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Series Preface 

In recent years there have been many changes in the structure of undergraduate 
courses in engineering and the process is continuing. With the advent of 
modularization, semesterization and the move towards student-centred leaming 
as class contact time is reduced, students and teachers alike are having to adjust 
to new methods of leaming and teaching. 

Essential Electronics is a series of textbooks intended for use by students on 
degree and diploma level courses in electrical and electronic engineering and 
related courses such as manufacturing, mechanical, civil and general engineer- 
ing. Each text is complete in itself and is complementary to other books in the 
series. 

A feature of these books is the acknowledgement of the new culture outlined 
above and of the fact that students entering higher education are now, through 
no fault of their own, less well equipped in mathematics and physics than 
students of ten or even five years ago. With numerous worked examples 
throughout, and further problems with answers at the end of each chapter, the 
texts are ideal for directed and independent leaming. 

The early books in the series cover topics normally found in the first and 
second year curricula and assume virtually no previous knowledge, with mathe- 
matics being kept to a minimum. Later ones are intended for study at final year 
level. 

The authors are all highly qualified chartered engineers with wide experience 
in higher education and in industry. 

R G Powell 
Jan 1995 

Nottingham Trent University 
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Preface 

This textbook is suitable for electronic engineering students at about second 
year degree or final year HND level, who are studying the subject of power 
electronics for the first time. The material covered is sufficient for a 1 year 
course with average class contact of 3 hours per week, or 20 credit points of a 
modular course with 120 credit points per year. 

Modem power electronics is the application of semiconductor devices to the 
control and conversion of electrical power. The availability of solid state power 
switches such as the thyristor and GTO, then BJT, Mosfet and IGBT power 
transistors, has created a very rapid expansion in power electronic applications 
from relatively low power control of domestic equipment to high power control 
of industrial processes and very high power flow control along transmission 
lines. 

The table below indicates that power electronics development has been going 
on for some time, starting at the turn of the 20th century with the replacement of 
rotary converters by mercury arc rectifiers. This came about because of the need 
for efficient reliable direct current supplies for motor control and industrial 
processes, once it had been decided to use three-phase alternating current for 
transmission purposes. The arrival of the thyratron in the 1920s made possible 
the development of the first power electronic d.c. variable speed drive. 

Historical landmarks 

1880-1890 

1890-1900 

1900-1920 

1920-1940 

1940-1960 

1960- 

Electric light, DC generator and motor, alternator and synchronous motor 

Induction motor, large transformers, rotary converters 

Three-phase transmission, mercury arc rectifier, diode and triode 

Thyratron, klystron and magnetron 

Transistor, thyristor and triac 

Mosfet, MCT and IGBT etc. 

Power electronic switch units are now available in ratings from the general 
purpose, able to control, for example, 60V at 10A, through to modules con- 
trolling 250kV at 1000A. These switches are arranged in controller, converter 
and inverter circuits able to condition the power supply into the form required 
by the load. The switches can be connected in series to increase voltage 
handling capability, and in parallel to improve current handling. 



xii Preface 

The power converter, or power conditioner, is a connection of power swtiches 
into a topology which can rectify or invert, regulate and control the power flow 
through the system. 

Power electronic systems are being installed throughout the world using 
switches of ever-increasing ratings. Some examples of large systems in the 
UK are: 

The cross-channel link which connects together the a.c. electricity supply 
systems of England and France via a high voltage d.c. link to enable power 
to be transferred in either direction. The d.c. side is at _+ 270kV, 2000MW 
and the a.c. side is 400kV at 50Hz. The switches in the inverter are thyristor 
units. 

The BR Maglev system at Birmingham, which is a railway linking together 
the airport and the exhibition centre using trains with magnetic levitation and 
linear induction motors. The levitation magnets are supplied from 600V d.c. 
via a 1 kHz chopper. Variable frequency for the induction motor is obtained 
from a PWM (pulse-width-modulated) transistor inverter with a 600V d.c. 
link. 

The Eurostar locomotive, on the channel tunnel, uses induction motors 
driven by GTO inverters with more than 1MW of power available for 
driving the motors. In France and in the tunnel, the d.c. link voltage is 
1900V. In England the d.c. link voltage is 750V. 

The above applications are examples of spectacular power electronic develop- 
ments. However, on a more everyday level, the power electronic industry is 
expanding and developing. In 1990, in one area alone, that of variable speed 
drives, about s million worth of business was done in the UK, roughly 
equally shared between a.c. and d.c. drives. 

It seems a reasonable assumption to make that all electrical and electronic 
engineering students will, during their studies, and subsequently in their career, 
need to have background knowledge of power electronic theory. This book 
should meet that need as an introduction to the subject and as an indication of 
more advanced study areas. 

D Fewson 
Middlesex University 

Jan 1998 
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1 The power electronic 
system 

1.1 INTRODUCTION 

A power electronic system will consist of a power source, filtering, a power 
converter, a load and a control circuit. The block diagram is shown in Fig. 1.1. 

I P~176 I ~ [ Filter I I "- Power conditioner [ 
! 

Figure 1.1 

i ~ I L o a d [  I C~176 I I 

The power  source could be three-phase, or single-phase, a.c. mains or it could 
be a portable supply such as a d.c. battery. 

A filter may be necessary to prevent any harmonics generated by the con- 
verter from being fed back to the mains or from being radiated into space. 

National and international standards for electromagnetic compatability 
(EMC) are now legally binding on manufacturers of power electronic equip- 
ment, e.g. EMC directive 89/336/EEC, IEC552-2, ECM regulations 1994, No. 
3080 (HMSO). 

The control circuit monitors the condition at the load, compares this with 
preset values and then adjusts the converter drive as necessary. 

The power  conditioner is an arrangement of semiconductor devices all oper- 
ating in the switching mode. This means that the device is switched from cut-off 
to saturation ( 'off '  to 'on')  by the application of gate, or base, drive pulses. The 
ideal switch would have full voltage across it when 'off ' ,  and zero voltage 
across it when 'on'.  

1.2 SWITCHING CHARACTERISTICS 

The practical switch departs from the ideal in the manner shown in Figs 1.2 and 
1.3. In this case a thyristor has been used as the switch, but a power transistor 
would have a similar switching characteristic. 
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v,~2x 
-~--& 

Current 

ration 
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i I VT (on) VT (off) I 

Figure 1.2 Figure 1.3 
Voltage Vs 

From Kirchhoff's voltage law applied to the circuit of Fig. 1.2 

Zs= r r +  vL= r r  + (I x R) 

where VT is the voltage drop across the thyristor, VL is the load voltage, I is the 
circuit current and R is the load resistance. Ideally when the switch is 'off ' ,  
FT = Fs and VL = 0, and when the switch is 'on', lit = 0 and FL = Vs. The 
switching characteristic in Fig. 1.3 shows how the practical switch differs 
from the ideal when the thyristor is switched on by the application of a gate 
pulse. The imperfections of the switch have been exaggerated for clarity. 

1.3 P O W E R  S W I T C H E S  

Commonly available power switches are given in Table 1.1; this is not exhaus- 
tive and others are obtainable. Much research and development is going on and 
new devices will appear; also the power handling capability of existing devices 
is improving year by year. The forward voltage drop figures should be taken as 
a guide only, as this will depend on the gate or base drive values and on the 
rating. 

