mode

(b) The solution...

. Vo . 1
i. A= —psm((b - af) =16.72 * -5

= =—11.82
1Z|

2wt—1

i(wt) = 16.72 sin(wt — 57.5) — 11.82e~

Forar < wt < a,

A

Where a,is the angle at which the current becomes 0 and the SCRs turn

OFF

To determine a, we solve the equation

20,—T

i(a,) =16.72sin(a, —57.5) —11.82¢" = =0
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Gives a, = 228.57

2wt—-m

i(wt) = 16.72sin(wt — 57.5) — 11.82e =«
90° < wt < 228.75°

220V2

Vi

1

Vi

i. Voge = f92028'75 V, sinwt dot = [c0s 90 — c0s5228.75] = 65.3V

i, I qe = 2% = 6.534

2wt-1

2
iv. I, = \/i [i7[16.72sin(wt - 57.5) —11.82¢™ "= | dwt=6.69A

v. RE,,

228.75

1
Vv, = 220V2 - J [sin wt dwt]? = 172.25V
90

Voac = /VOZ —VZ4e = 159.4V

v,
RE,, = 2% =244
Vo,dc

Vi. RFiO

IZR _ 6.69+10
ILLv; 220

vi. PF =22 0.3
S
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Chapter 3

AC-to-DC Converters

3- Three-Phase Diode Rectifiers

Lecture aims:

[EEN
[

To present the circuit of diode three-pulse rectifier.
2- To describe the operation of the diode six-pulse rectifier.
3- To analyze a diode six-pulse rectifier supplying a highly inductive load.

1- The three-pulse diode rectifier

The circuit diagram of a three-pulse diode rectifier is shown in Fig. 1. Supplied from a three-phase,
four-wire AC power line, the rectifier consists of three power diodes, DA through DC. The load is

connected between the common-cathode node of the diode and the neutral, N, of the supply line.

SUPPLY LINE

2 0 DO =

iy in¥ iy iy

pa\/ o8 \/ oc\/ % LOAD

Fig. 1 three pulse diode rectifier

At any time only the diode that is supplied with the highest line-to-neutral voltage is conducting the

output current, io. For Example when the highest voltage is that of phase B ( ven > van and ven > Ven)
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then it is diode DB that is conducting, while diodes DA and DC are reverse biased by line-to-line

voltages vea and vac, respectively.

Each of the three line-to-neutral voltages is higher than the other two for 1/3 of the cycle of input
voltage. Consequently, each diode conducts the current within a 120¢ interval. Voltage and current
waveforms of the three-pulse rectifier with a resistive load (R-load) are shown in Fig. 2. The waveform

pattern of the output voltage is repeated every 120¢ (27/3 rad).

0 .  oof
n 2
I'x:l
-Vin o Lo N
Uy Upan Ly =T

Fig. 2 three-pulse rectifier output voltage and output current (R-load)

The average of the output voltage is determined as follows:

_ 1 f27'c/3

VO,dC = m 0 UANd(l)t (1)

Notice that if we consider the start of the conduction of DA at (wt = 0) it means that the positive zero

crossing of v,y is % before zero. Therefore
Uan — VLN,p Sin((l)t + g) (2)

Substitute (2) into (1)
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2m/3

3V, 3V, T 5t
Vo,ac = 2L7ITV’p f sin(wt + 7/6) dwt = 2L7ITV'p cosE — cos?
0
3V3V
Voac ==~ 0827V, (3)

Drill derive the expression of the output voltage ripple factor of the three-pulse rectifier
Example

1- Athree-pulse diode rectifier, fed from a 460-V ac line, supplies a 5-Qresistive load. Calculate the
average output voltage and current of the rectifier.
2- The rectifier charges a 360-V battery pack through a 5Q. Is the charging current continuous or

discontinuous? Sketch the output voltage and current.

Sol.

1)V, = 460V2 = 650V

650
VLN,p = ﬁ == 375V

Vyac = 0.827V,y,, = 310V

2-) Discontinuous

U r )
g i R 5 4 j\\ / y
'y
: 5 l———1> «—>
U° g,

=N

7oy 74 ' Séo
'LJI/Z—}%,/,—//—JZ/A@/,

——

—
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The waveform of the phase-A line current, ia, is shown in Fig. 3. Clearly, it is completely
different from a sinewave. Such currents drawn by the rectifier would disturb the operation of

protection systems.

in

Fig. 3 current of phase A
3- Six-pulse Diode Rectifier

The six-pulse (three-phase, full-wave) diode rectifier, shown in Fig. 4 is the most commonly used
ac-to-dc power converter producing a fixed dc voltage. The circuit of the rectifier consists of six
power diodes in a three-phase bridge configuration. Diodes DA, DB, and DC form the common-
cathode group, and diodes DA’, DB’, and DC’ constitute the common-anode group. At any instant,
only one diode in the common-cathode group and one in the common-anode group conduct the

current.

In Fig. 4 the load is considered highly inductive that draws a ripple-free current and therefore

represented by a dc current supply.
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_Van +

X ;VAB

oN
Fig. 4 six pulse diode rectifier

Referring to Fig. 5, by doubling the function of the three pulse rectifier we can deduce that:

e at any time, only one diode from the common cathode group: is forward biased which is
the diode with the highest voltage at its anode.
e Also one diode from the common-anode diodes is forward biased: the diode which has the

lowest voltage at its cathode.

Or we can say that the conducting diode pair is that supplied with the highest line-to-line voltage,

as is illustrated in Fig.5. Note that the output voltage takes six line-to-line voltages.

For the first interval when diodes DA and DB’ form a path for the output current. The other four

diodes are subjected to voltages vac (diode DC), vcs (diode DC’), and vag (diodes DA’ and DB).

It can be seen that each diode conducts for 120°, and then another diodes in the same group
becomes forward-biased forcing the former one to turn OFF. The process of a diode taking over

conduction of current from another diode is called natural commutation.
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Ving

Fig. 5 The operation cycle of 6-pulse rectifier

A detailed description of the circuit states is given in table 1. This list of all possible states is

referred to as the circuit topologies.
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Table 1

Diodes ON |Diodes ON . - Input
Interval Equivalent Circuit Vo
upper lower currents
iA = iO
1 lB = _iO
0 f_[ wt DB’ Vo Y] iC =0
< j—
3
ig =1
2 A0
- ip=20
3 <wt< DC’ Vac ic = —li,
2
3
3 =0
2 < DB DC’ Vec | BTl
3 lce ="
wt<Tm
,
DB+
4 K lA = _lO
T<wt< DB 0 N v " it_? =l
4_7T | lo BA lc =0
3 Ce
DA-
N
P
DC+
5 iA = —lp
4T ig=0
? < DC v VUca l'B =i
c=
wt <= ?
3
6 ] "A = O
3 < DC DB’ " veg | BT e
3 lce =1
wt < 21
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3- Determination of the output voltage average and ripple factor

The output voltage period is /3; from Fig.4 the Ve VB Vac

average of the output voltage: \/\/\/‘\
T

1 [9t=3 _ T
Voaw = %J‘ ViLp sin (a)t + 5) dwt

wt=0 vAB:VLL,Dsin(a)H%)

3 T I8
Voaw = ;VLL,p [_COS:SZ §) + —cos (5)]
Vo,av = ;VLL,p ."i Vac Vi, Sin(at)
or ot
Voar = 0.955V;, /3 0 73 213
Fig. 6
The RMS of the output voltage:
s
3 (l)t=2§ V
VO,Tms = _j - (VLL,p Sin(a)t))zda)t o,rms
T wt=3 v 3 [<2n n) 1 ( 41 2n>]
= —|l—=——=)—=|cos——cos—
(The reference has been changed OR we have e j2ml\3 3/ 2 3 3
used the second output pulse (v4¢) to obtain
simpler sine expression!) 3 (m V3 ~
p p : Vo,rms = VLL,p Z‘[ E + 7 = 0'956VLL,p
Vs
3 (¥ : The RMS and the average values are very close,
Vorms = ViLp Ef . (1=sinZwt)) dwt which implies a small ripple factor.

wt=§

Practice: show that the ripple factor =4.2%

4- Input power factor of a highly inductive load:
The highly inductive load current is considered to be ripple-free or pure DC for simplification.

Fig. 7 is drawn to identify the phase relationship between the AC supply voltage and current. Fig. 7 is
continuation of Fig. 5 and follows the same style. To draw an AC line current (say ia) we need to look at
(i) the load current (/o) and the state of the diodes connected to the corresponding line (DA and DA’ for

line A). The current of line A is determined as follows:
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e i, =1,if DA+is conducting.
e i, =—I,if DA-is conducting. Otherwise;

e i, = 0if DA+ and DA- are both blocking.
The other 2 lines currents can be determined by extending the same rule.

Fig. 7 shows that the line current has a quasi-square waveform which has a 21t/3 pulse every half cycle
of the corresponding phase voltage. The fundamental component of the as current is in-phase with

the phase voltage, or ¢1= 0.
The resultant power factor: PF = cos @, IIA;I
A

cos @; = 1 (since I, 1 is in=phase with v4,)

I, Vé/r 3

% _ve/m_ —=0.955

A f
2/3

PF=0.955
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Chapter 3

AC-DC Converters

3-Three-phase full bridge controller rectifier

(constant current load)

Lecture aims:

1- To present the circuit diagram and control pulses of the three-phase fully
controlled rectifier.

2- To conduct analysis leading to output voltage and input currents waveform
considering a constant, ripple-free load current.

3- To determine the output voltage average and the performance indicators.

1. The Circuit Diagram

The three-phase controlled rectifier (also known as six-pulse controlled converter) is
the basic AC-to-variable DC supply. The circuit, as shown in Fig. 1, is similar to the

three-phase diode rectifier except it replaces the diodes with SCRs.

The SCRs provides adjustable output voltage that can be controlled by changing the
firing angle (turn-on instant of the SCR). The turn-on point of each SCR is delayed by
an angle (af), compared to that of the corresponding diode. The operation sequence
of the SCRs is similar to that of the diodes in the three-phase rectifier (Chapter 3 -2).

ALL the six SCRs are delayed by the same angle; this keeps:

1- The conduction interval of 120° for each SCR, and

2- The output voltage 60° interval.

Power Electronics EEP303/Chapter 3/
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This constant delay of all switches conduction is important to maintain the output

voltage symmetry and minimum ripple.

p
F Fm kmm
T1 T3 T5

o+ o+5m/3 o+7mt/3
T4 T6 T2

Fig. 1 Three phase controlled rectifier
2. Control pulses and circuit topologies

The range of as

For successful SCR triggering, the firing signal must be applied while the SCR is in the
forward blocking region. This means that the anode voltage is higher than cathode

voltage.

Since the load current is continuous, the SCRs in common cathode group operates in
the sequence (TA, TB, TC, TA, ... ),-each conducts for 120°-. When triggering TA, TC is
ON this means that line C is connected to point p (the cathode of TA) as the gate

pulse is applied to TA. Therefore, TA can be triggered only when v, > v.. The range
that satisfiers this condition is explained in Fig. 2. Notice that the earliest instant for

triggering, denoted by (ar=0) makes the SCR operates as a diode.
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-
p Wt
AL\
Range of o
Fig. 2

Remember that the reference point (ot=0), has been defined in the same way used

for the 6-pulse diode rectifier. This means at (ot=0°) v,y (+ve) = vey (+ve). This

implies that vyy = Vv, Sin (wt + g) :

The effect of changing as.

We can notice that the output voltage takes a /3 portion of vag starting form

ot=os;, where:
Vo = Vg = Vi1 p sin(wt + g) ar <wt<ar+m/3 (1)

Equation (1) describes one period of v,, which repeats by taking similarg portions

from the subsequent line-to-line voltages: v,¢; Vgc; Veas Veas Veg|Vap; ---as explained

in Fig. 3. Figure 4 shows the output voltage waveforms for selected values of a.
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5 a T1 T3 T5 T1
— o+
i < > <€ > <
T6 T2 T4 T6
Vcs VaB Vac VBc VBa Vea Vcs Vas \

VAAAN

Fig. 3 the output voltage waveform

a=0
a=30

=100°

o

Fig. 4 the output voltage with four values of a
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3- Determination of the output voltage average:

Refer to Fig. 5.

ot

A\

o a+n/3
Cio &

1 ar+m T
Voac =7 ViLp sin (wt + —) dwt
3 7o }

3
Voac = ;VLL,p COS U ... (2)

Equation (2) is applicable for continuous conduction mode (i.e. i, (wt) > 0 ,for all wt)

Fig, 6 shows the variation of Vo v against ar as given in Eq. 2.

Vo,av/vo,av(maxi

|

16

Constant curren
load

Rectification mode

apoW UOISIaAU|
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Fig.7 shows the phase and line-to-line voltages waveforms together with the output
voltage (a=45°). On the same time scale the input currents are also shown. By
comparing the current waveform to that of the corresponding phase voltage; it can
be noted that the current fundamental component lags the phase voltage by a.

Therefore:
The displacement factor: DF = cos @; = cos ay

And by comparing to the diode case, the power factor (for this ripple-free load

current):
3
PF = —cos ay (3)

ot=0 /3 2m/3

VOZVp-Vni |‘VAB |‘VAC |‘VBC |‘VBA |‘VCA |‘VCB |‘VAB |

Ve VaB

Vie

Fig. 7
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Example 1: A three-phase converter is operated from a three-phase, 208-V,
60Hz supply a highly inductive load modeled by 10A current source. It is
required to obtain an average output voltage of 50% of the maximum possible

output voltage. Calculate:

Q

. The delay angle, ax.

b. The output voltage ripple factor.

o

The average and RMS thyristor currents.

d. And the input PF.
Ans:

a. The maximum output voltage is corresponding to as=0.
Vo,av,max = EVLL,p

3
50% (Vo,av,max) = EVLL"’ Ccos ay

ar = cos 0.5 =60

b. For any as:

a+§

v —BJ(V i t+n)2dt

orms = | LLp sin(w 3) w
[04
1 3v3 |
Vo,rms = VLL,p [E + E(SID(Z(X))]
At as=60°
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Vyrms = 208v2 J E + % (sin 120)]=272.48V;

I, =104

IO,T'mS
C. IT(RMS) = \/§ = 577A

pay =22 ~ 333A

d. Rectification efficiency=M =51.4%

o,rms 1 o,rms

f. PF = I;—'lcos*@l

N

3
PF = Ecosa =0.477

Power Electronics EEP303/Chapter 3/
Three-phase Full-Converter (27/Nov/2018) Page 8



Chapter 3

AC-DC Converters

3-Three-phase full bridge controller rectifier

(RLE -Load-2)

Lecture aims:

1- To derive the continuous conduction condition of the rectifier with RLE load.

2- To obtain the current and voltage expression in discontinuous mode.
3- To layout full analysis flow diagram and apply it in numerical example.

1. Continuous conduction condition

It can be seen from the example of the last lecture that:

iomin = Lo(@r) (1)

We will use equation 1 as a basis to check if the output current continuous or

discontinuous. Accordingly, the continuous conduction condition is given by:

iO (C(f) >0

From Eq.(8) last lecture ...

4 s
I,(wt) = % sin (wt +§— 1)

tan @ _ —

R

sin(@ — ar) _(@t-ap)| E
) + ( nf) e

1 — e 3tang®

V in(@ — E
io(“f)=% sin(af +g—®)+?n( _gtifz —=>0
— e 3tan
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Gives:

: s sin(@—ay) E
sin|ar +—-— )+ (2
( f 3 ? 1_8——3t:n¢ cos OVLLp (2)
Rearrange Eq. (2)
. sin(@—a
< |sin (af + g — (Z)) + (—nf)] cos @ -(3)
ViLp 1—e 3tang®

Fig. 1 shows the condition for the entire range of (E/Vw.p) and ¢.This Fig. 1

__~NO CONDUCTION
1.00 - & - 5
0.75 3 s m—
i : %}
0.50 - B =
0.25 3 BN S B o
E ] i 2}
] | O
Vip 0007 S I
0251 S S .4
. i 8
—0.50 - i =)
] Os:'f = 120° g
—0.75 1 SN S
75 - g
] , , | ds = 150°
-1 DD rrrrrrrr T T T T T T T T T T T T T T T T T
0 15 30 45 60 75 90

LOAD ANGLE (deg)

Fig.1 Conduction mode areas of three-phase controlled rectifier
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Example 1: A 240V battery bank has an internal resistance of 2Q), is required to be
charged using a three-phase controlled rectifier. The rectifier is connected to a 380V,

50Hz ac line.

A “smoothing “inductor is connected in series with the battery to ensure that the

charging current is always continuous.
By adjusting the firing angle the charging current average is changed from 8-to-100A.

a) Determine the range of as

b) Determine the minimum inductance required to ensure continuous charging

current.
Sol:

a. Vo,dc(MIN) =FE+ Io,dc(MIN)R =240+ 8 x 2 = 256V
VO,dC(MAX) == E + IO,dC(MAX)R == 240 + 100 X 2 = 34‘OV

As the rectifier in continuous mode:

Vo ac = ;VLLJ, cos ay

Gives:
m 340
Qpminy = €COS™H (— ) = 48.5°
3380v2
T 256
Qpmax)y = COS™! (— ) = 60°
3380v2

For the converter to operate always in continuous mode; the operation mode
must be continuous when asis maximum (60°). The ratio E/V\.,,=0.4466.

Using Fig. 1 we can find the minimum ¢win) to operate in continuous mode is
58.5°.

( we can obtain a more accurate result by solving for ¢ of Eq. 3)
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0.75 4 8
: :
0.50 - E
: o)
0.25 3- S
: a
0.00 - 1
-0.25 - 4
1 )
~0.50 g
-0.75 ré
- O
] O
-1.00 S
0
LOAD ANGLE (deg)
Fig. 2
6 = tan-1 wL
= tan + —
R
Rtan®,,;, 2tan(58.5)
min @ 1007 m

2. Discontinuous mode :
The rectifier current expression given in Eq. (8), last lecture, is applicable if i, >0 for the
entire range (ar<mt< as+60°). If not, the condition described in Eq. (3) will not be
satisfied. The discontinuous current equation is derived by solving the general
equation:

(wt—af)

VLL,p . ( E _ ) _ E ——w
I, ) sin ( wt + 3 ) - + Ae tan ..(4)

With initial condition i, (a)t = af) = (. Solving (4) for A gives:
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A= - | sin(ay + 3 ) ..(5)
Substitute (5) into (4) gives
o
lop = leLl'p sin (a)t + g — @) —
- (wt—af) [ (wt—af)
sin(af+§—®) e tang - 1—e tnoe |;for (af < wt < a,)

...(6)

Where the subscript ( p), indicates that the current is discontinuous, and acis the
extinction angle, the angle it which the current return to zero. An example of the

output voltage and current is shown in Fig. 3. It can be seen that the voltage average

is different in this case.
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Derivation of V, 4.

1 24 . s T
VO,dC = ? [fafe VLL,p Sin ((Ut + E) + E (E - ﬂ):l (7)
Where = a, — asthe conduction angle

Vo.ac = %[ZVLL,p sin(ay + g + g) sin (g) + E (g — ,B)] ..(8)

3. Analysis Procedure

The analysis procedure presented so far has been assembled shorty in the flow
diagram shown in Fig. 4. Without further explanation we will follow this

procedure in the following example.

<« Discontinuous

Fig. 4
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Example2: A three-phase converter is supplied from a 600V, 50Hz line. The
load model has E=650, R=12Q), L=22mH. With as = 30, answer the following
a. Check the triggering feasibility.
b. Determine the conduction mode
c. Determine the average output voltage and current
d. Determine the power factor
e. Determine the conversion efficiency
Ans.

a. The range of feasible firing angle,

E E
sin~?! ( ) — 60 < ar <120 —sin™* ( )
VLL,p VLL,p

~10 < a; <70

As the firing angle within the above range, the triggering is feasible.
Before proceeding to the following, determine |Z| and ¢
Z=R+joL=12+j1007*0.022=13.85.,29.94°

b. The continuous conduction condition
We can check the mode using the condition given in Eq. 3

Approximate ¢ to 30 ...

sin(@ —«a
VE < sin(af+%—(2)>+ ( ,Tf) cos @
LLp 1 — e 3tan®
< [sin(60) + Sm(o)ﬂ 0.866
600+/2 1 — ¢ 3tang®

0.766<(3/4).........not satisfied--=> discontinuous mode

c. We have to start by evaluating a.
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The discontinuous current:
VLLp T T _(wt—ay) E _(wt=ay)
iO_D=|T'|[sin(a)t+§—®)—sin(af+§—®) e tang ]_E[l_e tan o ]

(wt—30) _(wt—=30)
lop = 61.27 [sin((ut +30) — 0.866 e~ 331 ] —54.17 [1 —e 331 ]

Evaluate i, p(a,) = 0 gives a.=88.2° //using calculator//

p =88.2—30 =58.2°

Vo= [2><600\/_ (30+582+60> (582)+650(18x i )]
odc = sin 5 sin > 80

Ve = 7082V
Vg —E
Ipac = % = 4.854

P Po 1,°R+1, 4.E
d. Power Factor, PF = < = N 0 3;“
LL'L ﬁVLL(ﬁlo)

To determine /o,

_(wt=30) (wt—30)7
lop = 61.27 [Sin(wt +30) —0.866 e 331 ] —54.17 [1 —e 331

3 1.54 (wt—m/6) (wt—m/6)
I, = —j 61.27 [sin(wt+ 1/6) — 0.866 ¢ 0577 ] —54.17 [1 —e 0577 ] dwt
n /6
= 5.42A
5.42% x 12 + 4.85 X 650
= = 0.762

V2 X 600 X 5.42

The case described in this has been modeled using Simulink, the following figure

shows that results and the output voltage, current and input current wavefroms
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Chapter 4
AC Controllers

4.1 Single-phase AC Controllers
Lecture aims:

1- To identify the circuit and switching signals of single-phase controller.

2- To analyze of the AC controller with RL load.

1. Single-phase AC Controllers

If the amplitude of an ac voltage needs to be controlled, an ac voltage
controller is used. The fundamental output frequency equals the input
frequency.

The circuit diagram of an ac voltage controller is shown in Fig.1. A Triac

may be used instead of the two antiparallel connected SCRs. When one of the

SCRs is conducting, the other SCR 1is reverse biased. Always the input
current, i;, equals the output current, i,. With either SCR conducting, the
output voltage, v,, equals the input voltage, vi.

LOAD

SOURCE Ct) Vi

—o

Fig. 1 Single-phase ac voltage controller
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Qutput Voltage and Current.
Voltage and current waveforms for a controller with an RL load are shown in

Fig.2. When T1 is forward biased and fired at @, the conducted current
initially increases then drops to zero, as tending to follow the voltage by the
phase angle (¢). When the input voltage is negative, T2 is forward biased and
ready for firing. The firing occurs at wt = a; + 7. The waveform of current
through T2 is a mirror image of that through T1, so both the output current
and the voltage have the half-wave symmetry and no dc component.

In Fig. 2a, the firing angle 1s 45° and in Fig. 2b 135°. An RL load with the
load angle, @, of 30° is assumed. The minimum feasible firing angle equals
the load angle. 1t can be seen that when the firing angle increases, the
conduction angle, £, decreases and the current pulses become smaller and
shorter. Consequently, the rms value of the current and output voltage
decreases, as does the rms value of output voltage. The rms value of the
output voltage can be found as

V.

v, .
ip V. pay
v, P T
0 A Y ae ZA 4T ¢
&, [ : / \J[ Z @ 0
-V -V,
ip

(a) (b)

Fig. 2 Output voltage and current of a single-phase ac controller (¢=30°) (a)
ar=45°, (b) ay=135°
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e . 2
v, = \/%fof; (Vi'p sin a)t) dwt

V, = Vi,p\]% (ae —af — % [sin 2a, — sin Zaf]) (1)

where Vi, denotes peak of the input voltage, and « is the extinction angle.
The extinction angle depends on the firing angle, @, and the load angle, @.
The load current, io(@X), for ( &< wt <a ) is given by:

] _wt—af
i,(wt) = V;—‘p [sin(wt — @) —e e sin(as — <p)] .(2)

where Z is the load impedance. As for the rectifier case, « is the angle at
which the current reaches zero.

If &z = @, the current becomes purely sinusoidal, as if the load was directly
connected to the supply source.

Voltage Control.

The magnitude control ratio, M, for ac voltage controllers is defined as:

M = e .3

Vo, max

Control characteristics for load angles in the 0—7/2 range can be determined.
If @= 0 (purely resistive load), the extinction angle is 7z If @ = 72 (purely
inductive load), then and the extinction angle is 27— a; . Substituting these

values of @ in Eq. (1), the envelope of control characteristics can be
expressed as:

1 1,
Vo o=0y () = Vi’p\/; (n —as + Esm(Zaf)) .(4)
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The relationships of Eq. (4) and (5) are shown in Fig.3.

1.0
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< 0.2 : .
= | | \ |
! \ \ | i
[ \ i |
0.0 | | ; | |
0 30 60 90 120 150 180

FIRING ANGLE (deg)

Fig. 3 Control characteristics of a single-phase ac voltage controller
When the firing angle is less than the load angle SCRs and triacs should be
fired using a long multi-pulses, otherwise the controlled will (undesirably)
operate as a rectifier, since one of the SCRs will be reversed biased when
receiving the firing signal, this phenomenon is explained in Fig. 4a. The
solution of this problem using multiple pulses is shown in Fig. 4b. The
multiple pulses extend over 90° angle.

Yo

@ (6)
Fig. 4 Operation of the single-phase ac voltage controller with: (a) single-
pulse gate signal, (b) multipulse gate signal
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With the multipulse firing, AC controlled operates correctly never mind if o
is greater or smaller than ¢.

Example 1: A single-phase ac voltage controller is used in a movie theater to
control the incandescent lighting. Neglecting the temperature-related changes
of resistance of the lamps, find the reduction in power consumed by the
lighting when the firing angle is 60°. What firing angle would result in a 50%
reduction of that power?

Solution: The incandescent lighting constitutes a resistive load. Consequently,
the ratio of rms values of the output and input voltages, that is, the magnitude
control ratio, can be found from Eq. (4) as

Vo,(p=0) (%) =Vip \/% (ﬂ - g + %sin (2 %)) = 0.897V,,,

With a constant resistance, the power is proportional to the squared rms value

of voltage, so the resultant power constitutes 0.897% = 0.805 of the full power.

Thus, the consumed power is reduced by 19.5%.

The magnitude control ratio for the 50% power reduction is:
M=v05=1/2

The control characteristic in Fig. 3 for ¢ = 0, the corresponding value of the

firing angle 1s determined as 90°. Notice that at this firing angle, exactly half
of the sinusoidal waveform of the input voltage is passed to the load.
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Chapter 4
AC Controllers

4.2 Three-phase AC Controllers

Lecture aims:

1- To identify the circuit and switching signals of three-phase Y-

connected AC controller.

2- To analyze of the AC controller with R-load.

3- Describe the circuit operation with L load.
1. Three-phase AC Controller

Among several possible circuits, only the most common one: the fully
controlled topology with a Y-connected load will be described in this course.
Operation of the fully controlled three-phase ac voltage controller, shown in
Fig. 5, is more complicated than that of the single-phase controller. To get the
controller started, two triacs must be fired simultaneously to provide the path
for the current necessary to maintain their on-state.

Operation with a single triac conducting a current is impossible.
Therefore, the controller can operate with two or three triacs conducting or
none at all. If no triac is conducting, the load is cut off from the supply and all
currents and output voltages are zero. The two- and three-triac conduction
cases are illustrated in Fig. 6 balanced load is assumed and, the triacs are
represented by switches. It can be seen in Fig. 6a that with two triacs, TA and
TB, conducting, the line-to-line voltage, vz, is equally divided between the
load impedances in phases A and B. Consequently, va = v45/2, vb = —vp/2 =
vg4/2, and ve = 0.

Power Electronics EEP303/Chapter 4

AC Controllers Lecture#2

sl 3 Jlasaal) 4.2
+5_yalaall calaal

S sl 3 5y e st -]
Y 4y 5k Ja sy yall  shal

Jas Jaall 2ie el 3 5000 s 22
(= slaa

= Jea el Joe oy -3

skl S sl

SN sl ) 5kl g s sall 28
Al 5 MY AW e g e ) shall
sac olia o sy le s SY) Loy )l

A Ly 3 kay i ) shall 4830 ) lasaa
e i salall oda A i )3 of )
G Hlagall 3,500 5 JSE (Y il
oo zlide JS [ gad @l il mepilie Caaddiif
) sl A8y oy A gy yall ) s U 2 5
ALl 5 jualaal 8 Cidis A uSlaidll

G laiad ST shall I3 jlagesall as )
oy S Bad | shall galal sl Jee
o) Opalide =38 Cing Slad Jaally Hlasusall
ol b g IS 5 gl ks B (Y
i Glal (5 )5 pall lill slaal)

AL il



SUPPLY LINE

LOAD

Fig. 5 Fully controlled three-phase ac voltage controller

Va

Vg

Vo
Ia g

(@) (b)

Va
Vg

Ve

Fig. 6 Voltage and current distribution in a fully controlled three-phase ac voltage
controller: (a) two triacs conducting, (b) three triacs conducting.
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When all three triacs are conducting, as in Fig. 6b, the output voltages, v,, vs,
and v., equal their input counterparts, v4, v, and vc.

Switching variables, a, b, and ¢, can be introduced for triacs TA, TB,
and TC, respectively and are equal to 1 when a given triac is conducting and
is equal 0 otherwise. It can be shown that the output voltages of the controller
are given by:

Va a a —b -—c][Va ,
[vb] _ H . %[—a b —c] [vgl 5)
12 c —a —-b cllVc

Where the prime (') denotes the transposition. If no triac is conducting,
thena=b=c=0andv,=v,=v.=0.