1.4 C H O I C E  OF P O W E R  S W I T C H  

Which of the power switches is chosen will be determined by cost, availability 
of rating to suit the requirement and the ease with which it can be turned 'on' 
and 'off ' .  
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Device Turn-on Turn-off Rating Forward Switching 
(upper) voltage drop time (~) 

Thyristor Short duration Zero current 
(controlled gate pulse or voltage 
rectifier) reversal 
Triac As thyristor As thyristor 
(bidirectional 
thyristor) 
GTO As thyristor Reverse 
(controlled voltage gate 
rectifier) pulse 
P o w e r  Application of Removal of 
transistor base current base current 
(BJT) 
Power As BJT but As BJT 
transistor lower base 
(Darlington) current 
P o w e r  Application of Removal of 
transistor gate voltage gate voltage 
(Mosfet) 
I G B T  Application of Removal of 

gate voltage gate voltage 

1200 V/1500 A 1.5 V 20 

1200V/300A 1.7V 20 

1200V/600A 2.2V 25 

400 V/250 A 1.1 V 10 

900 V/200 A 1.5 V 40 

600 V/40 A 1.2 V > 1 

1200V/50A 3.0V >0.5 

Mosfets and IGBTs have the simplest driving requirements; they are voltage 
controlled and the gate current is virtually zero during the 'on' period. How- 
ever, they lack the reverse blocking capability which make the thyristor, Triac 
and GTO so suitable for a.c. mains power applications. With d.c. link inverters, 
the d.c. side means that turning off thyristors requires a forced commutation 
circuit, and GTOs are better. 

However, if Mosfets are available with the correct rating then these, with 
reverse conducting diodes for inductive loads, would be a simpler choice. 

The future of power electronics will almost certainly see the increasing use of 
'application specific integrated circuits' (ASICs), at least for volume production. 
ASICs will combine switching and control requirements in a single module. 

1.5 POWER CONDITIONER 

Depending on the type of source and the type of load, the power conditioner, or 
converter, falls into the following categories: 

�9 a.c.-d.c, controlled rectifiers 

�9 d.c.-d.c, choppers 

�9 a.c.-a.c, controllers 

�9 d.c.-a.c, inverters 
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The a.c. to d.c. controlled rectifier provides a variable d.c. load voltage from a 
fixed voltage and frequency a.c. source. In the UK, the single-phase a.c. line to 
neutral voltage is nominally 240V, 50Hz. The three-phase a.c. line to line 
voltage is nominally 415 V, 50 Hz. 

The d.c. to d.c. chopper provide variable d.c. load voltage from a fixed d.c. 
source voltage, typically a battery. 

The a.c. to a.c. controllers provide variable a.c. load voltage from a fixed a.c. 
source voltage at constant frequency. 

The d.c. to a.c. inverters produce a variable a.c. voltage and frequency from a 
fixed voltage d.c. source. 

1.6 ANALYSIS OF POWER CONVERTER 
OPERATION 

The level of mathematics required to solve some of the converters' Kirhhoff's 
law time-varying equations may not yet have been fully covered by students at 
the start of their second year. However, this need not prevent the understanding 
of the operation of the power electronic circuit, nor prevent solution of pro- 
blems on the circuit's behaviour. Most of the solutions of the equations are 
worked through in the book and the important equation on which performance 
depends is enclosed in a box, e.g. 

Vav = ff2Vs (1 + cos a)/rr 

Worked, self-test and tutorial examples will examine circuit operation using 
these equations. 

There are software circuit simulation packages available which enable cir- 
cuits to be simulated and analysed using a computer. These give both numerical 
and graphical solutions of the circuit behaviour. They can save an enormous 
amount of time in predicting performance and can prevent costly mistakes in 
prototype circuits. Some of the solutions in this book are confirmed using 
simulation methods. 

Examples of simulation software are PSPICE, MICROCAP, Electronics 
Workbench and SABRE. There are other simulation packages available. It is 
fair to say that you will need to become proficient in both formal methods and 
simulation if you are to achieve a good level of competence in the power 
electronics field. The full industrial version of the simulation software can be 
quite expensive, but some cheaper student editions are available, and also some 
free evaluation software can be obtained. 
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1.7 APPLICATIONS OF POWER ELECTRONICS 

It is astonishing to realise that there is hardly a home, office block, factory, car, 
sports hall, hospital or theatre without an application, and sometimes many 
applications, of power electronic equipment. 

Some typical applications are given below: 

�9 industrial processes in the chemical, paper and steel industries; 

�9 domestic and theatre lighting; 

�9 motor drives from food mixers and washing machines through to lifts and 
locomotives such as 'Eurostar'; 

�9 power supplies for laboratories and uninterruptible power for vital loads; 

�9 generation and transmission control; 

�9 heating and ventilating of homes and office blocks. 



2 DO to DO choppers 

2.1 STEP-DOWN CHOPPERS 

The power source for the chopper could be a battery or a rectified a.c. The 
purpose of the chopper is to provide variable d.c. voltage from a fixed 
voltage d.c. source. Applications of choppers are in drives for electric vehi- 
cles, in the d.c. link for variable frequency inverters and in switched mode 
power supplies. 

The power switch can be a power transistor such as a BJT, Darlington, 
Mosfet or IGBT. These require base, or gate driver, circuits to turn the switch 
on, and they turn off when the driver pulse is removed. The power switch could 
also be a thyristor (SCR), but on d.c. a separate 'turn off' or forced commuta- 
tion circuit is required and this complication tends to rule out the thyristor for 
all but very high power circuits. 

2.2 CHOPPERS WITH RESISTIVE LOADS 

Typical chopper circuits are shown in Figs 2.1-2.4 with a load resistance R. The 
switch is assumed to be ideal with zero voltage across it when 'on' ,  and full 
battery voltage across it when 'off'. Care must be taken if the power source and 
the base, or gate driver, circuit have a common terminal. If this is the case, Figs 
2.2-2.4 would be fine, but Fig. 2.1 would need base driver isolation with an 
opto-isolator. 

Figure 2.1 

Base 
drive 

BJT R l v(t) 
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v(t) 

R 

i(t) 
r A 

BJT 

1 .  1 .  

Base 
drive 

I 
Figure 2.2 

I 
v(t) 

R 

i(t) 

Mosfet Gate 
drive 

I 
Figure 2.3 

T 
v(t) 

R 

Gate 
drive 

1 
I .  

i(t) 
A 

! n 

Figure 2.4 

In the pulse-width-modulated (PWM) chopper, the frequency is chosen to 
be some convenient value, and the ratio of time-on (tn) to time-off (tf) is 
adjusted to produce the required value of load voltage. Whatever the type of 
power switch used, the load voltage waveform will be the same, as shown in 
Fig. 2.5. 

v(t) 

v~ 

A r 

Vav  

t. tf 

~ t  

Figure 2.5 
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Average load voltage 
From Fig. 2.5, the average load voltage 

Vav = area under curve/length of base 

= (Vbtn)/(t, + tf) 

Alternatively, by integration 

Va v = 1 ftnvbot t 
(tn + tf) 0 

= (Vbtn)/(tn + tf) 

The periodic time of the voltage 

T = ( t n  + tf) 

Hence 

Vav = (Vbtn)/T = Vbtnf 

Also 

Iav = Vav/R 

(2.1) 

(2.2) 

Root-mean-square load voltage (Vrms) 

~ 1  tn ~f~ 
Vrms = ~P I Vb2 a t = Vb Vb ~ 

o 

For resistive load, R 

lrms = V,,,,,/R 

(2.3) 

(2.4) 

E x a m p l e  2.1 

A d.c. to d.c. chopper operates from a 48 V battery source into a resistive load 
of 24 f~. The frequency of the chopper is set to 250Hz. Determine the average 
and rms load current and load power values when (a) chopper on-time is 1 ms, 
(b) chopper on-time is 3 ms. 