When, for example, triacs TA and TB are conducting, thena=b=1, ¢
=0and v, = a(vy—vB)/2 =vap/2, vip = b(—v4 + vp)/2 = vp4/2, and v, = O(—v4 —
vg)/2 = (. Finally, if all triacs are conducting, thena=b=c=1and v, = (v4—
ve—ve)2=[2v4— (vat+ vp+vc)]/2 =2vs—0)/2 =vy and, similarly, v, = v,
and v. = vc.

For simplicity, a purely resistive load is assumed, and only the
waveform of phase A output voltage, v,, will be considered. It can be seen
from Eq. (5) that, in general, the waveform in question is composed of
segments of the v4, v4p/2, and v4c/2 waveforms. For example, in Fig. 7, the
firing angle, ay, 1s zero and all three triacs conduct all the time connecting the
source with the load. With the firing angle of 30°, in Fig. 8, the triacs cease to
conduct when their currents reach zero. As a result, either two or three triacs
are simultaneously conducting and the output voltage , v,, sequentially equals
Vd, Vapl2, V4, Vac/2, and zero.
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Fig. 7 Traic states and output voltage (af = 0)

a

c

- f ; i f ; t —t ; f
0 30 60 90 120 150 180 210 240 270 300 330 360
@ wt (deg)

Fig. 8 Traic states and output voltage (ay = 30°)

Operation of the controller with large firing angles is illustrated in Fig. 9.
An example waveform of the output voltage at af = 75° is shown in Fig. 9a
and that at af = 120° in Fig. 9b.
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For completeness, formulas for the rms output voltage, V,, of the fully
controlled ac voltage controller with purely resistive and purely inductive
loads are provided below without derivation.

Resistive load:

1 3 3 .
vV, = V‘.\/— [;r ~ 50 + Esm(ﬁa,«)] (6)

for 0 < a; < 60°,

34/3
V, = Va| L £+£sin(2af+£) 7
T 4 6

for 60° < a; < 90°, and

175 3 3. T 8
Vl):ViJ; [;L_I.Jr_ E{If+151n(2(rf+ g)] ( )

for 90° < a; < 150°.

Inductive load:

1[5 3.
v, = Vi\/ =37 - 3a+ 5 sinay)| ()

for 90° < a; < 120°
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Fig. 9 phase voltage of a three-phase

controller with triggering angle (a)

75° and (b) 120°.



1[5 3.
=V, \/ - [5:: —3a+3 sm(26ff+)] (10)

for 120° < ay < 150°.

1.0

0.8

0.6

0.4

Magnitude control ratio

0.2 1

0.0 T T ‘
0 30 60 90 120 150 180

Firing angle (deg)

Figure 5.11 Envelope of control characteristics, Vo= f(
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Chapter 5
DC Choppers

First-Quadrant Choppers
Power electronic choppers are dc-to-dc converters with adjustable average
output voltage. This lecture covers the circuit diagram, control and

calculations of the first-quadrant chopper.

Operation Quadrant
The operation quadrant refers to the possible directions/polarities of the
converter output voltage and current. As explained in Fig. 1, the four
guadrants are defined as follows:

e First Quadrant: when v,and i,are positive.

e Second Quadrant: when v,is positive and i,is negative.

e First Quadrant: when v,and i,are negative.

e First Quadrant: when v, is negative and i,is positive.

Fig. 1 Operation quadrant based on voltage and current polarity.

Power Electronics EEP303/Chapter 5
DC Choppers Lecture#l



The converters can be classified according to the operation quadrants, for
instance the six-pulse diode rectifier is a first quadrant; while fully controlled
rectifier is a first and fourth quadrant converter. All converter have one, two

or four operation quadrants.

The switching variable

The concepts of the switching variables and switching functions have been
presented in Chapter 1. Recall that a switching variable (x) is a binary
variable that determines the switch state being turns on or off, when x is 1
or zero respectively.

The switching function x(t) determines the value of the switching variable
using some (mathematical or logical) basis. Referring to Fig.2, the periodic
switching function has two basic attributes:

e the switching frequency, fsw:

1 1
fsw B E " ton+toFF (1)
And the duty ratio,
d=0=_—ou -(2)

Tsw tonttorF

Y,

/NN N NN

Fig. 2 A switching function
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Step-down choppers

Choppers are dc-to-dc converters with adjustable Vo4c. The dc source is
periodically connected and disconnected results a pulsed output voltage
waveform. Neglecting switch voltage drops, the magnitude of pulses of the
output voltage equals the input voltage, Vi. The average output voltage,
Vo,dc, depends linearly on the duty ratios of chopper switches and,
generally, can be adjusted in the —Vi to +Vi range.

The magnitude control ratio, M, can be defined as

_ Vo,dc
M =35 ...(3)

Block diagram of a chopper and the equivalent circuit for dc components of
the output voltage and current are shown in Fig, 3.

The differential equation of the load is
diy

L
dt

+ Ri, + E = v, ..(3)

Which has a solution of the general form:

| 5 [Eev, | .
i (t) _ vOR + [ Rvo + iy (to)] e L(t to) (4)
fi io
R R
Vi C‘*_) Chopper Yo L Vode= MV*@D fo.ge
E E
(@) ®

Fig. 3 Step-down chopper: (a) block diagram, (b) dc equivalent circuit for

the output.
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The load average current is found by considering the dc components at the

output circuit as follows:

__VodcE _ MV; E
Io,dc - R ~ R .(5)

As high-frequency on—off switching is applied to limit the current ripple; this

chapter, applies a linearized approximate method to determine load current

(o) as explained in the next section.

First-quadrant chopper

Il-"'o,dc
1
1
N o T
o S N
f.D-] A R
Vi D1 :: Vo L
E
Fig. 4

The first-quadrant chopper can only produce positive average voltage and
current, and the average power flows always from the source to the load.
Fig. 4 shows the circuit diagram of the chopper. A periodic binary switching
variable, x1, can be assigned to the fully controlled switch S1, and the
output voltage of the chopper can be expressed as:

v, = x{V; ..(6)
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The switching variable determines the state of chopper. Equivalent circuits
of the chopper in state 1 and state 0 are shown in Fig. 5a and 5b,

respectively.

Fig. 5
In state 1, v, = V;, and the output current follows a growth function as in
Eq. (4) with vo = Vi. In state 0, and the output current decays according to
Eq. (4) with vo = 0.

Denoting by ton and torr the times during which switch S1 is on and off, that
is, the chopper is in state 1 and state 0, respectively, the dc-output voltage,
Vo,dc, can be calculated as a time-weighted average of output voltages in

the equivalent circuits in Fig. 5. Specifically,

__tonVittorr*0 _ tonVi __
Vo,dc - B _ dlvi (6)
tonttorF sw

where d; is the duty ratio of switch S1. Substitute, into (3) gives for first

quadrant converter:
As the output current is always positive, this defines the range of the M as

L<m<1 (8)

1
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E/Vi represents the minimum duty ratio of the switch for continuous
conduction. If operation with a lower value of d is attempted, the output
current becomes discontinuous.

Output current in choppers can be assumed piecewise linear if high
switching frequencies employed. This approximation simplifies the analysis
of choppers, as shown below.

A single cycle of the output voltage and current in the steady state of a first
quadrant chopper is shown in Fig. 6. The output current, io, increases by
Aio during the ton and decreases by the same amount during the torr.

The waveform of Aio is triangular, and its rms value, lo,ac = Aio/3.

0 N
0 fon fon +torFF
Fig. 6
From EqQ. 3
diy =+ (v, — E — i,R)dt .(9)
diy ~ = (v, — E = Iq.R)dt .(10)

When the switch is on

Ai, = - (Vi —FE - Io,ch)ton = %(I/l - Vo,dc)ton --(11)

L
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When the switch is off

1 1
—Ai, = I (0 —F — Io,ch)topp = I (_Vo,dc)tOFF

. 1
Aiy = I (Vo,dc)tOFF .-(12)
We can show that (11) and (12) are equivalent as follows:
1 1 T Vi
Ai, = Z(Vi - Vo,dc)ton = Z(Vi - MVi)MTSW = %M(l - M)
o1 1 TswVi
Ai, = Z (Vo,dc)tOFF = Z(MVL)(l - M)Tsw = M(l - M)

Example 1 A step-down chopper fed from a 200-V source operates a dc
motor whose armature EMF is 70 V and armature resistance is 0.5 Q. With
the magnitude control ratio of 0.4, find the average output voltage and
current of the chopper and determine the quadrant of operation.

The chopper operates with a switching frequency of 1 kHz and the
armature inductance of the motor is 20 mH. Find the ac component of the

armature current and ripple factor of the current.
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Chapter 5
DC Choppers

Second, First & Second and First & Fourth Quadrant Choppers

This lecture presents three types of DC Choppers, for each type, the circuit diagram
IS presented; the control signals and the output voltage are defined and the magnitude

control ratio limits are defined.

Second quadrant chopper

The second quadrant chopper produces a positive voltage and negative current. The
circuit diagram is shown in Fig. 1 and the equivalent circuits when the switch is on
and off are shown in Fig 2 (a) and (b) respectively. When the switch is on (for
interval of d,Tsw) the load is short circuited and the output voltage is zero. When the
switch is off the load current passes through the diode and connects the load to the

supply which results an output voltage =V;. Therefore, the average of the output

voltage:
Vode = T2 = (1= dy)V, D)
The magnitude control ratio is given by:
M=1-d,) .(2)

The output current must be maintain negative, otherwise the chopper will fall into
the discontinuous region. This imposes the basic condition:
Iyge <ODE >V, 30 DMV, <E

Or more precisely

0<M< .(3)

l
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The corresponding range of d2
(1 - VEL) <d, <1 .(4)

Notice that the absolute minimum of d is 0. So if E>Vi the left term of Eq. (4)

becomes zero.

Ve
i

fi Iy 7 |__ fo.de
T

p

WD) el w

-

Fig. 1 Second Quadrant Choppers

a h Ips o

Ios Va L '-"i C+> ¥a L

(a) b
Fig. 2 The two states of second quadrant chopper

A second quadrant chopper has been simulated using Simulink with the following
parameters: V;=100V, E=80V, d2= (a) 0.25 and (b) 0.75 R=10Q, L=20mH and
fsw=2kHz.
Simulink model is shown in Fig. 3; and the results for d2=0.25 and d2=0.75 are
shown in Figs. 4(a) and 4(b) respectively. The callout boxes comments to compare
the simulation results to the equation indicated earlier.
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Fig. 3 Simulink model for second quadrant chopper
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< /\ lode = 55— = ~0.54
g TswVi
08 io (solid) and ii (broken) B A]O = M(l — M) ~ 047
1 I I I I I I I I I
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(b)

Fig. 4 Simulation of second quadrant chopper
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First and second quadrant chop

The first and second quadrant chopper produces output current in two directions.
Circuit diagram of a first-and-second quadrant chopper is shown in Fig. 5. The
chopper is a combination of the first- and second quadrant choppers. Denoting by
X1 and X2 switching variables of switches S1 and S2, respectively. The chopper can
be operated as two independent choppers by keeping the inactive switch off. In
this case the equations derived for the first- and second quadrant choppers are
directly applied. To control the chopper in this way, we need to know the current
direction. So this method of control is not used.

The usual method to control the first and second quadrant chopper is to apply a
switching function to S2 that is a logical inverse of the switching function of S1. i.e:
Xy = X1 (5)

Leads to the relationshipd, =1 —d;
This does not affect the desired output voltage as
M=d,=1-d, ..(6)
If the condition given in Eq. (5) is applied, the chopper can smoothly move between

the first and second quadrants and the load current will be always continuous.

Is1 inz

51 ~||: ZX D2

I ign R

o1 /\ :]|~ s2 v, 2L

Fig. 5 First and second quadrant chopper
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Example 1: A first and second quadrant chopper is supplied from a 200V dc source

is operated with M=0.1 and supplying an RL load of 20Q and 5mH and switching

frequency of 1kHz. Calculate:

a.

Vo,dc and Io,dc

b. Ai,

C.

Draw on the same time scale the waveforms of the following quantities:
The two switching variables; the output voltage; the output current. Mark

the conducting switch (or diode) over the switching period

Ans.
1%
a. Voge =MV, =20V; Iy g = ‘;-jc =14
} V; 200
b. Ai, = ~M(1—-—M)=————0.1%x0.9=3.64
Lfsw 0.005%1000
C.
x1
x2
200V
Vo
—>);<Sl><—D1—><—52—>
8A
io
08A > /
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First and fourth quadrant chopper

The first-and-fourth-quadrant chopper (Fig. 6) can produce positive and negative
output voltage with positive output current. The load emf (E) must be positive for
the first-quadrant operation and negative when the chopper is to operate in the
fourth quadrant.

The state of the chopper is designated as (x1x4)2, where x1 and x4 denote
switching variables of switches S1 and S4, respectively.

Fig. 7 explains the control method. For the first-quadrant operation, switch S4
must remain on to provide a path for the output current. Switch S1 performs the
chopping, with the duty ratio d1, so the chopper operates alternatively in states 1
(01) and 3 (11). In the fourth quadrant, switch S1 is off, S4 operates with the duty
ratio d4, and the chopper alternates between states 0 (00) and 1 (01). This is
explained in Fig. 7

Vode

~ 1 ode

i R L
(B AN S
ip1} B v, is4

Fig. 6 First and fourth Quadrant Chopper
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1°" Quad.
Operation 01

ed — O
lt sS4
- x4=1 .
x1=1 Vio,ac=d1Vi -0
K Vo=Vi Vo
State 1 th State 0
/ . ] » 4 Quad " 00
Operation

isy ¥ 4

x1=0 x4=1 x1=0
Vo=0 Vo=—Vi

Vo ae=(d4—1)Vi

o

AN

x4=0

Fig. 7 Operation of 1°t and 4" Quadrant Chopper

Output voltage averages expression for the two quadrants are indicated in Fig. 7,

from which it can be seen that
For first quadrant: M = d1
And for 4" quadrant: M = d4 — 1

It has to be stressed that the output current is always positive, i.e. E<Vo,dc. This

implies that E must be negative for fourth quadrant operation.

Power Electronics EEP303/Chapter 5
DC Choppers Lecture#2 20Dec. 2018



Chapter 5
DC Choppers

Four Quadrant Choppers
This lecture presents the four quadrant DC Choppers, the circuit diagram and its
control for four quadrants operation are given. Analysis are explained by two

examples.

The four quadrant chopper circuit

The four-quadrant chopper is the most flexible of all step-down choppers. Its
power circuit, shown in Fig.1, is composed of four power switches (S1 through
S4) and four freewheeling diodes (D1 through D4).

Is1 ipz isa ipa

s1 ~|[: /N D2 s3 {[ /\ b4
v @) i, R L :E |
D1 /\ :H— s2 o3 /\ :“» s4

Fig. 1 Four-quadrant chopper

Switching state

Denoting a state of the chopper by the 4-digit binary number (X;X2X3X4)2, Where
X1 through x4 are switching variables of the switches S1 to S4. A total of 16 states
can be represented. However, only states 0, 1, 4, 6, and 9 are utilized. The

Power Electronics EEP303/Chapter 5
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remaining states would either short-circuit the supply source or spoil the
symmetry of control.

Four Quadrant Operation

A summary of operating conditions for each quadrant is provided in Table 1. You
can notice that there is always one chopping switch and the remaining three
switches hold their (ON or OFF) state. For k™ quadrant operation, switch Sk is the
chopping switch. The table also defines the ON and OFF state for each quadrant.
The following explanation discusses in details the first column of Table 1. Other

columns are not discussed as they can be realized in a similar way.

Table 1
Quadrant: I I i v
E >0 >0 <0 <0
X 0,1,0,1 0 0 0
Xy 0 0,1,0,1 1 0
Xy 0 0 0,1,0,1 0
Xy I 0 0 0,1,0,1
ON state 9 4 6 |
OFF state 1 0 4 0
ON circuit S1-D4 S2-D3 S2-83 S4-D1
OFF circuit S4-D1 D2-D3 S2-D3 DI-D4
v, x V. (1—x)V, -x;V, (x—DV,
M d, 1-d, —d d,—1
M range E/V, to 1 0 to E/V, -1 to E/V, E/V, 100

First Quadrant Operation

When operating in 1% quadrant, the ON state is state 9 (or 1001) that is S1 and S4
are ON. The off state is state 1 (0001), this means that only S4 is ON.

This agrees with other values given in Table 1 in the column corresponding to 1%
quadrant. In this column x; is given as (0,1, 0,1,...) which means that the switch
S1is turned (ON-OFF) every switching cycle. x; X3 X4 have constant values of 0,
0 and 1 respectively. This makes the state when S1 is ON =(1001); i.e. state 9 and
when S1 is OFF =(0001), as stated in the same table.
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The ON and OFF circuits for the first quadrant are shown in Fig. 2. This figure
shows the ON circuit and OFF circuit as indicated in Table 1. Fig. 2 shows that
the output voltage, in first quadrant:

v, =V;whenx; =1

v, =0whenx; =0

Or, in general, for 1% quadrant operation:

Vo = X1V;
Which implies that
Vo,ac = d1V;
Equivalently
M=d,

Where d; is the duty ratio of x;

Finally to maintain the first quadrant operation, the current must be positive, or:

Voac > E
M E
> —
Vi
Q On State Off-State
X o2 sl Zoe si. Dee s ZNos
NN . W®) )N
1 iy [ v, iva fsq { iss Vs ioa \ isa
AN (3 os /N \ s LA (3 AN Y (3
Lig/ t state 1
- * — N —
Vo =V; v, =0

Fig. 2 First Quadrant Operation
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Second, Third and Fourth Quadrants Operation

Figures 3, 4 and 5 show the four quadrant chopper operation in 2"9, 3 and 4th

guadrant respectively.

These Figures match Table -1 and each shows the circuit state in ON and OFF

states.

Q On State Off-State

st -|[: /\ D2 s3 —[: 7\ D4 ( . _”: Co
. R . E
2 I ( v, foa Ig4 o leq
D1 7\ s2 D3 ] s4 017 L L s4

state 4 { state 0 ]

Vo =0 Vo = Vi

Fig. 3 Second Quadrant Operation

You are encouraged to conduct a detailed comparison between Table 1 and

Figures 3-5 in a way similar to that conducted in the last section for first

Quadrant operation.

Q On State Off-State
0 .l 7 ob s1—|[ Y, D2 s3 —[: AN
e < +EI y C—D
3 igs ¥, foa iz o Tsu
1F =2 D3 / \I : CUAN ]
state 6 i
Vo = —V; v, =0
Fig. 4 Third Quadrant Operation
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Q On State Off-State
s1 —|L /\ D2 s3] /\Da o
R L E
+ - P
v C’) - VW 0\\ W, O 1—/1
4 i iss Ve fos Isa fea
8 AN (B /N | |Fs | |
J state 1 J 1 s2 \ \] s
i state 0 i
Vo =0 Vo = Vi

Fig. 5 Fourth Quadrant Operation

Example 1: A four-quadrant chopper operates with a switching frequency of 1
kHz and supplies power to a dc motor whose armature EMF is —216 V. The
input voltage of the chopper is 240 V. Find:
(a) Voltage control ranges for the third and fourth quadrants of operation of the
chopper
(b) on-time and off-time of the modulating switch when the chopper operates in
the third quadrant with the magnitude control ratio of —0.95
(c) on-time and off-time of the modulating switch when the chopper operates in
the fourth quadrant with the magnitude control ratio of —0.75.
Solution:
(a)

Third quadrant operation,

Vo,dc —E

Iypac = T< 0

Vo.ac < E , which implies: —240 <V, ;. < —216
Giving: —1 <M < —-09and1>d; < 0.9
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Fourth quadrant operation,

Vo,dc —E

I =—-2>0
o,dc R

Vo.ac > E , which implies: =216 <V, 4. <0

AsM =lot =g, 1

L

Giving: =09 <M <0and0.1>d, <1

(b) The modulating switch in the third quadrant is S3. From Table 1, the duty
ratio, d3, of this switch is d3 =—M = 0.95.
Consequently, the on-time, ton 3, of the switch is:
ton,3 = d3Tsw = 0.95 x 1 ms = 0.95 ms,
and the off-time, tor,s, IS
torr3= Tsw —tonz= 1 ms — 0.95 ms = 0.05 ms,
where Ty =1/fsn=1 ms
(c) In 4™ quadrant, S4 performs the modulation. Since its duty ratio, da, is
ds=(M+1)=-0.75+1=0.25
then tons=0.25 x 1 ms = 0.25 ms
and torra =1 ms —0.25ms = 0.75 ms

Example (2): A two-quadrant chopper, fed from a 400-V dc source, supplies
power to a dc motor whose armature resistance is 0.2 Q.

(a) The armature current is to be maintained constant at 250 A,
independently of the motor speed that affects the armature EMF. Find the
magnitude control ratio of the chopper and duty ratio of the modulating
switch when the armature EMF is (i) 320 V and (ii) (b) -320 V

Power Electronics EEP303/Chapter 5
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(b) Find the average output current when: (i) the armature EMF is 200 V and
magnitude control ratio is 0.6 and (ii) the armature EMF is —200 V and
magnitude control ratio is —0.6.

(c) The armature inductance of the motor is 0.75 mH. Find the switching

frequency of the chopper such that the ripple current (I, »c) does not

exceed 5A.
Sol.:
@i.Voge =E+14.R =320+ 250 % 0.2 = 370V
V,ac 370
M=——=——=10.925
V; 400

1t quadrant operation d; = M = 0.925,and x, = 1
. Voqc =E +1,4cR =—320+ 250 x 0.2 = =270V

Voac —270
V, 400

4™ quadrant operationd, =1 — M = 0.325,and x; = 0

. Voac—E = MV;—E  240-200
(b)i. Ipqc = ‘; =——==——=2004
i Io e = VO,C;:—E _ —240;(2—200) — _200A

(C) Io,ac,max=5A

Al,
lyac = % gives Ay max = 10V34
M(1—-M)V;
a, MO =MDV,
fswl
Al B [M(l — M)Vi] _ 051 -05)V;
R B R )
0.25 x 400
fswmin = =7.7kHz

10v/3 % 0.75 * 103
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Chapter 6
Inverters

1-Single-phase inverter: square-wave
mode

This lecture presents the full bridge single-phase inverter circuit and its

operation in square wave mode.

Voltage Source Inverter (VSI)

The dc-to-ac power conversion is performed by inverters. An inverter is
supplied from a dc source while the ac-output voltage has a fundamental
component with adjustable frequency and amplitude.
There are two types of inverters inverter according to the dc supply circuit: The
voltage source inverter (\VSI) and current source inverter (CSl).
VSIs have a dc supply circuit with constant voltage and therefore in modeled by
a pure DC voltage source. The constant dc voltage can be obtained by a large
shunt capacitor as shown in Fig. 1.
CSls have a dc supply circuit with constant, or slowly changing, current and
therefore in modeled by a pure DC current source. The constant dc current is
obtained by a large series inductor in the supply line as shown in Fig. 2.
Notes:
1- Practically VSlIs is way more common than CSls. Therefore in this
chapter only the VSIs are studied.
2- As the power line is the most accessible electric energy source; the
inverters usually supplied by rectifying the power line source as

indicated in Figs. 1 and 2. The six-pulse diode rectifier in the most

Power Electronics EEP303/Chapter 6
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common for industrial VSIs, while the two-pulse diode rectifier in
used for smaller VSls.

3- Due to the arrangement described in Note 2; the dc supply of the
inverter is referred to by “dc link”!

4- Certainly if a DC source is available (e.g. solar cell or battery in
electric vehicle), inverter will be simply connected to the dc supply

and no rectifier stage (as indicated in note 2) is required.

—— 000}
— O\ Ideal | " —
| O\ nverter
AC line [| 5o~ —— * cf Inyert?r ACoutput ) ) DC circuit | |AC output
circuit | Modeled source .
n-pulsq | as:
rectifier

Fig. 1 voltage source inverter: a practical circuit and model

Lf

. {500}
ACline ||~ = _* Inyertgr AC output > > T Inyertfer AC output
circuit | Modeled s circuit |
n-pulse | as:
rectifier

Fig. 2 Current source inverter: a practical circuit and model

Single-phase inverter circuit

The circuit diagram of the single-phase full bridge inverter is shown in Fig. 3.
Although, the switches and diodes have been repositioned and renamed,; the
circuit is indeed identical to the 4-quadrant chopper. This is logical as the
inverter is supplied by dc and produces AC i.e. positive or negative voltage and
current. This is exactly the four quadrants operation repeating within each cycle
of output voltage. However the inverter control is different than the chopper
control as shown in this chapter.
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~

+ A Vo
Vi r—
I<_> P Load
a b
a—"‘)SA’ A DA —": SB’

DA b—l sB iDB
B

DB’

>

Fig. 3 single phase inverter circuit

Switches in each leg of the inverter cannot be turned on at the same time, as
they would short circuit the supply. Semiconductor switches, have nonzero on-
off and off-on transition times. Therefore, in practice, to avoid short circuit, a
switch is turned off shortly before the turn-on of the other switch in the same
leg. The interval between the turn-off and turn-on signals is called a dead time
or blanking time. For simplicity, in the subsequent discussion, the dead time

will be assumed zero.

The switching variables and the switching state
The two switches (IGBTS) in each leg is operated in complementary states that
Is one switch is on and the other is off. An inverter branch (or leg) can have one
of two states:

- either the upper switch is on and the lower switch is off, or

- the other way around.
Thus, two switching variables a and b have been assigned as the control

variables to the inverter legs and defined as follows:
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_J 0 if SAis OFF and SA’ is ON
9= 1 ifSAisON and SA’ is OFF

b= 0 if SB is OFF and SB' is ON
~ | 1 ifSBis ON and SB’ is OFF

...(6.1)
An inverter state is designated as ab,. If, for instance, a =1 and b = 1, the
inverter is said to be in state 3 as 11, = 3. Clearly, four states are possible, from

state O to state 3.

The inverter output voltage
When a given switching variable is set to 1, the positive terminal of the supply
source is connected to the corresponding output terminal of the inverter.
Otherwise, a value of 0 implies connection of the negative terminal of the
source to the output terminal of the inverter.
When the output current, i, is of such polarity that it cannot flow through a
switch that is turned on, the freewheeling diode parallel to the switch provides a
path for the current. If, for instance, the output current is negative, and switch
SA is on, the current passes through diode DA because switch SA’” must be off.
Therefore the freewheeling diodes assure that the output voltage of a leg is
determined by its switching variable and independent on the polarity of the
current.
Consequently, the output voltage, v,, of the inverter can be expressed as:

v, = V;(a—b) .(6.2)
By substituting all possible combinations of (ab,) we can see that the output
voltage can take one of three values only: Vi, 0, and —V;, corresponding to state
2, states 0 and (state 3, and state 1), respectively. By referring to the circuit
topologies of Fig. 4 we can see the output voltage for the four possible states

Figure 4 also relates the supply current to the switching variable and output
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current. The supply current can be represented in terms of the output current and
the switching variables as follows:
i =i,(a—Db) (6.3)

DB

[ b
o — DA — DB

DB’ - DB’

AT
1°

State 7
state 0
/“L DA Vi sB\ A DB 2 —| saY & DA Yoo —| se | A DB
N Ve N “~
¥ A Vo B T A Vo B
&) ' — &) —
/_“"L—tvad-—/'/ —i*™Load |
a b a )
K B I/A ] ~ )
D | | L 1 1 ]
\_/

state 1 State 3
Fig. 4 Inverter States

Square-wave mode

In square-wave operation mode of the inverter, the control law is given by:

_{1 forO0<wt<m 0 forO<wt<m
=0 form < wt < 2m 1 form<owt<?2m

...(6.4)
where w denotes the fundamental output radian frequency of the inverter (2xf).

andbz{

Only states 1 and 2 are used in this mode. Waveforms of the output voltage and
current in an RL load of an inverter in the basic square-wave mode are shown in
Fig. 5. As already derived in chapter 1; the rms fundamental output voltage,
Vo1, and harmonic content, V, ;, of this voltage equal 0.9Vi and 0.435Vi,
respectively. The total harmonic distortion, THD, is 0.483.
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Another important result has been obtained in chapter 1 is the amplitude of the

k™ harmonics of vo, given by V,, , = Z‘ZTV"; where k=1,3,5,...
STATE: 2 1 2 1
a
0 l 5 [ I wt
0 [ l i wt
vl Yo
e

Fig. 5 switching variables and output voltage of single-phase inverter operating

in square wave mode.

Square wave mode control of the inverter suffers from two main problems:
- 1- The amplitude of the fundamental component is constant, and second.
(remember it is always required to control the amplitude of the
fundamental component)

- 2- Highly distorted output voltage and current.

Example 1:

The single-phase inverter of has a switching sequence that produces a square
wave voltage across a series RL load. The switching frequency is 60 Hz. The dc
supply is ( Vi=) 100 V, and the RL load has R=10 Q and L = 25 mH.
Determine (a) the expression for load current (i, (t)) , (b) the power absorbed

by the load, and (c) the average current in the dc source. (d) Over one operation
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cycle draw the waveforms of the load voltage and current and identify the
conducting switch and the operating quadrant.

Solution

Refer to Fig. 6, the output current of the RL load is denoted by i; and i, when

the output voltage = Vi and -Vi respectively. Gives:

V: V. wt
s l_ l I —m 0
o=l =% E+pe forO0<wt<m
. Vi (Vi _wt=n
10=12=—E+(E+Ip>e tand form < wt < 2m

Applying the boundary condition:

(wt=m) =i,(wt =m)

Gives:
s
Vi 1—e tand
h=p\"T"=
1+ e tand
Accordingly:
tan o — ) 1207 * 0.025 _ 0.942
ang =-—-= 10 = 0.
L, =9314

|V N .

Fig. 6

(a) The load current expression
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wt
10 —19.31e 0942, forO0<wt<m
lo = wt-1

—10+4 19.31e 0942, form < wt < 21

(b) To determine the power absorbed by the load, find I,

1 (" __wt_\?
I, = —J (10—19.31e 0.94z> dwt
TJo

Solved numerically using calculator, 1,=6.644A

The load power is the power dissipated in the resistor, P = I2R = 441.6W
(c) The dc source current is equivalent to the load current for O<a<wmt and

repeats this period; therefore:

1" __wt_
I; e =—j (10—19.31e 0.942> dwt
T Jy

_1 107 + 18.19 (e 093z — 1)| = 4.4164
2l ( )

(d) The drawing ...