(a)  Vav = Vhf/n = 48 x 250 x 10 - 3 =  12V 

v 

Vrms 

= Vav/R = 12/24 =0.5  A 

= V b @ =  48 ~/0.25 = 24V 



(b) 

~1311S 
P 

~av 
Iav 

V~s 

~rlTl$ 
P 
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= Vrms/R = 2 4 / 2 4  = 1 A  

= Irms 2 X R = 1 x 24 = 24W 

= Vbfin = 48 • 250 X 3 • 10 - 3 =  36V 

= Vav /R  = 36/24 = 1.5 A 

= Vb ~/~;nf = 48 ~/0.75 = 41.6V 

= V,.ms/R = 41.6/24 = 1.73 A 

= Irms 2 X R = 1.732 x 24 = 71.8W 

2.3 CHOPPERS WITH INDUCTIVE LOADS 

When the load contains inductance as well as resistance then, when switching 
occurs, circuit currents cannot change their values instantaneously due to 
energy storage in the inductor. At switch-on, the current grows exponentially 
as energy is stored in the inductor, while at switch-off the energy is dissipated 
and the power electronic switch must be protected against the possibility of high 
inductive voltage rise causing damage to the switch. This is normally done by 
connecting a diode in parallel across the load. The diode is called a free- 
wheeling diode. At switch-off, the inductive voltage will forward bias the 
diode, allowing exponential decay of the current around the loop of load and 
diode. A typical circuit is shown in Fig. 2.6. 

~ Base 
drive 

1 
T 

D 

R L i(t) 

Figure 2.6 

Analysis of circuits with inductive loads is often carried out using the Laplace 

transformation. This changes the normal time-domain circuit into a frequency- 
domain circuit using the Laplace operator s. The resulting equation in s can be 

manipulated algebraically into a form that can be returned to the time domain 

using a table of transform pairs. The full Laplace transformation solutions are 

given below. If you have not yet covered the theory, don't worry since we will 

be using final equations to determine performance of the chopper and for the 

solutions to problems. 
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In the following analysis, the switch is considered ideal. Also the assumption 
is that the current is continuous with a load current of  lo at switch-on, and a 
current of  I1 at switch-off. 

Chopper on-period (see Figs 2.7 and 2.8) 
i(t) i(s) 
11. ~ ,  

i . i  I ~ 1  v tl ,o D I 
,L 

R 

L 

T 
Time domain 

Figure 2.7 Figure 2.8 

I II--- , I 
L/o 

Frequency domain 

sL 

From the circuit in Fig. 2.8 

i(s) = ((Vb/s) + LIo)/(R + sL) 

= Vb/s(R + sL) + LIo/(R + sL) 

This simplifies to 

i(s) = Vba/Rs(s + r + Io/(S + a) 

where a = (R/L). From a table of Laplace transform pairs, this transforms back 
to the time domain as 

i(t) = (Vb/R)(1 -- e x p ( - R t / L )  + Ioexp( -Rt /L)  (2.5) 

Chopper off-period (see Figs 2.9 and 2.10) 

n 

J(t) i [  o 

Time domain 

R 

sL 
i(s) 

Frequency domain 

Figure 2.9 Figure 2.10 
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i(s) = LI1/(R + sL) = I i / (s  + a) 

where a = R/L.  Hence 

i(t) = I1 e x p ( - R t / L )  
(2.6) 

Chopper waveforms (see Fig. 2.11) 

v(t) T 
v~ , 

11 - 

0 m 
f 

t. tf 

Figure 2.11 

Example 2.2 

t 

A d.c. to d.c. chopper has an inductive load of 1 ~  resistance and 10mH 

inductance. Source voltage is 24V. The frequency of  the chopper is set to 
100Hz and the on-time to 5 ms. Determine the average, maximum and mini- 

mum load currents. 

Solution 

Vav = VOrtn = 24 X 100 X 5 X 10 - 3 =  12V 

Iav = Vav/R = 12/1 = 12A 

During the on-period 

i(t) = (Vb/R)(1 -- e x p ( - R t / L )  ) + I o e x p ( - R t / L )  

Rt /L  = 1 X 5 X 10-3/ 10 x 10 - 3 =  0.5 

Now at the end of the on-period, i(t) = I1: 

I1 = 24(1 - exp( -0 .5 ) )  + Ioexp( -0 .5)  = 9.44 + 0.607 Io (a) 

During the off-period 

i(t) = I l e x p ( - R t / L )  
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At the end of  the of f -per iod,  R t /L  = 1 • 5 • 1 0 - 3 / 1 0  X 10 -3  = 0.5 and i(t) = Io; 
hence 

lo = I l exp  - ~  = 0.607 I1 (b) 

Substi tute (b) into (a): 

11 = 9.44 + 0.607(0.607) 11 

.'. It  = 14.95 A 

Io = 0.607 I~ = 0.607 • 14.95 

... Io = 9 .07A 

Chopper  R M S  load current  with R - L  load 

Assume that the load current waveform is a linear ramp, as shown in Fig. 2.12. 

'(t) T 

Io 

Figure 2.12 

0 7"/2 T 
t 

N o w  

i(t) = lo + kt 

where  k = (11 - Io)/(T/2).  Hence 

i2(t) = lo  2 q- 2Iokt + k2t 2 

Irms = ~/(2/T) j~ i2(t)Ot 
o 

_ T / 2  - ~ ( 2 / T )  [IoZt + 2Iokt2/2 + k2t3/3]o 

= ~/Io 2 + kT/2 + k2T:/12 

= 41o 2 + lo(I~ - Io) + (I1 - l o )2 /3  

Irms = 410/I + (I1 -- Io)2/3 (2.7) 
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Equation (2.7) gives the rms value of the load current in Example 2.2 as 

l~ms = ~/(i4.95 x 9.07) + (14.95 - 9.07)2/3 = 12.13 A 

Circuit simulation 

A PSPICE circuit simulation has been run for the chopper circuit in Example 
2.2 using free evaluation software provided by the MicroSim Corporation. The 
results are given in Fig. 2.13, and they show To - 9.06A, T1 = 14.95 A in close 
agreement with the calculations. 

15A 

i /  Load current 

 AE/ �9 . 

O A -  

10A 

50 ms 0 s 100 ms 150 ms 200 ms 
l-~i, i (r l) I_..a 

Figure 2.13 C h o p p e r  wi th  L-R load 

Time C1 = 155.000 m, 14.943 
C2 = 170.000 m, 9.0573 
dif = -15.000 m, 5.8855 

2.4 DC SERIES MOTOR 

A d.c. motor consists of a stationary field winding (R f, Lf), to produce the pole 
flux, and a rotating armature winding (Ra, La) through which the supply current 
flows to produce torque and rotation. 

The circuit arrangement of d.c. series motor is given in Fig. 2.14. 
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+ 

Figure 2.14 

For the circuit 

Va = ia (Ra + RO + (Za Jr" Lf) Oia/Ot + e 

Assuming steady-state operation with constant speed oJ resulting in constant 
generated voltage E, and average current Ia 

V = l a  (Ra + Rf)  + E (V) (2.8) 

The value of the generated voltage in the armature depends on the armature 
voltage constant kv, the speed and current: 

E =  kv co la (V) (2.9) 

kv may be quoted by the motor manufacturer or determined by motor tests. 
From equation (2.8) 

Ia = (Va - E)I(Ra + Rr) (A) (2.10) 

From equation (2.9) 

oJ = E/kvla (rad/s) (2.11) 

Electrical power available to create torque is P~ = EIa (W); hence torque T is 

T = EIa/oJ = kvla 2 (Nm) (2.12) 

2.5 SERIES MOTOR CHOPPER DRIVE 

A basic chopper drive system using a BJT as the switching element is shown in 
Fig. 2.15 where R and L are the combined armature and field resistances and 
inductances, respectively. 
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l- 
Figure 2.15 

BJT 
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Base L 
drive 

~, FWD 

Assuming that during the brief 'on' and 'off' periods of the BJT both motor 
speed and generated voltage remain constant, the voltage and current wave- 
forms will be shown in Fig. 2.16. 
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Figure 2.16 
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The drive performance can be evaluated using equations (2.8)-(2.12). 
Remember we are working in average values and the average armature voltage, 
Va~, is related to the steady battery voltage, Vb, by the fundamental chopper 
equation 

Vav = Vbtnf (2.13) 

Example 2.3 

A d.c. series motor chopper drive has the following parameters: battery voltage 
= 96V, (Ra + RO = 0.1~, kv = 10mV/A-rad/s, chopper frequency = 125Hz. 
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(a) Calculate the armature speed and torque with an average armature current 
of 100A and a chopper on-time of 6ms. 