~State 2 ><

50 —

State 1 > |

-50

DA

DB’

SA

SB’

SA’
SB

o

-100 [— -

Fig. 7

Drill Problem:
Derive the expression of the k™ harmonic of the load current and determine
the current harmonic distortion taking into consideration (i) the first three
harmonics (3,5,7), (ii) the first 6 harmonics (3 — 13™) and (iii) the first ten
harmonics (3 -21%)
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Chapter 6
Inverters
3-Single-phase inverter. PWM Control

The quality of operation of the inverter can be improved by Pulse Width Modulation
(PWM) control. This lecture introduces the basic concept of sinusoidal PWM. The basic
terms of modulation index (m) and frequency modulation index, m; have been defined.
The relationship between the PWM waveform and its Fourier components has been
described. The comparator-based implementation of PWM is shown and the traditional

bipolar and unipolar methods are given.

Aim of PWM control
In Chapter 5 (dc-choppers), we have controlled the chopper to produce variable output
voltage or magnitude control ratio (denoted then by M) and we have implemented this
through the switching signals. M has been defined as (Vo qc/Vi).
In this lecture we are going to extend this method to control inverters. For the inverter
the desired output is sinusoidal, let’s say it is given by:

Vo =V, sinwt ..(6.9)
Where the asterisk (*) superscript indicates a reference or desired value.

Define, the modulation index, m, as:
m= - ..(6.10)

m is closely related to magnitude control ratio (M), and typically m(max)=1.
Fig. 9 explains the approach of PWM control, where the desired sinusoidal output
voltage is denoted by v*. This voltage cannot be produced by the inverter as the

inverter produces voltages of (+Vi, 0 and —Vi) only. The method followed to
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Fig. 9 Sinusoidal PWM

approximate the desired output voltage is to divide the period of the voltage v* into ms

switching intervals. m; is defined as the frequency modulation index.

TS w

Within each switching interval the inverter approximates the desired output voltage by
producing a voltage that has a “local average ” equals to the desired output voltage or:
Uom = V' (0t = ap) = V' sin(a,)

The resultant voltage, v,, has a sequence of pulses as shown in Fig. 9. The advantages

of this voltage lies in its spectrum, specifically:
- Vo1 = mV;: this implies that the output fundamental can be linearly controlled
by changing m.
- The harmonics of v, appear as a sidebands around orders: ms, 2ms ... which
suggests that this method allows the control of the dominant harmonics frequency.
Fig. 9 also shows the switching variables a, b to produce the corresponding V.
In practice, PWM has been implemented using a commonly known (analog or digital)
electronic system by a method known as carrier comparison.
There are famous two carrier-comparison PWM schemes for single phase inverter as
described in subsequent sections.
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Bipolar PWM

This method is explained in Figures 10 and 11. The switching signals is produced by
comparing a sinusoidal reference (vre) and a triangular carrier (viyi). The sinusoidal
reference has:

-frequency equals to the desired output frequency.

Vre f.p

- an amplitude adjusted in such a way that m = , which means that: (0<m<1) =2

tri,p
(O<Vref,p<Vtri,p)
The triangular waveform has a constant amplitude and its frequency is m; multiples of

the sinusoidal reference frequency.

v Viine
Viri sine

(Carrier) (Reference)

(a)

L]

LUT T I

Fig. 10 Carrier comparison and bipolar output voltage of the inverter

g — ; a

comparator

™S
V

Fig. 11 Electronic system to control the inverter using bipolar PWM
The criteria for producing the switching signals is:
(0 if Ve < Vi
B {1 if vref > Veri
b=a .(6.13)
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The switching signals generated as shown in Fig. 11 produce a bipolar output voltage,
I.e. switches between positive and negative polarities every interval and no zero
output.

To assure half wave symmetry, m; must be odd, therefore the most dominant harmonic
will be, as shown in Fig. 12 of order m;, other harmonics appear at (m;%2). The next
bunch of harmonics appear as side bands around 2 m; (but not at 2ms as this is an even
number).

Figure 12 also shows that fundamental output voltage amplitude peak is equals to mV;.

0.8 m, = 0.8, m; = 15

3§ .‘%‘I,I!; :lJ_lalI‘\Ll
mf

! m N 2my
{ms+ 2) (2m + 1) @m; + 2)

Harmonics A of f; —
Fig. 12 Harmonics spectrum of the bipolar PWM voltage.

Table 8-1 Generalized Harmonics of v,, for a Large m,.

md
J\ 02 04 06 08 10

1 0.2 04 0.6 0.8 1.0

Fundamental

m, 1.242 1.15 1.006 0.818 0.601
m,+ 2 0,016 0.061 0.131 0.220 0.318
m, x4 0.018
2m; * 1 0.190 0.326 0.370 0314  0.181
2m, + 3 0.024 0.071 0.139 0.212
2m,+ 5 0.013 0.033
3m, 0.335 0.123 0.083 0.171 0.113
3m,x 2 0.044 0.139 0.203 0.176 0.062
3m,* 4 0.012 0.047 0.104 0.157
Im £ 6 0.016 0.044
dm * 1 0.163 0.157 0.008 0.105 0.068
4m, * 3 0.012 0.070 0.132 0.115 0.009
dm x5 0.034 0.084 0.119
dm, x 7 0.017 0.050
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Table 1 lists the amplitudes of various Fourier components for the entire range of m
and m; =39. The table reflects the various PWM characteristics.

The bipolar PWM provides simple implementation method, however its output voltage
has high harmonic distortion. The distortion can be reduced by following the unipolar
PWM strategy.

Unipolar PWM

Unipolar method, is achieved by applying two reference voltages which are 180° out
of phase. Where, a is produced in the way described in Eq. (6.12) while b is produced
by comparing —Vy to the carrier as follows:

_ {0 if — Uref < Vgri

: ...(6.14
1 lf _vref > Vi ( )

Utri Vref

(= Vogntrol) > viri Ycontrol > Uri

ITITLLDLE
AL

. —

Fig 13 Unipolar PWM
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In unipolar PWM, the duty ratio for the two switching functions during the n interval
are given by:

dgn ==[1+ F(m,a,)] ..(6.15)

dpn =5 [1+F(m, a,)] .(6.16)

For sinusoidal modulating function (reference) the duty ratios are

dgn ==[1+msina,] .(6.17)

NIlr N|R

dp, =-[1—msina,] ..(6.18)

Figure 13 shows the unipolar PWM method operation. It can be seen that with each
switching interval (triangular cycle) there is one pulse of a and one pulse b but two
pulses of the output voltage v, with switching frequency of f;=m; x(the reference
frequency, 1), the resultant output voltage has two pulses every T and therefore its
effective switching frequency = 2f; and the harmonics appear around 2ms, 4m, ....,
as shown in Fig. 13. So for the same switching frequency we can roughly expect that

the THD in the current will be reduced to around half.

1ay

— 1, x YL ¥ ¥ ¥ |
sz 3M, Amf
(2m; - 1) (2mg + 1) (harmonics of ;)

fe)

Fig. 14 Spectrum of the unipolar output voltage (m=0.8, m;=15)
Example:
A single phase inverter is supplied from a 400V dc link and controlled with unipolar
sinusoidal PWM with m;=10 and m=0.9 , determine the duty ratio of the switching
functions a and b over the output voltage period and draw the switching functions and

the output voltage waveforms.
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Sol.

aTL
n (interval) 360 Ao dpn Yam Yon
= (n—0.5) (°)
1 18 0.64, 0.36 11.5,6.5
2 54 0.864, 0.136 15.6,2.4
3 90 0.95, 0.05 17.1,0.9
4 126 0.864, 0.136 15.6,2.4
5 162 0.64, 0.36 11.5,6.5
6 198 0.36, 0.64 6.5,11.5
7 234 0.136, 0.864 2.4,15.6
8 270 0.05, 0.95 0.9, 17.1
9 306 0.136, 0.864 2.4,15.6
10 342 0.36,0.64 6.5,11.5
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Chapter 6
Inverters

4-Three-phase VSI: Circuit, Switching
States, and Square Wave Mode

Three phase VSI is the most common AC supplying converter. This lecture presents its
circuit topology, defines the switching variables and the switching states. Relationships
between the switching states and the output voltage are derived, also the dc side current
is defined in terms of the switching state and the output currents. The square wave
operation mode is presented and the corresponding analysis with RL load are given by

example.

Circuit Topology

Most of the practical inverters, are of the three-phase type. The power circuit of a three-

phase VSI in Fig. 15 is obtained by adding a third leg to the single-phase inverter.

Switching Variables and Switching States:

As before, of the two power switches in each leg of the inverter one and only one is
always on. Neglecting the dead time, three binary switching variables, a, b, and c, can
be assigned to the inverter. As for single phase inverter, the 0 is to turn off the upper
switch and turn on the lower switch and the 1 value is to turn on the upper switch and
turn off the lower switch

A state of an inverter is designated as abc,, making for a total of eight states, from state
0, (when all output terminals are connected to the negative dc bus), to state 7, (when

they are connected to the (+) side of Vi).
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The Output Voltages
The three output points voltages with respect to the negative side of (Vi) can be

represented as:
v, = al;.

vb:b‘/i

v, =cV;

VaN

Z

Fig. 15 Three-phase VSI

The line to line output voltages are given as follows:
Vpap = Vg — Vp = aV; — bV; = (a = D)V;

vge = (b — )V,

Vea = (€ —a)V;

In matrix form...
b ...(6.20)

:

k

Vap 1 -1 0
[UBC] = l 0 1 -1
VUca -1 0 1
Power Electronics EEP303/Chapter 6
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In a balanced three-phase system:

Van
Upn

Ucen

Van v 2 -1
Upn| = ;l -1 2
Ucen -1 -1

neutral output voltages for all states of an inverter. The results are listed in Table .1. The

line-to-line voltages can only take three values, 0 and +Vi, while the line-to-neutral

|

1 Vap — Vca
—|VBc — VaB

VUca — VUpc

-1
-1
2

Equations (6.20) and (6.21) allow the determination of the line-to-line and line to-

voltages can take five values, 0, £Vi/3, and £2Vi/3.

(6.21)

Table 1 States and output voltages and input current of three phase VSI

State | abc, | vap | Ve | Vea Van Vpn Vea i
0 000 0 0 0 0 0 0
1 001 0 -V V; -Vv;/3 | =V;/3 | 2V;/3 ic
2 010 | -V, V; 0 -v;/3 | 2V;/3 | =V;/3 ip
3 011 | -V, 0 v, | -=2V;/3| V;/3 Vi/3 —iy
4 100 V; 0 -V, | 2v;/3 | =V;/3 | =V;/3 i
5 101 V; -V 0 v./3 | =2V;/3 | V./3 —ip
6 110 0 V; -V Vi/3 V./3 | —=2V;/3 —ic
7 111 0 0 0 0 0 0 0
DC Supply Current

Table 1 gives the inverter’s input current as a function of output currents. Indeed the

input current can be expressed as a function pf switching variables and output currents

as follows:

[, = ai, + biy + ci,

Or alternatively:
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i;=(@—Dig+ (b —1i, + (c—1)i, ..(6.23)
Equation (6.22) expresses the input current as the sum of the current through the
switches SA, SB and SC while Eq (6.23) expresses the input current as negative of the
sum of the current through the switches SA’, SB” and SC”’.

Square-wave mode.

In square wave operation mode, the three switching variables have 50% duty cycle
pulses i.e. equals 1 for T/2 followed by 0 for T/2 as shown in the top three waveforms
in Fig 16. The three arms switching signals a, b and c are shifted from each other by
one-third of a cycle (or 120°). The switching functions and the resultant line and phase
voltages are shown in Fig.16. In this figure the time axis is represent in terms of angle
ot where o=2xf; f is the desired output frequency and T=1/f is the operation cycle.

If the operation cycle starts by the instant at which a geos from 0-to-1, the corresponding
switching sequenceis: 5-4—-6 -2 —3—1—..., with each state lasting for T/6 (or 60°),
the individual line-to-line and line to- neutral voltages have waveforms shown in Fig.
16. Notice that the voltages, although not sinusoidal, are balanced. This is the square-
wave mode of operation, in which each switch of the inverter is turned on and off once
within the cycle of output voltage. The peak value, V1, Of the fundamental line-to-
line output voltage equals approximately 1.1 Vi and that, V(n 1, Of the line-to-neutral
voltage, 0.64 Vi. Both voltages have the same total harmonic distortion, THD, of 0.31.
The ratio V. 1,p/Vi represents the dc supply utilization factor, which in this case is
greater than unity. The shape of the phase voltage waveform (Fig. 16) is known as the
six-step waveform, also the three-phase inverter has been known, previously, as the six

step inverter.
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Fig. 16 switching signals and output voltage waveforms of the three-phase inverter
in square wave mode.

Waveforms of the output voltage and current for one phase of the inverter are shown in
Figure 16. They are, as in a single-phase inverter in the square wave mode, are highly
distorted. But the three phase inverter has zero triple harmonics. and rich in low-order

odd harmonics, except for the triple ones.
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Fig. 17 Phase voltage and current for RL load

0 t . ot
V4 27

Fig. 18 the input current corresponding to the ac current shown in Fig. 17

Example 1 A VSI is supplied from a 620-V dc source and feeds a balanced wye-
connected load. At a certain instant, the inverter is in state 3 and the output currents in
phases A and B are —72 and 67 A, respectively. Neglect the voltage drops in the
inverter, and determine all the output voltages (line-to-neutral and line-to-line) and the
input current.

Drill exercise: The inverter in example 1 is operated with a Y-connected pure
inductive load with 0.5H per phase, draw to scale the waveforms of the load currents,
input (dc) current and the dc supply instantaneous power. Calculate the average power
supplied by the DC source.

Example 2 : A three phase six-step inverter is producing an output voltage with
ViL1=200V at 52Hz. The load is a Y-connected ac motor which is modeled by as
100mH inductor/phase in series with a back emf supply of fundamental frequency.
Calculate the peak ripple current resultant in this case.
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Chapter 6
Inverters

4-Three-phase VSI: Analysis of square wave
mode voltages

This lecture considers the line and phase voltages of the six-step inverter. Fourier
analysis are presented and discussed. Full analysis based on Fourier series are given by

example.

Line voltages.