(b) Determine the motor speed and armature current at a torque of 10Nm with 
on-time and off-time as in (a) above. 

Solution 

(a) Vav = 

(b) 

Vbtnf  = 96 x 6 x 10 -3 X 125 = 72V 

E = Va - IavR = 72 - (100 • 0 . 1 )=  62V 

oJ = E/kvlav = 62/(10 • 10 -3 X 100) = 62rad/s 

N = oJ x (60/2rr)= 592rev/min 

T = k v I 2 v = l O - 2  • 1002= 100Nm 

Since T = kvlZav 

Iav = ~ = ~/10/0.01 - 31.6A 

E = V a ~ -  lavR = 7 2 -  (31.6 • 0 . 1 ) =  68.84V 

co = E/kvlav = 68.84/(10 -2 X 31.6) = 217.8 rad/s 

N = 217.8 x (60/2rr)= 2080rev/min 

2.6 STEP-UP CHOPPERS 

The chopper can be used to step up voltage as well as to step it down; it behaves 
in fact like a d.c. transformer. The circuit of a step-up chopper is given in Fig. 

2.17. 

~-v~ 

i(t) D Vo 
--- ~--I - 

L 
#"V"Y'~r 

VL 

r 
m �9 

c 

1 
v 

Figure 2.17 
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When the transistor is switched on, current ramps up in the inductor and 
energy is stored. When the transistor is switched off, the inductor voltage 
reverses and acts together with the battery voltage to forward bias the diode, 
transferring energy to the capacitor. When the transistor is switched on again, 
load current is maintained by the capacitor, energy is stored in the inductor and 
the cycle can start again. The value of the load voltage is increased by increas- 
ing the duty cycle or the on-time of the transistor. 

During the transistor on-period, assuming an ideal inductor and transistor 

V b "- V L "- Ldi /dt  

Vb/S = (sL) i(s) 

i ( s )  = Vb / sZL  

i(t) = (Vb/L)t = kt 

Over an on-time of tn, the change of battery current will be 

Ai = ktn 

During the off-period, tf 

V 0 = V b + V L "- V b + L ( d i / d t ) =  V b --b L(Ai/At)  

= Vb + L(Vb/L)tn/tf  = Vb(1 + tn/tf) 

Let the duty cycle D = tnT, and tf = T -  tn = T(1 - D). Now 

Vo = Vb(1 -- DT/T(1 - D))  

which simplifies to 

Vo = Vb/( l -- D) (2.14) 

In an ideal circuit, Vb/b = Vo/o. Therefore, from equation (2.14) 

Ib = (Vo/Vb)Io = Io/(1 - D) 

Ib = Ib + Ai/2 

Ib0 = Ib -- Ai/2 

When the steady variation of battery current has been reached, the variation will 
be between Io and I1, as shown in Fig. 2.18. 
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Figure 2.18 
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Example 2.4_ 

A step-up chopper similar to that shown in Fig. 2.17 is to deliver 3A into the 

10f2 load. The battery voltage is 12 V, L = 20tzH, C = 100 IzH and the chopper 
frequency is 50kHz. Determine the on-time of the chopper, the battery current 
variation and the average battery current. 

Solution 

V 0 " - / o R  L = 3 x 10 = 30V �9 

From equation (2.14), Vb = Vo(1 - D). Hence 

1 - D = Vb/Vo = 12/30 = 0.4 

Hence D = 0.6. 

Periodic time T = 1 / f=  1/50 x 1 0 3 =  2 0 F s  

T i m e - o n  tn = D T  = 0.6 x 20 x 10 -6  = 12tzs 

k = Vb/L = 12/20 x 10 - 6 =  0.6 x 106 A/s 

A i = k t n  = 0 . 6  X 106 X 12 • 10 - 6 = 7 . 2 A  

Average battery current 

lb = I0/(1 -- D) = 3/(1 - 0.6) = 7.5 A 

Ib~ = Ib + Ai/2 = 7.5 + 7.2/2 = l l . I A  

Ib0 = Ib -- Ai/2 = 7.5 -- 3.6 = 3.9A 

A PSPICE simulation of the above circuit is given in Fig 2.19, where it can be 

seen that the approximate calculations are not too far out. 

In the simulation, after transients have died away, Vo = 27V compared to the 

predicted 30V. Ibo = 3.8A compared to the calculated value of 3.9A. Ib~ is 
about 10.4A compared to the calculated value of 11.1A. 
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Remember that the calculations assumed ideal components, and the simula- 
tion will use library components with parameters close to those encountered in 
practice. 

DC motor drive with regeneration 

If a step-up chopper is included on a series motor variable speed drive, the drive 
can be made to regenerate back to the battery. This arrangement would allow 
motor braking. The circuit required for this is shown in Fig 2.20. 

v~ 

T1 

T2 i 

D2 
R L l,,v 

~gl  V"v E 

Figure 2.20 

T1 and D~ comprise the step-down chopper allowing normal control of 
forward speed and torque. The step-up chopper is formed from T2 and D2. 
This would be switched into operation if the motor was acting as a generator, as 
in the case of a vehicle freewheeling down hill. With T~ and D1 off, T2 would be 
switched on, armature current would build up to a predetermined value in the 
direction shown, and T2 would then be switched off. The inductive energy 
stored in L would cause the voltage Va to rise to keep armature current flowing, 
D2 would then becomes forward biased and the battery would be charged. 
Remember the current is ramping up and down in the T2 'on' and 'off' periods. 
Current would then decay to a predetermined limit and T2 would be switched on 
again. Control of braking would be by control of the duty cycle. On the 
assumption of constant average armature current, the equation already derived 
for the step-up chopper would apply, i.e. 

Va = Vb(1 - D) 

Example 2.5 

A small electric vehicle is powered by a 96V battery and uses a series wound 
motor. It has a step-down chopper for forward drive and a step-up chopper for 
regenerative braking. The total armature resistance is 0.1 D, and the armature 
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voltage constant is 10m V/A-rad/s. Descending a hill in regeneration mode the 
motor speed is 1000rev/min and the armature current is a constant average 
value of 80A. 

Calculate the value of the duty cycle required and the available braking 
power. 

Solution 

E = oJ k v I ,  v = (1000 • 2rd60) • 10 -2 X 80 = 84V 

Vav = E - I a v R  = 84 - (40 • 0.1) = 80V 

Vav = Vb(1 - O )  

O = 1 - ( V a v / V b )  = 1 -- (80/96) = 0.17 

P = Vav •  = 80 • 80 = 6.4kW 

2.7 TURNING ON POWER SWITCHES 

If the power switch is a BJT, the current pulse amplitude on the base depends 
on the collector load current. Current amplification factors for high power 
BJTs are not that large and could be as low as 10. In this case a buffer 
transistor between the driver timing circuit and the power transistor would be 
required. One solution is to use a power Darlington transistor perhaps with a 
current gain of 200. In this case a load of 40A would require a base current of 
200mA to switch on, within the reach of some integrated circuit (IC) 
rnodules. 

If the power switch is a Mosfet then gate current requirements are almost 
negligible, of the order of nA, and can be driven directly by CMOS logic. 