The line-to-line voltages have been obtained in Lect. 4 (last lecture Fig. 16) and redrawn
in Fig. 19 after introducing a 30°shift. This phase shift is introduced to establish odd
symmetry. If we examine Fig. 19 we will notice that the waveform is identical to the
output voltage of the quasi square wave (Fig. 7) with a=30°(n/6). Therefore we may
import the corresponding Fourier solution from Eq. (6.5) to perform the analysis as
follows:

e The amplitude of the n'" harmonic:
__ B, _2V2

Von = N EVicos(nn /6) ..(6.24)
n=135,7,..
e THD:
NG
VLL,l = ?I/l (625)
2
VLL == Vl\/; (626)

Viw = V2 —VZ =V, |2~ < = 0242V, (6.26)
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THD,, = vaih =31% .(6.27)

Fig. 19 The line voltage of a six-step inverter (Vi=100V)
e The spectrum of v, :
Based on Eq. (6.24), Fig. 20, is drawn to show the spectrum of the line voltage. It can
be seen that besides even harmonics, all triple harmonics (3, 9, 15, 21... ) are absent

(zeros). The absence of the triple harmonics can be explained in two ways:
e One: From equation (6.24), the n™ harmonic : V, ,, ,, = :—nVl-cos(nn /6) becomes

zero every time the angle (nz/6) becomes integer multiples of =/2, i.e. when n is
multiples of 3 (3, 9, 15, ...).
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Fig. 20 Spectrum of the line voltage shown in Fig. 19

e Two: If we examine the n'" component of a line voltage (say vag) as follows:
Vapn = Van — Vgn, The third (and other triple) harmonic corresponding to the
voltages are identical in amplitude and phase and therefore the difference between
them is zero. This phenomenon is known as common mode cancellation. Figure
21 shows the total, fundamental and third harmonics in va vg and vag. It can be
seen that the third harmonics in both output points voltages (va 3 Vs 3) are identical
in amplitude and phase and therefore their difference is zero:

Vag,3=Va3—Vg3=0

Notes: (1) The cancellation of triple harmonics is applicable to in any control
method (not only square wave mode) in which the switching functions are identical
and shifted by 120°.

(2) Like other three phase systems, the cancelation of the third harmonics can be

disturbed by unbalance.
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Fig. 21 Cancellation of third harmonic in three phase line voltage
Phase voltages
The phase voltage waveform vay corresponding to the inverter supplied by a 100V dc
source and operated at 50Hz is shown in Fig. 22. This formation of this voltage has
been described in the last session. In this part we want to obtain the attributes of this

waveform

Fig. 22 Phase voltage of a three-phase VSI

Power Electronics EEP303/Chapter 6
Inverters Lecture#5 March,14. 2019



e Amplitude of n'" harmonic:

The phase voltage is odd and half-wave symmetrical, therefore:

a3t
ViNnnp = Bn = — §sm nwt dwt +
0

T

__ 4V T
VLN,n,p =5 [1 + cosn;]

e Total Harmonic Distortion

From 6.28

VLN,l =

The total RMS

24/2V;

3T

2
Vin = \/;Vi

VLN,h = \/VLNZ - VLN,12 = 0.14V;

THDVLN =

[1 + cos g]

0.14

V2/m

— = 0.311

2T

vz,
s

32
J —sin nwt dwt
m 3

3

.(6.28)

.(6.29)

.(6.30)

.(6.31)

.(6.32)

By comparing the attributes of the line and phase voltages we can find several

interesting connections, for example:

The following line-to-phase values hold the essential v/3 ratio:

(rms)

Quantity Line-to-line Phase Line-to-phase ratio
Fundamental NG V2 V3
voltage Viea = ?Vi Vini = ?Vi
Total RMS voltage 5 5 V3
VLLZ\/;Vi VLN=\/;VL'
Harmonics voltage Vipn = 0.242V; Vi n = 0.14V; V3
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What make this result so interesting is that the two waveforms are different in shape.
This also leads to equal THD of the two waveforms.
The following discussion of the spectrum will explain the reason for the above
properties.

e The spectrum of v, :
Based on Eqg. (6.28), Fig. 23, is drawn to show the spectrum of the phase voltage. Again
even and triple harmonics are zeros. Figure 23 shows both line and phase voltage
spectrums on a logarithmic scale to provide higher resolution. Where the line voltage

components are represented by the thin red lines, while the phase voltages by the thick
black bars. It can be seen that for all harmonics, the ratio of v/3 is correct.

Now as the two waveforms equal similar ratio of all harmonics, what make the

waveforms different in shapes? (This question is left for you to answer)

0 1 I L1 I L1 I L1 I [
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Fig. 23 Spectrum of line and Phase voltage of six step inverter.
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Example 1 A VSI is supplied from a 630-V dc source and feeds a balanced wye-
connected load of Z=42Q ~30° at fundamental frequency. The switching period is
18seconds. Determine:

I

ph, 1 11,1 Ipny I, THDppp, REY;

Approximate the harmonic current to the first 6 nonzero harmonics.

Example 2 : A three phase six-step inverter is producing an output voltage with
VLL,1=200V at 52Hz. The load is a Y-connected ac motor which is modeled by as
100mH inductor/phase in series with a back emf supply of fundamental frequency.

Calculate the ripple current and the total harmonic distortions of the output current.
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Chapter 6
Inverters

4-Three-phase VSI: Carrier Comparison
PWM

The limitations of the square wave operation mode are discussed. The application of
carrier comparison PWM in three phase VSI is presented and the features of sinusoidal
PWM are studied. The performance of sinusoidal PWM is evaluated after listing the

desirable characteristics of inverters.

Limitations of Square wave mode
The square wave mode operation studied in the last two lectures has two basic
limitations, which are:

(1) The fundamental output (line and phase) voltages are constant if the input voltage
is constant. The lack of the ability to provide variable output voltage is the
main limitation of this method.

(2) The line and phase voltages spectrum show that the low order harmonics (odd-
non-triple) are the most dominant harmonics. These harmonics can cause
considerable distortion in the output current as its frequency is not too high. The
low order harmonic distortion is the other basic drawback of the square wave

mode.

Carrier-based PWM Control of Three Phase Inverter

As for the single phase inverter carrier comparison PWM can be implemented by
comparing three reference sinusoidal phase voltages: r 4, rz and r to the triangular
carrier as shown in Fig. 19. Analogue to PWM in single phase inverter:

1- The reference signals have the desired output fundamental frequency.
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2- Like the desired three output voltages, the three reference signals shifted from
each other by 120°.

3- The three reference sinusoidal voltages have the same amplitude (as the desired
three phase output voltages), and the output fundamental amplitude is
proportional to the modulation index, m.

4- The triangular carrier have a frequency reflects the switching frequency, the
ratio of the carrier frequency-to- the reference frequency is the frequency

modulation index, m.

L LTI ]
LT L o
OO0 | o

;r'r 2

1 [lustration of the carrier-comparison PWM technique (N = 12, m = 0.75).

Fig. 19 Sinusoidal carrier comparison PWM of three phase inverter
The aim of the PWM is to produce a switching signal with a frequency, Ts, and with a
duty ratio that is proportional to the reference amplitude, so the output voltage will
change continuously according to the shape of the reference. This mechanism is
explained in Fig. 20 where the reference is approximated to a constant value. This
approximation is valid as the switching interval -the triangular signal interval- is small

compared to the reference period (T, < T).
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Figure 21 shows the relationship between the duty ratio of the switching variable (d)

with the amplitude of the switching functio

n during a switching interval.

In controlling the three-phase inverter it is desirable to keep a 120° displacement

between the three-switching functions in order to keep the voltage balance. So, the

reference waveforms satisfy the following form:

ry = F(m, wt)

21
73=Fcnwt—§J

41
T, = F(m,a)t—?)

..(6.24)

| |
e

T

m sin o,

——eadJain

-—dT,,, >

d=0.5(1+m sin a,)

o

Fig. 20 The relationship between the switching variable duty ratio and the reference

ampl
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Fig. 21 the variation of the duty ratio with the amplitude of the modulation function.

Modulation Function

In Eq. (6.24) F represents the modulation function, the function that represent the
desired output and therefore known here as the reference function. In Fig. 19 the
modulation function is sinusoidal.

The relationship between the reference function and the duty ratio leads to the

following specific equations for the duty ratios of the three switching functions:

d,(n) = %[1 + msin(a,,) |

2T

d,(n) = %[1 + msin (ocn —?)]

d.(n) = %[1 + msin (an —%T)]

(6.25)

Where n is the rank (position) of the switching interval, (n=1...m¢ ) and o, is the

. 2 1
center angle of the n interval, a,, = m—” (n — 5).
f

The switching functions generated by the traditional sinusoidal carrier comparison
shown in Fig. 19 have the duty ratios described in Eq. (6.25) providing that mg>>1.
Figure 22 shows that with m=12, each switching variable has m¢pulses per cycle. The

line voltage has 2m; pulses per cycle.
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Fig. 22 Switching functions and output line and phase voltages of the three phase

inverter.

Line voltage spectrum

In order to cancel low order harmonics, the symmetry between the three phase voltage

besides the half-wave symmetry must be assured. This requires an ms to be integer

multiple of 3 and proper angle setting between the reference and the carrier. The

following discussion can be generalized if these two conditions are satisfied.

Fundamental component:

.(6.26)

where (0 <m < 1)

Dominant Harmonics Order:
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The harmonics appear as side bands around m; excluding even and triple.
With m=15 and m=0.8, the line voltage spectrum is shown in Fig. 23. It can be seen
that the (my) and multiple harmonics are absent since m; is multiple of 3 also no mgt1

as these numbers —in this case — are even.

Vi ()
Va

1o
08}

06
041

oar }—L!——l—%ﬁ—.—‘_LkLl_‘ i T f
0 1 my sz ¢ * 3.:11; e_.——-h

{l'l'lf + 2) lzﬂ'l-f + 1)

m, = 0B, m;= 15

Fig. 23 Line-to-line voltage spectrum of the three phase PWM inverter

The table below shows that amplitude of different harmonics of a three-phase inverter

with m; which is odd and multiple of 3.

Table 8-2 Ceneralized Harmonics of v, for a Large and Odd
m, That Is a Multiple of 3.

md

h 0.2 04 06 08 1.0
i 0.122 0245 0367 049 0612
my = 2 0.010  0.037 0.080 0.135  0.195
m, + 4 0.005  0.011
2m, + 1 0.116 0200 0227 0192 0.111
2m, + 5 0.008  0.020
3m, * 2 0.027 0085 0.124 0108  0.038
3m, = 4 0.007 0.029 0064  0.0%
4m, = | 0.100 009  0.005 0064  0.042
4m, xS 0.021 0051  0.073
dmy + 7 0.010  0.030

Note: (Vy;) /¥, are tabulated as a function of m, where (V,, ), are the rms
values of the harmonic voltages.
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Example: A PWM controlled three phase inverter is operated with sinusoidal
reference voltage. The modulation index, m=0.8, the frequency modulation index
mf=39. The output voltage VLL,1 =300V at 60Hz. Determine (a) the DC link voltage
(Vi).

Desirable characteristics

(1) Good utilization of the dc supply voltage, that is, a possibly high value of the

. . . 174
maximum voltage gain, Ky(may, defined here as:Ky imax) = “1+(max)
i

where Vi 1 pmax denotes the maximum peak value of the fundamental line-to-line
output voltage available using the technique under consideration.
(2) Linearity of the voltage control, that is,

ViLp m) = MVLL1pmax)
where m denotes the modulation index, which in inverters is identical to the magnitude
control ratio. The magnitude control ratio is defined as the ratio of the actual output
voltage (line-to-line or line-to-neutral, peak or rms value) to the maximum available
value of this voltage.
(3) Low amplitudes of low-order harmonics of the output voltage to minimize the
harmonic content of the output current.
(4) Low switching losses in the inverter switches.
(5) Sufficient time allowance for proper operation of the inverter switches and control

system. (simple implementation).
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Chapter 6
Inverters
PWM Techniques

The disadvantages of the basic sinusoidal PWM control is low supply voltage utilization
and high switching losses. This lecture presents three alternative carrier comparison
techniques to mitigate the above problems. The three carrier comparison techniques are:

overmodulation, third harmonic and discontinuous PWM.

Overmodulation

Overmodulation indeed is not an individual control method! It is simply an extension
of carrier comparison sinusoidal PWM (SPWM). By exceeding the limit of modulation
index, m, for SPWM (m>1) the inverter enters overmodulation mode. Carrier and
reference signals in overmodulation and switching signals and are shown in Fig. 24. The

logic for producing switching signals is similar to that of SPWM (a=1 when ra>Vve).

I'.l)' :

M wm

(h)

Fig. 24 (a) Reference and carrier waves and (b) the corresponding switching signal

Overmodulation is equally applicable to single phase and three phase inverters. The

method is easy to apply and the extension of SPWM controller is straightforward and
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does not require any additional hardware. Overmodulation is normally used in inverters
used to supply variable speed induction machines, where the inverter operate in linear
mode to provide voltage up to 78% of the maximum voltage and then in overmodulation

region to provide higher voltages.

The variation of the output voltage (V, , for single phase or V;; ; for three phase) with m,
IS nonlinear in overmoduation region. Figure 25 shows that with large values of m
(>3.24) the inverter reaches the square wave mode. This limit (m >3.24) changes slightly
with m.

Operation in overmodulation region introduce low order harmonics as indicated in Fig.
26. As m increases from 1 to “3.24” the harmonics around m; decreases and the low
order harmonics (3, 5, 7 ...) start to grow. This represent the frequency domain

manifestation of the continuous transition from PWM to square wave.

Vo1p/Vi  (Vao Vieap/Vi vy, ms)
v —_——
(?f) Va

4

4 Square-wave
T
(= 1278) -~ ﬁ =0.78F—————— =
T
1.0 ﬂ = 0612 —
55 =06

over-
modulation "T'_ Square-wave

Square—wave

Overmodulation

0 ] -m, |
g 1.0 3.24 0 3.24
{for m; = 15) (for m. = 15\

ot o ——

Fig. 25 The variation of the output voltage with modulation index in linear and overmodulation
regions
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Fig. 26 Spectrum of the line voltage of three phase inverter in overmodulation mode

Third Harmonic PWM

The sinusoidal modulating function, F(m,«t) = msin(«t), is simple, but the maximum
output voltage (supply utilization) of the inverter can be significantly increased using
special non-sinusoidal modulating functions. These functions are achieved by third
harmonic injection, which means adding third harmonic component to the
fundamental reference. In three phase inverters, the triple harmonics do not appear in
output voltages and currents as shown earlier. The third-harmonic modulating

function, is given by Eq. (6.27). Figure 27 shows the reference (rn) for m = 1:

F(m,wt) = \/z—gm [sin(wt) + %sin(3wt)] .(6.27)

1st

Fig. 27 Third harmonic modulation function.
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The third harmonic component in the output lines are in common mode, this due to the
120° phase shift between the three voltages. Therefore, the output voltage (line or
phase) having only the fundamental component, and third harmonics cancel each
other.

At m = 1, the fundamental equals 2A3 = 1.15, which represents a 15% increase in the
maximum output voltage for the same V;. The switching frequency, and hence the
switching losses, are similar to its value in SPWM as there is one switching pulse per
switching variable per switching interval (Ts) in both sinusoidal and third harmonic
PWM.

The third harmonic PWM improves the supply utilization, but it does not affect the

switching losses. The following method deals with the problem of switching losses.