One useful IC module for timing and base drive is the 555 timer. It can be 
connected as a pulse-width modulator (PWM) and can switch 200mA on its 
output. 

The external components required to program the timer are shown in Fig. 
2.21. 

Let 

R1 and the top half of R2 = Ra 

R3 and the bottom half of R2 = Rb 

The frequency of the timer is given by 

f(Hz) = 1.44/(Ra + Rb)C1 
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Figure 2.21 

An Electronics Workbench simulation of a timer acting as a base driver for a 
BJT in a chopper circuit is given in Fig. 2.22 for a 0.5 and a 0.2 duty cycle. The 
frequency is about 14kHz. The top oscilloscope trace is Vr of the BJT and the 
bottom is Vout of the timer. 

2.8 TURNING OFF THYRISTOR CIRCUITS 

To tum on a thyristor, a low voltage, short duration pulse is applied to the gate 
(typically 4V, 100t, s). Once the thyristor is 'on', the gate loses control and the 
thyristor will only turn off when the load current falls virtually to zero, or the 
thyristor is reverse biased. The thyristor will turn off naturally with a.c. supplies 
as the voltage reverses, but no such reversal occurs with d.c. supplies and it is 
necessary to force a voltage reversal if tum-off is to occur. This process is 
called 'forced commutation'. One method of achieving forced commutation is 
parallel capacitor turn-off. A typical circuit is shown in Fig. 2.23. 

Consider T1 to be 'on' and supplying load current to RL; C has charged up 
with the bottom plate positive via R and T1. When T1 is to be turned off, T2 is 
switched on, connecting the charged capacitor in reverse across T1, and it 
prepares to turn off. Meanwhile C discharges and charges up in reverse 
through the supply, RL and T2. When T1 is switched on again, T2 is reverse 
biased and switches off. The cycle can now start over again. Consider T2 
switched on and T1 switching off. The equivalent circuit is shown in the s 
domain in Fig 2.24. 
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Figure 2.23 

Figure 2.24 
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Now 
i(s) = 2Vb/S(RL + 1/sC) = 2Vb/RL(S + 1/CRL) 

ve(s) = (i(s) • 1 / s C ) -  Vb/S 

= 2Vb/sCRL(S + 1/CRL) - Vb/S 

= (2Vb/CR) (1/s(s + 1/CR) - Vb/S 

This transforms back to the time domain as 

ve(t) = 2Vb(1 -- e x p ( - t / C R ) )  - Vb 

vo(s) 

/ T1 

T1 

Vb( 1 -- 2exp(-- t/CR)) (2.15) 

The waveform of this capacitor voltage is shown in Fig 2.25. 
The thyristor must have been turned off by to, otherwise it will become 

forward biased again and not turn off. Thus 

Vb(1 -- 2 exp(-- to/CR)) = 0 

e x p ( - t o / C R )  = 1/2 

exp (+ to/CR) = 2 

to - CR log 2 

=0 .7  CR 
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t r 

Figure 2.25 

The size of capacitor required for communication is therefore 

C = to/O.7R = 1.43 toI/Vb 

where to is the thyristor turn-off time and I is the full-load current. 

Example 2.5. 

(2.16) 

What value of capacitor is required to force commutate a thyristor with a turn- 
off time of 20/~s with a 96V battery and a full-load current of 100A? 

Solution 

C = 1.43toI/V 

= 1.43 • 20 • 10 -6 x 100/96 = 30/zF 

2.9 SELF-ASSESSMENT TEST 

1 Sketch the circuit diagram of a Mosfet d.c. to d.c. chopper supplying variable 
voltage to a resistive load. With the aid of a voltage waveform diagram, 
obtain an expression for the average load voltage. 

2 Draw voltage and current waveforms for a d.c. to d.c. chopper driving an R - L  

load. Assume continuous load current flow between switching periods. 

3 Draw a circuit diagram of a d.c. series motor chopper drive, and by means of 
voltage and current waveforms show the behaviour of the circuit. 

4 Write down the steady-state performance equations of a d.c. series motor 
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chopper drive for armature and generated voltage, armature current, speed 
and torque. 

2.10 PROBLEMS 

A 60V chopper drives a resistive load of 12fL The chopper frequency is set 
to 1 kHz. Calculate the values of average and rms load currents and load 
power for a turn-on time of (a) 0.2ms, (b) 0.6ms. 

A transistor PWM chopper supplies power to a parallel combination of 
inductive load and freewheel diode. The battery supply is 24V, the load 
has a resistance of 1 ~2 and inductance of 10mH, and the chopper frequency is 
100Hz. Determine average load voltage, and minimum and maximum load 
currents for a turn-on time of (a) 8 ms, (b) 2ms. 

3 A 5kW d.c. series motor is to be used in a variable-speed drive controlled by 
a chopper. The motor field and armature resistances both equal 0.2~. With 
light load on the motor shaft, the armature runs at 3000rev/min and takes 8 A 
from a 48 V supply. Determine the armature voltage constant kv. 

With the supply above the frequency above the chopper set to 250 Hz, and 
the on-time to 3.5ms, the average armature current is found to be 80A. 
Calculate the values of armature speed and torque. 

4 A d.c. series motor is controlled by a chopper. Drive parameters are as 
follows: 

(Ra + Rf) = 0.1~ 

kv = 10 mV/A-rad/s 

Vb = 96V 

f = 125Hz 

(a) With an armature torque of 5Nm, the speed is 1500rev/min. What are the 
values of armature current and turn-on time? 

(b) The shaft torque is increased to 20Nm and the chopper on-time increased 
to hold the armature speed at 1500rev/min. What is the new armature 
current and on-time? 

5 A step-up chopper is to provide a 48V across a 12Y~ load from a 12V d.c. 
supply. The chopper inductance is 10tzH and the chopper frequency is 
100kHz. Determine the duty cycle required and the variation of battery 
current during switching, and the maximum and minimum battery currents. 



3 AC to DC thyristor 
converters 

3.1 INTRODUCTION 

In the UK, generation and transmission of electrical power are by means of 
alternating current. The power stations use synchronous generators, called 
alternators, to generate at about l lkV, or higher, at a frequency of 50Hz. 
The voltage is then stepped up using auto-transformers to a value considered 
economic for transmission; this can be 132kV (the grid), or 275 and 400kV (the 
super grid). 

Grid switching stations are used to interconnect the various voltage levels. 
Grid supply points have transformers to reduce the voltage to 33kV. Sub- 
stations reduce the voltage to 415/240 V for distribution to homes and factories 
(there are also other voltage levels). 

Some electrical equipment can use a.c. directly, e.g. lamps, space and water 
heating, cookers, fans, drills, vacuum cleaners etc. Other applications require 
that a.c is changed to d.c. These include radio and TV sets, computers, battery 
chargers, TTL and CMOS logic circuits, laboratory power supplies, public 
transport traction drives, high voltage d.c. links, etc. 

Many different d.c. levels are required depending on the applications, e.g.: 

�9 5V for TTL and CMOS logic 

�9 ___ 15V for operational amplifiers 

�9 5, 12, 15, 24, 30 and 60V for laboratory power supplies 

�9 12, 24, 48 and in excess of 100V for battery charging 

�9 220V for d.c. motors 

�9 750V for underground trains 

�9 1900V for the Channel Tunnel 

�9 25 kV for the EHT on cathode ray tubes 

�9 _250kV for the high voltage d.c. link. 

The process of changing a.c. into d.c. is called rectification. Where the applica- 
tion requires fixed voltage d.c., the switching element is a diode. Where the 
application requires variable voltage d.c., controlled rectifiers are used. 
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3.2 SINGLE-PHASE HALF-WAVE CONTROLLED 
RECTIFIER 

The simplest controlled rectifier uses a single device, such as a thyristor, to 
produce variable voltage d.c. from fixed voltage a.c. mains. The circuit arrange- 
ment is shown in Fig. 3.1. 

i e,l(b 
1 

R 

v~ 

,~- 

Figure 3.1 

In this arrangement 

e~ = Em sin a,t = Em sin 8 = ~/2 E~ sin 8 

where Em and Es are the maximum and rms value of the supply voltage, 
respectively. 

The thyristor is turned on in the positive half-cycle, some time after supply 
voltage zero, by the application of a gate pulse with delay angle a. In the 
negative half-cycle, the thyristor is reverse biased and cannot switch on. The 
larger the delay angle, the smaller is the average load voltage. Voltage wave- 
forms for two delay angles are shown in Fig. 3.2. 

;Figure 3.2 

m ~ m  

~---, 

I 

I 
I 
I 
I 
I 
I 

---~ll a2 

- ~ 0  



3.2 Single-phase half-wave controlled rectifier 29 

Average load voltage (Vav) 
Average load voltage is found by calculating the area under the voltage curve 
then dividing by the length of the base. For any delay angle a, the average load 
voltage is given by 

77 

Vav = (1/2zr) J" Em sin t~ 80 = (Em/2rr) [-cosS] 
o, 

Hence 

Vav = (Em/2rr) (1 + cosa) (3.1) 

Iav = V v/R 
(3.2) 

Example 3.1 

A thyristor half-wave controlled converter has a supply voltage of 240V at 
50Hz and a load resistance of 10012. What are the average values of load 
voltage and current when the firing delay angle is (a) 30 ~ (b) 140~ 

Solution 

(a) From equation (3.1) 

Vav = (Em/2rr) (1 + cos a) 

= (~/2 • 240/2rr) (1 + cos 30 ~ 

= 100.8V 
From equation (3.2) 

Iav = Vav/R = 100.8/100 

= 1.01A 

(b) V~v = (~/2 • 240/2rr) (1 + cos 140 ~ 

= 12.6V 

Iav = Vav/R = 12.6/100 

= 126mA 

The Electronics Workbench simulation in Fig. 3.3 shows ammeter readings in 
close agreement. The top trace is the supply voltage, es, and the bottom trace is 
the load voltage, Ve. The behaviour of the thyristor gate circuit, consisting of the 
10 to 120k,Q resistor, the 100nF capacitor and the ECG6412 Diac, to delay the 
thyristor switch-on will be described in Section 3.3. 



Figure 3.3 
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Root-mean-square load voltage, (Vrms) 
The square root of  the average value of  the square of  the t ime-varying voltage 
gives the rms value" 

Vrms = ~/ (1/2rr) S (Em sin 0) 2 80 

Using the identity that sin 2 # = 0.5(1 - cos20) 

Vrm s = E m ~ (1/2rr) ~" 0.5(1 - cos 20) ~0 
a 

= (Era/2) ~ (1/rr) [0 - (sin 20)/2] '~ 

= (Em/2) 4 (1/rr) (rr - a + (sin 2a)/2) 

Vrms = (Em/2) 4 (1 - a/rr + (sin 2a)/2rr) (3.3) 

Irms = V~s/R 
(3.4) 

E x a m p l e  3.2 

For the circuit in example 3.1, find the values of  rms current, load power  and 
overall power  factor when (a) a = 30 ~ (b) a = 120 ~ 

Solution 

(a) From equation (3.3) 

Vrms = (,~t-~ X 240/2) ~/(1 30/180 + (sin 60)/2rr) 

= 167.3V 

From equation (3.4) 

Irms = 167.3 / 100 = 1.673 A 

P = Irrr/2 R = (1.673) 2 X 100 = 280W 

Power factor = P/Vs I ~ s  = 280/240 x 1.673 = 0.697 

(b) Vrms = ('~/2 X 240/2) q( i  - i20 /180  + (sin 240)/2rr) 

= 75.04V 

Irms = 75.04/100 = 0 .75A 

P = IrmZs R = (0.75) 2 X 100 = 56.3W 

Power factor = P/Vs Irms = 56.3/240 X 0.75 = 0.31 



32 AC to DC thyristor converters 

3.3 THYRISTOR TURN-ON 

A simple gating, or firing circuit, consists of a C-R circuit to control the time to 
build up a particular voltage across the capacitor, and a Diac which will break- 
over at a voltage, typically 20--60V, depending on the type. When the break- 
over voltage is reached, voltage drop across the Diac will fall to about 1.5V. In 
the circuit in Fig. 3.4, the thyristor will turn on at about Diac break-over. 

240 V/50 Hz/0" 

120 kt3 

_L 
- -  100nF 

n 

m 

ECG6412 

100 t3 1 
'r 

Figure 3.4 

The Diac ECG6412 has a break-down, or switching voltage, of 63 V. 
It can be shown that the current ic in the R-C  circuit is given by the 

expression 

ic = (Em/ IZ l  ) sin(aJt + ~6) 

where 

IZl = 2 + Sc 2 
and 

q6 = tan-1 (X~/R) 

The capacitor voltage 

Vc = ic Xe 

lagging the current by 90 ~ . 

Xc = 1 / w C  

vr = (EmXc/ IZ[ )  sin(wt + r - 90 ~ 

Example 3.3 

In the circuit in Fig. 3.4, C = 100nF and R is variable from 10 to 120k~. 
Determine the range of firing angle delay available. 
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Solution 

X~ = 1 / w C  = 105/rr = 31.83kg2 

Vm = ~/ 2 • 240 = 3 4 0 V  

(a) R = lOkf2.  

IZl = qR2 -F Xc ~= 104~/(1 + 3.1832) = 3 3 3 6 4 ~  

and  

= tan  -1 (Xr = tan -1 (3 .183)  = 72.6 ~ 

ic - ( E m / I Z l  ) sin(oJt + r 

= ( 3 4 0 / 3 3  364)  sin (a + 72.6 ~ 

The  capac i to r  vo l t age  

Vc - ( E m X c / I Z l )  sin (o~t + r - 90 ~ 

= 324.36  sin (a -- 17.4 ~ = 63 

w h e r e  63 V is the Diac  b reak -ove r  vol tage .  Hence  

s in(a  - 17.4 ~ = 0 .1942  

( a -  17.4 ~ = sin -1 ( 0 . 1 9 4 2 ) =  11.2 ~ 

a =  11.2 ~  1 7 . 4 = 2 8 . 6  ~ 

(b) R = 120kf2.  

IZI = q R  2 + Xc 2 =  124142f2  

and 

= tan  -1 (Xc/R) = 14.84 ~ 

ic = (Em/IZI ) s in(wt  + ~b) 

= (2.74 • 10 -3)  sin (a + 14.84 ~ 

The  capac i to r  vo l t age  

Vc = (EmXc/IZI)  s in(wt  + r - 90 ~ 

- 87.13 sin (a - 75.2 ~ = 63 

w h e r e  63 V is the Diac  b r eak -ove r  vol tage .  H e n c e  

s in(a  - 75.2 ~ = 0.723 

( a -  75.2 ~ = sin -1 ( 0 . 7 2 3 ) =  46.3 ~ 

a = 46.3~ + 75.2 ~ = 121.5 ~ 
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3.4 SINGLE-PHASE FULL-WAVE CONTROLLED 
RECTIFIER 

In the half-wave controlled rectifier, full use is not being made of the a.c. supply 
voltage waveform; only the positive half-cycle is used. With the full-wave 
controlled rectifier, both positive and negative half-cycles are used. There are 
a number of circuit configurations that can be used to achieve full-wave control. 
Circuits shown in Figs 3.5-3.9 use one, two and four switching devices. 