Discontinuous PWM
The aim of discontinuous PWM is to save 1/3 of the switching losses!
This is done by adding a common mode (third harmonic) signal to the three reference
signal ra, rg and rc. The common mode has 120° period in such a way that each
reference becomes 1 or —1 for 1/3 of each half cycle.
With m=1, the three sinusoidal reference signals and the injected third harmonics
signal are shown in Fig. 28. For the switching variable a, the value of the new
reference ra’ need to be 1 for (60° < wt < 120°), therefore in this range the third
harmonics injected function is calculated as:

cc=1r,—1,=1—msinwt ((60° < wt < 120°),
Whereas the value of the new rn’ need to be —1 for (240° < wt < 300°), gives the
third harmonics injected function:

cc=1ry,—1,=—1—msinwt ((240° < wt < 300°),
In similar way, cc is determined in other sectors as follows:
for0°<wt<60°rg=—1->cc=—-1—-ry
for120° < wt <180°1r;, =—-1->cc=—-1—1¢
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for180° < wt <240°1r5 =1->cc=1—-r1p

for300° < wt <360°1r,=1->cc=1—1¢
Where 1,4, rgand rqare the sinusoidal reference functions and r,, rgand r," are the
discontinuous (modified) reference functions.

The resultant discontinuous reference are shown in Fig. 28 for m=1 and Fig. 29 for
m=0.7.

common

05 rA’ B’ rc’

Fig. 29 discontinuous PWM (m=1) upper sinusoidal reference and common third harmonic voltage

Power Electronics EEP303/Chapter 6
Inverters Lecture#7 March,26. 2019 5



Comparison between the different methods

No. of switching VLL,1,p,Max . .
Method eycles per switch y Dommagtd A_pplllcabr:e to
per period A armonics Order single-phase
Square wave 1 @ 5,7, 11, 13,.. v
T
V6
SPWM my — Around my, 2my, .. v
T
) Smoothly moves
Overmodulation my -1 \/_8 - ﬁ from SP><NM to v
n n square wave mode
Third harmonic
me _2\/5 Around my, 2my, . X
PWM Tt
Discontinuous NG
m — Around mg, 2meg, ..
PWM f - ey X
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Chapter 6
Programmed PWM Techniques

The best compromise between efficiency and quality of inverter operation is achieved
In programmed, or optimal switching pattern, PWM techniques. The method is also
known as selected harmonic elimination (SHE). This lecture shows the application of

SHE in single-phase and three-phase VSI control.

Programmable PWM in Single-phase inverter

Suppose that a single-phase inverter is controlled to produce the output voltage shown
in Fig. 30. This waveform is quarter-wave symmetrical therefore the waveform, which
has 12 switching events has only three independent switching angles. The independent
switching angles are denoted by: a4, o, and as. The independent angles are defined in

the first quadrant as follows: 0 < a; < a, < a3 < /2.

A

|
|
Vi I
|
|
| )
|
| By =
Do o o 3 :qu:
g £ ! 2n
|
|
|
|
|

Fig. 30 Output voltage of single-phase inverter controlled with programmable PWM with three

r
i

o+u

C0+1
0+L
0L

“o-ug

» ot

£0—1

primary switching angles.
Consider Fourier analysis of the voltage waveform shown in Fig. 30. Since the

waveform is half-wave and odd symmetrical:

s

4 (2 4V;
an—j v, sinnwt dwt = —
TJo

T
2%/} 7
j sinnwt dwt + f sin nwt dwt]
T a a
1

3

4V;
= —[cosna; — cosna, + cosnas]
mn
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The amplitude of nth harmonic is given by:

Vap

= % [cosna; — cosna, + cosnas] (6.28).
Equation (6.28) show that the amplitude of the n'" harmonic is a function of the

independent switching angles (as, as, and o).

Inverter control by programmable PWM method with three primary switching angles
Is based on the idea that: “since the output voltage depends on three control
parameters (o, as, and as); We can determine the parameters that meet three specific
requirements”’.

From the inverter need point of view, the three most desirable needs are: (1) to set the
amplitude of the fundamental output as desired. And (2) to eliminate the two most

severe (lowest order) harmonics. The most severe harmonics are the third and fifth

gives:
Vip = i [cosa; — cos a, + cos as]
; i
V3p =0 = il [cos3a; — cos 3a, + cos 3as]
’ 3
Vs, =0= % [cos 5a; — cos5a, + cos 5as]
..(6.29)
The three equations (6.29) can be rearranged as follows:
Vip =m= é [cosa; — cosa, + cos as]
V; T
V3, =0 =[cos3a; — cos3a; + cos 3as]
Vsp =0 = [cos5a; — cos5a, + cos 5az]
..(6.29)

For a given reference output voltage Eq. (29) can be solved to obtain the primary
switching angles that provide a fundamental output voltage as required and eliminate

the 3" and 5™ harmonic.
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Solving equations like those given in (6.26) is not straight forward. The equations are
highly non-linear and require numerical iterations and the solution is beyond the scope

of this course.

Example 1. A single-phase inverter is controlled by programmable PWM method
with three primary switching angles. When, V,:=0.8 Vj, and the third and fifth
harmonics are eliminated, (a) write the equations that used to determine the primary
switching angles

(b) Show that the primary angles (a; = 31.43°, a, = 54.52° and a; = 69.24°) meets
the design conditions

Sol.

(@)

0.8

= [cosa; — cosa, + cosas] = 0.628

0 = [cos 3a; — cos 3a, + cos 3as]
0 = [cos5a; — cos5a, + cos5as]
(b) Substitute the given angles in the three equations give:
[cos 31.43 — cos 52.52 + cos 69.24] = 0.6273V
[cos(3 X 31.43) — cos(3 x 54.52) + cos(3 X 69.24)] = 0.0009V
[cos(5 X 31.43) — cos(5 x 54.52) + cos(5 X 69.24)] = 0.004V

The switching signals corresponding to the SHE control shown in Fig. 31 show that

these functions are fully defined as a function of the primary switching angles.

In general: if the inverter output voltage (or the switching signal) of the
programmable PWM has k primary switching angles, we can use these angles to
control the fundamental component (V,1) and eliminate (k-1) harmonics. Normally we

will eliminate the most dominant (or lowest order) harmonics.
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Fig. 30 Switching signals corresponding to programmable PWM with three primary angles

Example 2 The single-phase inverter is controlled with seven primary switching
angles to eliminate the six lowest order harmonics. The seven switching angles are as
follows: (a; = 17.249°, a, = 24.023°, a5 = 34.995° a, = 48.227°, as =
53.933° a, = 73.777° and a, = 75.989°).

(a) Show that the six lowest order harmonics has been eliminated.

(b) Determine the fundamental output voltage (Vo1/Vi).
Sol.

@V, = 43—': [cos 3a; — cos3a, + cos 3a; — cos 3a, + cos 3as — cos 3ag +

cos 3a-|

4v, .
V3’p zg()z:l)(l() Vl

In the same way, we can show that the 5%, 7", 9" 11t and 13" are all zeros. (left for
students as drill)
(b)
4V,
Vl’p = o [cosa; — cosa, + cosas — cos a, + coS as — COS &g + COS |
Vip =095V,
In previous examples MATLAB function (fslove) has been used to obtain the

switching angles used in the examples. You may try to find the switching angles for

other conditions (like different fundamental amplitudes or different number of primary

switching angles).
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Programmable PWM in Three -phase inverter
As indicated earlier, the harmonics of the output voltages are functions of the
switching angles. Therefore if we eliminate certain harmonic in the switching

function, this component will not appear in the output voltage.

When the three-phase inverter is controlled with programmable PWM, the primary
switching angles are the switching angle of the switching variable a as shown in Fig.
32. The switching signals (b and c) are obtained by shifting (a) by 120° and 240°

respectively as shown in Fig. 32.

a(wt) =b (a)t +2?n> = c<cot +4?7r>

The half-wave symmetry of waveforms of switching variables results in the absence of
even harmonics as well, while the quarter-wave symmetry allows expressing
amplitude of the k™ harmonic, Axp, of a(wt) as follows:

-for three primary switching angles:
4 1
App = - [Cos(k“1) — cos(ka,) + cos(kas) — E]

-for K primary switching angles

k
4 . 1
Ay = o [Z(—l‘“ cos(ka;)) — E]
1=

al Ul a

T

o+u
“0+u
€041

f0-ug

-y
o—ug

7077
- 2n/3 > g & B

b UL

- 41/3 >

UL UL L

Fig. 32 switching angles of three phase inverter with programmable PWM and three primary switching

angles.
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As for single-phase inverter, optimal values of primary switching angles is the
harmonic-elimination PWM technique are calculated to set Ay, to the desired output
voltage. Then the k-1 lowest order harmonics are set to zero. In three phase inverter,
the triple harmonics are in common mode, therefore we eliminate the 5™, 7" 11% ...
harmonics (odd non-triple).

For instance, if K = 5, the maximum available amplitude of the fundamental, A1 pmax),
of a(wt) is 0.583 [ViL1pmadVi=V3 * 0.583=1.01] and the 5th, 7th, 11th, and 13th
harmonics can be eliminated, leaving the 17th as the lowest-order one.

The optimal angles in the example case of K = 5 are shown in Figure 33 as functions
of the magnitude control ratio, M (4, ,,/A; pmax)- A harmonic spectrum of the output
line-to-neutral voltage in Figure 34, determined for M = 1, demonstrates the desired

elimination of low-order, even, and triple harmonics.

90

-.,‘J
n
| Ll

s
=
|-

RNV (NN I N B R —

L
o
]

Optimal primary switching angle (deg)
o &
L |

I I I R R I I R

Magnitude control ratio

Fig. 33 Optimal primary switching angles as functions of the magnitude control ratio (K = 5).
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Fig. 34 Harmonic spectrum of the line-to-neutral voltage with the harmonic-elimination technique (K
=5 M=1).

Comparison between programmable PWM and carrier comparison techniques.
The main advantages of programmable PWM are:
1- Bets compromise between current distortion and switching losses.
2- High DC voltage utility (slightly higher than 3 harmonic PWM)
Disadvantages are
1- Not suitable for real time application. The switching angle must be calculated
off-line and stored in look-up table to be played when operating the inverter.

2- Not suitable for closed loop current control.

Drill Question: Using Fig. 33 try to determine the five primary switching angles
when m=0.8. Based on the switching angles found determine the fundamental

output voltage and calculate the amplitudes of the harmonics of order below 20.
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Chapter 7
DC Supply Circuits
1-Buck-Converter

This lecture presents the buck converter (the step-down converter): the lecture

covers circuit operation, analysis and design.

Circuit Diagram and assumption

The buck converter is one of the basic DC supply circuits, the circuit can perform
step-down conversion that is the output voltage is always less than the input
voltage.

The circuit of the buck converter is shown in Fig.1. It is seen that the buck
converter is nothing more, or less, than a first quadrant chopper (studied in chapter
5) with a low pass LC filter connected to the input side. Since the circuit is,
generally, a low power circuit it is expected that the load is modeled as a resistor

and we cannot count on the load inductance to filter out the ripple.

Fig. 1 Buck-Converter
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The following analysis assumes the following:
e Constant capacitor voltage: initially we will assume that the capacitor is
large enough to allow ripple free capacitor voltage.
e Continuous inductor current (i).
Switching function and circuit states

The switching is operated periodically using PWM control with constant duty ratio

for a constant output voltage as shown in Fig.2.

Tsw

(1-d)Tsw | dTsw

Fig. 2 Switching function

The equivalent circuits when the switch is on is shown in Fig. 3 a. As indicated by
the faint line, the diode is reverse biased when the switch turns on. Based on the
two above mentioned assumptions we can write the following equations for on

state:
=1
i, =0 D)
v, =V, -V,

When the switch is off the equivalent circuit is shown in Fig. 3 b. The diode is

forward biased because the inductor current is continuous. The corresponding

equations for off state:

i =i, -(2)
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(b)
Fig. 3 the equivalent circuits during (a) on-state, (b) off-state
To complete the analysis of the circuit, we must consider various voltages and
currents in the circuit as discussed in the following paragraphs
Inductor voltage and output voltage
The inductor voltage variation with the switching signals-as defined in Equations
(1) and (2)- is shown in Fig. 4. This voltage has zero average (in steady state).
Therefore:
AT (V; = Vo) = (1 = )Ty

d ’Iéﬂz Vi =dTs Vo = ’1:§Lv Vo =dTsw Vo
avy =1,
The magnitude control ratio:
_ Y _
M = v d ...(3)
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Inductor Current and Continuous Conduction Condition
Since the inductor voltage is constant- during ton and toff-, the inductor current
changes linearly in both conditions. We will determine first the average inductor
current, I qc:
Since: iy =i, +i¢, and v =V, and I 4. = 0, which implies

A

I =], =
L,dc o R
Where R is the load resistance.

To determine the inductor current ripple (Al.), we use the basic inductor voltage

equation:
di
v, =1L i
During ton:
V=) = Lk,
dTy,,
Gives: Al = (V; — 1) Low - Vil-d)d (&)

L deW

You can reach the same expression by considering the variation during toff. (left to

you as drill)
For continuous inductor current, the following condition must be satisfied:

Al
T < Il,dc =1,

v, _d(l-adV,

>
R 2Lfew

d(1— d)R

Lfsw>——F—— ..(5)
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N {1-d)Tsw T dTsw

Switching
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Inductor 51
voltage [y
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P
#_,_
- . i
=
_I =
Inductar H = b 1_,«'_
currant | - P
T N Y e
]
N L :
Capacitor AQ
current \ ‘ "_‘_____..--\

Fig. 4 Waveforms of voltages and currents for buck converter

Capacitor Current and Capacitor Voltage Ripple

The capacitor current is obtained by taking the ac component of the inductor
current as indicated earlier. This current changes linearly, its peak value is Al /2,
where Al is given in Eq. (4). This current will change the capacitor voltage, the
variation of the capacitor voltage (peak-to-peak) is determined by dividing the area
AQ is Fig. 4 by the capacitance C. AQ represent the charge that has been added to
the capacitor.
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AQ 1AI,T,, 1
- C 22 2¢
1d@-dy; 1 1
L=2 2Lf,, 2fsC

AV,

1-4d)V
ay, - 1= ,
8CLf,,,
AV, 1-d
Vo  s8cLf,,”

..(6)
Example

The buck dc-dc converter is supplied form a 50 V source, and operated with duty
ratio, d, ranges between 0.4~0.6. The inverter uses inductance of L =400uH and
capacitor the of (C =) 100 uF. The load has a variable resistance, R, of 20Q
minimum and 100Q2 maximum. Assuming all components are ideal. Answer four
of the following.

(@) Draw the circuit diagram and find the maximum and minimum values of the
output voltage.

(b)  Determine the minimum switching frequency that assure continuous
inductor current.

()  With switching frequency of 20kHz, d=0.4, and R=20Q; draw to a scale the
following quantities. (i) the switching signal, (ii) the inductor voltage, (iii) the
inductor current. Use the same time scale, calculate and show all amplitudes at the
switching points.

(d) Derive the expression of the output voltage-to- input voltage ratio at steady
state using inductor voltage waveform.

(e)  With switching frequency of 20kHz, calculate the maximum peak-to-peak
output voltage ripple (AVo).
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Chapter 7
DC Supply Circuits
2-Boost-Converter

This lecture presents the boost converter (the step-up converter): the lecture covers

circuit operation, analysis and design.

Circuit Diagram and assumption

The boost converter is one of the basic DC supply circuits, the circuit can perform
step-up conversion that is the output voltage is always higher than the input
voltage.

The circuit of the boost converter is shown in Fig 5. It is seen that the inductor of
the boost converter is no longer a part of the output filter. To enable the stepup
function the inductor is connected in such a way to perform as energy storage

element.

Fig. 5 Boost-Converter
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The following analysis consider the assumptions:
e Constant capacitor voltage: initially we will assume that the capacitor is
large enough to allow ripple free capacitor voltage.
e Continuous inductor current (i).
e Zero ON-state voltage drop, and zero inductor and capacitor parasitic
resistor.
Switching function and circuit states
The switch is operates periodically using PWM control with constant duty ratio
similar to that of buck converter shown in Fig. 2.
The equivalent circuits when the switch is ON is shown in Fig. 6a. As indicated by
shading, the diode is reverse biased when the switch turns on. Therefore the

corresponding ON-state equations

ip =0 -(7)
v, =V,

When the switch is OFF the equivalent circuit is shown in Fig. 6 b. The diode is

forward biased because the inductor current is continuous. The corresponding

equations for off state:

Ipb =1, .(8)
v, =V, -V,

To complete the analysis of the circuit, we must consider various voltages and
currents in the circuit as discussed in the following paragraphs

Inductor voltage and output voltage

The inductor voltage variation with the switching signals-as defined in Equations
(7) and (8)- is shown in Fig. 7. This voltage has zero average (in steady state).

Therefore:
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dewVi = (1 - d)Tsw(Vo - Vl)
avi=1-d)(, - V)
dv; =V, —dV, =V, + dV;

Gives
Vo 1
—_— = — ...(9
Vi 1-d ( )
L
e Y YL

(b)
Fig. 6 the equivalent circuits during (a) on-state, (b) off-state
Inductor Current and Continuous Conduction Condition
Figure 7 shows the switching signals and the corresponding inductor voltage. Since
the inductor voltage is constant- during ton and toff-, the inductor current changes

linearly in both conditions. We will determine first the average inductor current,

IL,dc:
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Since: iy = i; and [; 4. V; = 1,V
Vo
Iac = liac =3 1o = 13% -(10)

Where R is the load resistance.

To determine the inductor current ripple (Al.), we use the basic inductor voltage

equation:
_ di
YL R
During ton:
Al
Vi=L———,
dTs,,
. dTsw vid
Gives: Al, =V; T .(11)

You can reach the same expression by considering the variation during toff. (left to
you as drill)

The previous analysis used to derive equation (10), are based on the assumption
that the inductor current is always positive, when the inductor current tends to
become negative a third state will be reached in which both the switch and the
diode are off. Normally the converter is designed to operate with i, >0 all the time
and that is known as the continuous conduction mode. To maintain continuous

inductor current, the following condition must be satisfied:

Al
> <Ipa4c
Vd 1V
< —_
2Lf.y C1—dR
(1 —d)dV,R
2V,

By substituting for Vo from (10), the continuous conduction condition is given by:

Lfew >
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(1 - d)%dR

Lf,, > ~—— .. (12)
2
N {1-d)Tsw T dTsw
Switching
function I I I I
-
Inductor Vi !
voltage [
=
o
¥ .
I
- l:-‘
=3
Inductar H _ _"_—._—
current | n.g- .____.--“'_ . .f|..
R e
N 1 ! |
AQ
Capacitor

current

=
-

Fig. 7 Waveforms of voltages and currents for buck converter

Capacitor Current and Capacitor Voltage Ripple

The capacitor current is equivalent to the ac component of the diode current. As
shown in Fig. 7, when the switch is on, the capacitor current is equals to (i¢c oy =
—1,). When the switch is off, the capacitor current (ic orr = iy — 1,); This current
changes the capacitor voltage, the variation of the capacitor voltage (peak-to-peak)
is determined by dividing the area AQ is Fig. 7 by the capacitance C. AQ represent
the charge that has been added to the capacitor during tos , Or equivalently, the
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charge taken from the capacitor during to,. The determination during to, is simpler
since the capacitor current is constant.

AV, = AQ _ di,
C  Cf
_dv,
~ RCf,,
AV, d
V, RCf,,

AV,

..(13)
Example

A boost dc-dc converter is supplied form a 12 V source, and produces an output
voltage in the range 15<V,<40V. The inverter uses inductance of L =0.5mH and
capacitor the (C =) 100 uF. The load resistance, R= 60Q. The switching frequency
Is 50kHz.

(@) Draw the circuit diagram and find the maximum and minimum values of the
duty ratio.

(b)  Show that the inductor current is continuous for the entire range of output
voltage.

(c) With switching frequency of 20kHz, calculate the maximum peak-to-peak
output voltage ripple (AVo).

(d) When Vo=20V; draw to a scale the following quantities. (i) the switching
signal, (ii) the inductor voltage, (iii) the inductor current (iv) the diode current (v)
the capacitor current and (vi) the capacitor voltage. Use the same time scale,
calculate and show all amplitudes at the switching points.
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Chapter 7
DC Supply Circuits
2-Boost-Converter

This lecture presents the boost converter (the step-up converter): the lecture covers

circuit operation, analysis and design.

Circuit Diagram and assumption

The boost converter is one of the basic DC supply circuits, the circuit can perform
step-up conversion that is the output voltage is always higher than the input
voltage.

The circuit of the boost converter is shown in Fig 5. It is seen that the inductor of
the boost converter is no longer a part of the output filter. To enable the stepup
function the inductor is connected in such a way to perform as energy storage

element.

Fig. 5 Boost-Converter

Chapter #7: DC Supply Circuit 1 Lect-2 May, 9



The following analysis consider the assumptions:
e Constant capacitor voltage: initially we will assume that the capacitor is
large enough to allow ripple free capacitor voltage.
e Continuous inductor current (i).
e Zero ON-state voltage drop, and zero inductor and capacitor parasitic
resistor.
Switching function and circuit states
The switch is operates periodically using PWM control with constant duty ratio
similar to that of buck converter shown in Fig. 2.
The equivalent circuits when the switch is ON is shown in Fig. 6a. As indicated by
shading, the diode is reverse biased when the switch turns on. Therefore the

corresponding ON-state equations

ip =0 -(7)
v, =V,

When the switch is OFF the equivalent circuit is shown in Fig. 6 b. The diode is

forward biased because the inductor current is continuous. The corresponding

equations for off state:

Ipb =1, .(8)
v, =V, -V,

To complete the analysis of the circuit, we must consider various voltages and
currents in the circuit as discussed in the following paragraphs

Inductor voltage and output voltage

The inductor voltage variation with the switching signals-as defined in Equations
(7) and (8)- is shown in Fig. 7. This voltage has zero average (in steady state).

Therefore:
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dewVi = (1 - d)Tsw(Vo - Vl)
avi=1-d)(, - V)
dv; =V, —dV, =V, + dV;

Gives
Vo 1
—_— = — ...(9
Vi 1-d ( )
L
e Y YL

(b)
Fig. 6 the equivalent circuits during (a) on-state, (b) off-state
Inductor Current and Continuous Conduction Condition
Figure 7 shows the switching signals and the corresponding inductor voltage. Since
the inductor voltage is constant- during ton and toff-, the inductor current changes

linearly in both conditions. We will determine first the average inductor current,

IL,dc:
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Since: iy = i; and [; 4. V; = 1,V
Vo
Iac = liac =3 1o = 13% -(10)

Where R is the load resistance.

To determine the inductor current ripple (Al.), we use the basic inductor voltage

equation:
_ di
YL R
During ton:
Al
Vi=L———,
dTs,,
. dTsw vid
Gives: Al, =V; T .(11)

You can reach the same expression by considering the variation during toff. (left to
you as drill)

The previous analysis used to derive equation (10), are based on the assumption
that the inductor current is always positive, when the inductor current tends to
become negative a third state will be reached in which both the switch and the
diode are off. Normally the converter is designed to operate with i, >0 all the time
and that is known as the continuous conduction mode. To maintain continuous

inductor current, the following condition must be satisfied:

Al
> <Ipa4c
Vd 1V
< —_
2Lf.y C1—dR
(1 —d)dV,R
2V,

By substituting for Vo from (10), the continuous conduction condition is given by:

Lfew >
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(1 - d)%dR

Lf,, > ~—— .. (12)
2
N {1-d)Tsw T dTsw
Switching
function I I I I
-
Inductor Vi !
voltage [
=
o
¥ .
I
- l:-‘
=3
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current | n.g- .____.--“'_ . .f|..
R e
N 1 ! |
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Capacitor
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=
-

Fig. 7 Waveforms of voltages and currents for buck converter

Capacitor Current and Capacitor Voltage Ripple

The capacitor current is equivalent to the ac component of the diode current. As
shown in Fig. 7, when the switch is on, the capacitor current is equals to (i¢c oy =
—1,). When the switch is off, the capacitor current (ic orr = iy — 1,); This current
changes the capacitor voltage, the variation of the capacitor voltage (peak-to-peak)
is determined by dividing the area AQ is Fig. 7 by the capacitance C. AQ represent
the charge that has been added to the capacitor during tos , Or equivalently, the
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charge taken from the capacitor during to,. The determination during to, is simpler
since the capacitor current is constant.

AV, = AQ _ di,
C  Cf
_dv,
~ RCf,,
AV, d
V, RCf,,

AV,

..(13)
Example

A boost dc-dc converter is supplied form a 12 V source, and produces an output
voltage in the range 15<V,<40V. The inverter uses inductance of L =0.5mH and
capacitor the (C =) 100 uF. The load resistance, R= 60Q. The switching frequency
Is 50kHz.

(@) Draw the circuit diagram and find the maximum and minimum values of the
duty ratio.

(b)  Show that the inductor current is continuous for the entire range of output
voltage.

(c) With switching frequency of 20kHz, calculate the maximum peak-to-peak
output voltage ripple (AVo).

(d) When Vo=20V; draw to a scale the following quantities. (i) the switching
signal, (ii) the inductor voltage, (iii) the inductor current (iv) the diode current (v)
the capacitor current and (vi) the capacitor voltage. Use the same time scale,
calculate and show all amplitudes at the switching points.
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Chapter 7
DC Supply Circuits
3-Buck-Boost Converter

Unlike buck (step-down) and boost (step-up), in the buck—boost converter, the
output voltage can be made less than, equal to, or greater than the input voltage.
This lecture presents the buck-boost converter (the step/down step-up converter):

the lecture covers circuit operation, analysis and design.

Circuit Diagram and assumption

The buck-boost converter is the third basic DC supply circuits, the circuit can
perform step-up or step-down conversion.

The circuit of the buck-boost converter is shown in Fig 8. It is seen that the

inductor of the boost converter is no longer a part of the output filter.

TimramUnn el
] |

o

IL |0

Fig. 8 Buck-Boost-Converter
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As usual, the switch in operated periodically with adjustable duty cycle. Before
starting the analysis, again the following assumptions are considered:

e Constant capacitor voltage: initially we will assume that the capacitor is

large enough to allow ripple free capacitor voltage.

e Continuous inductor current (i.) or (i.>0).
The circuit states
The equivalent circuits when the switch is ON is shown in Fig. 9a. As indicated,
the diode is reverse biased when the switch turns on. Therefore the corresponding
ON-state equations

v, =V;

iy (14)
When the switch is OFF the equivalent circuit is shown in Fig. 9b. The diode is
forward biased because the inductor current is continuous. The corresponding
equations for off state:

v, =1V,
ic =1, — 1 (15)

(a)
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(b)
Fig. 9 the equivalent circuits during (a) on-state, (b) off-state
To complete the analysis of the circuit, we must consider various voltages and
currents in the circuit as discussed in the following paragraphs
Inductor voltage and output voltage
The inductor voltage variation with the switching signals-as defined in Equations
(14) and (15) and shown in Fig. 10. This voltage has zero average (in steady state).
Therefore:
dTswVi = —(1 — )TV,
Gives

Vo _ _ 4
=1 ...(16)

The negative sign indicates that the output voltage is negative in the polarity shown
in Fig. 8. This makes sense since when the switch turns off the inductor current
follows to the RC section from the negative side, and therefore charges C to a
negative voltage. Indeed the negative Vo also confirms that the diode will be
reversed biased when the switch is ON even if [Vo|>Vi.
Important note:
If Vo is given to be positive, it means that it has been taken in opposite direction
(compared to Fig. 8) in this case the (-) sign disappears from Eq. (9)
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Inductor Current and Continuous Conduction Condition

Figure 10 shows the switching signals and the corresponding inductor voltage.

Since the inductor voltage is constant- during ton and toff-, the inductor current

changes linearly in both conditions. We will determine first the average inductor

current, 1 gc:

Since: i, =i; + ip, gives

IL,dc = Ii,dc + ID,dc --(17)
The diode current:
iD - _iC - IO
Since the capacitor current has zero average:
ID,dC - _IO (18)
Substitute (18) into (17)
IL,dc = Ii,dc — 1, --(19)
which implies (since [; 4. V; = I,V,)
d
Lige = _glo -(20)
Where R is the load resistance.
Substitute (18) and (20) into (17)
d—1+d
fae = —7 gl ~lo == =g o
1
lac==3—71
1V,
IL,dc = _EE (213)
a V;
Iac = a2 r ..(21Db)
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Note that V, in Eq. (21a) is negative, which results a positive |4 in the direction
indicated in Fig. 8. Once again if V, (lo) in (21a) is substituted by positive, the
negative sign has to be removed.

To determine the inductor current ripple (Al.), we use the basic inductor voltage

equation:
_ di
VLT R
During ton:
Al
V,=1L :
' dTs,,
Gives:
dTsw vid
AIL - Vi I - E (22)

In this course, the converter is designed to operate with i, >0. For continuous

inductor current, the following condition must be satisfied:

Y
) L,dc
Vid A
2Lf “1-d R
(1 —-d)dV;R
2|V |
By substituting for Vo from (10), the continuous conduction condition is given by:
(1-d)’R _(1-d)?V,
2 2

Lfew >

Lfsw > ..(23)
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Fig. 10 Waveforms of voltages and currents for buck-boost converter

Capacitor Current and Capacitor Voltage Ripple

As in the case of the boost converter, the capacitor current |i.| represents the ac
component of the diode current. This current, as shown in Fig. 10. The capacitor
current is similar to that shown in Fig. 7 for the case of boost converter; Therefore
Eq. 13 describes the capacitor voltage ripple for boost converter is perfectly
applicable for buck boost converter.

AQ dlI,

AV, = — =
° € Cfs
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AV,

" RCf,
AV, d
V., RCfq,

.(13)
Example

Design a buck-boost converter to supply a load of 75 W at a voltage ranges
between 20- to- 80 V from a 40-V source. The output ripple must be no more than
1 percent. Assume a switching frequency of 50kHz

Specify rang of the duty ratio,

Calculate the inductor size, and capacitor size. The minimum inductor current is
20% of its average
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