A 
w I 

l~O, ] 

D4 ] 

k, D2 

k. D3 

r 

Figure 3.5 Single thyristor 
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Figure 3.6 Single Triac 
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Figure 3.7 Two thyristors 
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Figure 3.8 Four thyristors 
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Figure 3.9 

�9 A 

D2 .. D1 

r I .  

Two thyristors and two diodes 

3.5 ONE- TO FOUR-QUADRANT OPERATION 

Full-wave controlled rectifiers with resistive loads, or with inductive loads with 
free-wheel diodes, act in what is known as the first quadrant. This means that 
load voltage and current act in the positive direction only. Figure 3.10 shows 
how the four quadrants are defined. 

+/~ 

-VL 2 1 

3 4 

+vL 

Figure 3.10 

One-quadrant operation is typical of the circuits in Figs 3.5, 3.6, and 3.9. 

Two-quadrant operation is possible with the circuits in Figs 3.7 and 3.8, if the 

load is inductive or contains a d.c. motor. In the second quadrant, the load 
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voltage reverses and energy can flow from the load to the source, with the 
system inverting. 

Four-quadrant operation is possible using two full-wave fully controlled 
bridges connected in inverse parallel, or back-to-back. This type of operation 
occurs in a separately excited d.c. motor drive providing forward and reverse, 
speed and braking control. 

Gating, or firing, of the switches requires the gate pulses to be synchronized 
to the a.c. mains voltage with a controllable delay on voltage zero. A simple 
circuit is the R-C-Diac combination, but this has a limited range of firing angle 
delay. Where a wide range of delay is required, a commercially produced 
module, such as the TDA2086A, can be used. In the case of the full-wave fully 
controlled bridge in Fig. 3.8, isolation is required of the gate drive circuits of at 
least two of the thyristors. This can be achieved using pulse transformers, or 
optical isolators. 

3.6 FULL-WAVE HALF-CONTROLLED BRIDGE 
WITH RESISTIVE LOAD 

Of the full-wave configurations, the half-controlled is the easiest to implement, 
since the two thyristors can be arranged to have a common cathode. The firing 
circuit can have a common train of pulses and only the forward-biased device 
will switch on at the arrival of a pulse on the two gates. It is still necessary to 
keep the mains neutral separate from the firing circuit common connection. The 
circuit arrangement and voltage waveforms are shown in Fig. 3.11. 

Average load voltage (V v) 
As for the half-wave case, average load voltage is found by calculating the area 
under the voltage curve and then dividing by the length of the base. For any 
delay angle a, the average load voltage is given by 

77" 77" 

Vav = (1/rr) J" Em sin 8 M = (Em/rr) [-cosS] 

Hence 

Vav = (Em/17") (1 +cosa) (3.5) 

lav= Vav/R (3.6) 
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Figure 3.11 
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Root-mean-square load voltage (Vrms) 
The square root of the average value of the square of the time-varying voltage 
give the rms value: 

Vrm s = 4 (l/Tr) ~ (Em sin #)2 80 (3.7) 
s 

Using the identity that sin28 = 0.5(1 - cos28) 

Vrm s = E m 4 (l/rr) .r 0.5(1 - cos 20) 80 

= (Em/'~/2) { (1/rr) [0 - (sin 2 0)/2)]~ 

= (Em/'~/2) ~/(1/Tr) (~r - a + (sin 2a)/2) 

N o w  (Em/a/2) = Es, the rms value of the supply voltage; hence 

Vrms = (Es) '~ (1 - (a / r )  + (sin 2a)/2rr) (3.8) 
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Irms = grms/R (3.9) 

Compared to the half-wave circuit, rms values of current and voltage are both 
increased by a factor of ~/2, load power is doubled, and the converter power 
factor is improved. 

3.7 HALF-CONTROLLED BRIDGE WITH HIGHLY 
INDUCTIVE LOAD 

In the circuit in Fig. 3.11, the load is replaced by a large inductance. The 
assumption is that the load inductance is high enough to cause continuous 
steady load current. In the positive half-cycle, T1 is turned on at delay angle 
a, and current flows to the load through the path T1, load and D1. The supply 
voltage passes through zero and reverses; if this was a resistive load T~ would 
turn-off. However, due to the inductive stored energy, the load voltage reverses 
in order to keep the load current flowing, D2 is forward-biased and conducts, 
and clamps the bottom of the load to virtually zero voltage. Energy stored in the 
load inductance keeps load current flowing through the path of D2, T1 and the 
load. At delay angle rr + a, T2 is fired, T1 is reverse-biased and turns off, and 
load current flows through T2, load and D2. Once again, the supply voltage 
passes through zero, and load inductive energy forward biases D~ to keep load 
current flowing. T~ is then fired, D2 turns off and the cycle is repeated. 

The waveforms are shown in Fig. 3.12. 

Average load voltage 

As for resistive load 

Vav = (Em/rr) (1 + cosa), 

/av = Vav/R 

Root-mean-square supply current is given by 

lrms = N / (1/70 .f IavZS8 
a 

=/av 
(3.10) 

E x a m p l e  3.4 

A full-wave half-controlled bridge has a supply voltage of 220V at 50Hz. The 
firing angle delay a = 90 ~ Determine the values of average and rms currents, 
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Figure 3.12 

load power and power factor for (a) a resistive load o f  R = 100K), (b) a highly 
inductive load with a resistance o f  100f) .  

Solut ion 

( a )  Vav 

Iav 

Vrms 

= (Em/rr)  ( 1 + c o s a )  = (~'2  X 220/rr) (1 + cos  90 ~ - 99 V 

= Vav/R = 99 /100= 0.99 A 

= (Es) ~ (1 - (a/rr) + (sin 2a)/2rr) 

= 220 ~ / ( 1 -  (90/180)  + sin 180~ 

= 155.6V 

lrm~ = V,-ms/R 

P = Irms 2 R 

= 155.6/100 = 1.556 A 

= ( 1 . 5 5 6 )  2 100  - 2 4 2 W  

cos ,/, = P/Erms Irms = 242 /220  • 1.556 = 0.643 
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(b) /av 

Irms 

P =Iav 2 R 

= 0 . 9 9 A  (as in resistive load) 

= ~/(1/~-) .f/av 2 c~ 

= Iav ~ (rr - a)/~r = 0.99 "~ (180 - 90)/180 = 0.7A 

= 0.992 • 100 = 98W 

cos q~ = P/Erms Irms = 98/220 X 0.7 = 0.636 

3.8 HALF-CONTROLLED BRIDGE WITH FLY- 
WHEEL DIODE AND HIGHLY INDUCTIVE LOAD 

Although the half-controlled bridge has a fly-wheel diode action built in, it uses 
one of the thyristors in the fly-wheeling path. If a third diode is used, connected 
directly across the inductive load, then when the load voltage attempts to reverse, 
this diode is reverse-biased and the inductive stored energy circulates the load 
current in the closed path of the load and third diode. The advantage of this 
method is that at mains voltage zero the conducting thyristor turns off instead of 
hanging on for fly-wheel diode action, and this reduces the thyristor duty cycle. 
The circuit arrangement and resulting waveforms are shown in Fig. 3.13. 

It is clear from observation of the waveforms that values of average and rms 
voltage and current are unaffected by the addition of the third diode. 

3.9 FULL-WAVE FULLY CONTROLLED BRIDGE 
WITH HIGHLY INDUCTIVE LOAD 

The bridge thyristors can only conduct in one direction, but without diodes in 
the bridge the load voltage can reverse due to the load inductance, the load 
current continues to circulate, and current is circulated back to the mains 
against the direction of the mains voltage. In fact, the stored energy in the 
load is regenerating back to the supply. This is two-quadrant operation. The 
circuit and waveforms are given in Fig. 3.14. 

In this circuit, the outgoing thyristors are turned off, or commutated, by 
reverse bias from the supply, when the incoming thyristors are switched on, 
i.e. there is no load current zero" 

(~r+ a) 

V.v = (1/rr) I Em sin 0 80 
a 

(~r+ a) 

= (Em/rr) [ -  cos 0] a 

= (Em/rr) (cos a + cos a) 
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D3 D3 D3 D3 

0 

Hence 

Vav = (2Em/rr)  cos  a (3 .11)  

Iav = Vav/R 

(This is assumed constant due to high inductance; thus I~v = Z ~ s . )  
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Load power, 

P L  = Irms 2 R 

Overall power factor, 

COS # = PL/Erms Irms 

Note here that the load power factor is directly proportional to cos a, i.e. 

COS ~ = (Irms 2 R)/Erms Inns 

= (Irms R)/Erms = Vav/ Erms 

= 2 (~2) ErmsCOS a/r," Erms 



cos ff = 0.9 cos a 
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(3.12) 

Example 3.5 

A full-wave fully controlled bridge has a highly inductive load with a resistance 
of  55f~, and a supply of  110V at 50Hz. 

(a) Calculate the values of load current, power and converter power factor for a 

firing angle delay a = 75 ~ 

(b) Sketch a curve showing the variation of  average load voltage with firing 

angle delay. 

Solution 

(a) Vav 

a v  

(b) 

= (2Em/rr) cos a = (2 ~/'2.110/rr) cos 75 ~ 

= 99 COS 75 ~ = 25.6V 

PL 

= Vav/R = 25.6/55 = 0.446A = Irms 

= Irms 2 R = (0.446) 2 55 = 10.9 W 

cos ff = 0.9 cos a = 0.9 cos 75 ~ = 0.233 

The sketch is shown in Fig. 3.15. 
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Figure 3.15 

Example 3.6 

A 240V, 50Hz supply feeds a highly inductive load of  50f2 resistance through 

a thyristor bridge that is (a) half-controlled, (b) fully-controlled. Calculate 
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load current, power and power factor for each case when the firing angle 
delay a = 45 ~ 

Solution 

(a) Vav 

a v  

rlqrls 

P 

= (Em/rr) (1 + cosa) 

= (~/2 • 240/rr) (1 + cos 45 ~ = 184.4V 

= Vav/R = 184.4/50 = 3.69A 

= Iav ~ / ( r r -  a ) / z r=  3.69 ~/(180 - 45)/180 = 3.2A 

= 3.22 • 50 = 512W 

cos ff = P/Es Irms = 512 /240  X 3.2 = 0.667 

(b) Vav 

a v  

PL 

= (2Em/rr) cos a 

= (2 • 339/zr) cos 45 ~ = 152.6V 

= Vav/R = 152.6/50 = 3.05A 

= Irms 2 R = 3.042 • 50 = 466W 

cos ff = 0.9 cos a = 0.9 cos 45 ~ = 0.636 

3.10 SINGLE-PHASE A.C. TO D.C. VARIABLE 
SPEED DRIVES 

Thyristor converters are used to control the speed and torque of d.c. motors 
driven from a.c. mains. For applications requiring motor ratings of about 10kW 
or so, single-phase a.c. supplies can be used. For larger power applications, 
three-phase supplies are used. 

The separately excited d.c. motor (SEDC) is used in these drives, allowing 
separate control of field and armature circuits. The field inductance is much 
larger than the armature inductance, and for this reason it is usually the case that 
the field current, and therefore the pole flux, is held constant at its rated value 
and the armature voltage is varied for speed and torque control. Where the field 
current is held constant, the field supply is obtained from a diode rectifier 
bridge. In some applications, the field current may be varied; this requires a 
thyristor-controlled rectifier bridge. In this case, care needs to be exercised in 
using the torque constant, since the magnetization curve, pole flux against field 

current, is non-linear. 
The armature is supplied from a thyristor-controlled rectifier bridge, which 

can be half-controlled if only forward control of speed and torque is required. It 
must be fully controlled if regeneration is required, and there must be two fully 
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controlled full-wave bridges connected in inverse parallel if forward and 
reverse control of speed and torque are required. 

3.11 THE SEDC MOTOR 

The circuit diagram of the motor is shown in Fig. 3.16. For steady-state 
operation, the following performance equations can be used to analyse the 
drives behaviour: 

v.t 
/. 

v 

v, 

Figure 3.16 

�9 field current: 

Vf'- If Rf (3.13) 

�9 armature current" 

Va=laRa+E (3.14) 

�9 generated voltage: 

.E -- kv6o (3.15) 

w is the armature speed in rad/s and kv is the armature voltage constant in V/ 
rad-s. 

Equating electrical power in the armature to developed power on the motor 
shaft: 

E Ia = w T (W) 

Torque 

T = E I . / w  = kvI~ (Nm) (3.16) 

Thus kv is also the motor torque constant in Nm/A. 
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3.12 FULLY CONTROLLED BRIDGE WITH SEDC 
MOTOR 

Assume a steady armature load resulting in steady armature speed oJ and 
generated voltage E (see Fig. 3.17). Also assume that motor inductances are 
large enough to give a steady armature current between the firing periods. 

Figure 3.17 

There is now a limited range of firing angle delay. The bridge thyristors 
will not turn on until they are foward-biased, i.e. until Vs> E. This limits 
the firing range to between al and a2, as shown in the waveforms in Fig. 
3.18. 

T~ and T3 are turned on in the positive half-cycle, in this case with a delay 
angle of about 30 ~ The conducting thyristors do not turn off at mains voltage 
zero because the motor inductance acts to keep the current flowing. Turn-off 
occurs at (rr + a) in the cycle when T2 and T4 are switched on. 

The drive performance is determined using the following equations: 

E = kvo~ (V) assumed constant 

As for highly inductive load, 

Vav = (2Em/rr) cos a (V) 

Average armature current, 

/av = (Vav - E ) /Ra  (A) 

Motor torque, 

T= kvlav (Nm) 

Example 3.7 

A separately excited d.c. motor is driven from a 240V, 50Hz supply using 
a fully controlled thyristor bridge. The motor has an armature resistance R a 

of 1.0f~, and an armature voltage constant kv of 0.8 V/rad-s. The field 
current is constant at its rated value. Assume that the armature current is 
steady. 
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(a) Determine the values of armature current and torque for an armature speed 
of 1600 rev/min and a firingangle delay of 30 ~ 

(b) Calculate the limits of the firing angle delay for this speed. 

Solution 

(a) E = kvw = (0.8 X 1600 x 2 r r / 6 0 ) =  1 3 4 V  

Vav = (2Em/Tr) cos  a 

= (2 ~ X 240 / r r )  cos 30 ~ = 1 8 7 . 1 V  
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(b) 

= (Vav --  E ) / R a  

= (187.1-134)/1 .0  = 53A 

T = kvlav = 0.8 • 53 = 42.4 N m 

~'2 • E~ sin 8-> E 

"~ • 240 sin a l = 134 

.'. sin a~ = 0.395 

al = sin - l  0.395 = 23.3 ~ 

• 240 sin(180 ~  a 2 )  = 134 

.'. s in(180-  a 2 )  = 0.395 

( 1 8 0 -  a 2 )  = sin-1 0.395 = 23.3 ~ 

.'. a 2 = 156.7 ~ 

3.13 HALF-CONTROLLED BRIDGE WITH SEDC 
MOTOR 

As with the fully controlled bridge assume constant speed and steady armature 
current (see Fig. 3.19). Due to fly-wheel diode action in the half-controlled 
bridge, the conducting thyristors are able to turn off at mains voltage zero, 
armature current meanwhile continuing through diode D3. 

Figure 3.19 

Unlike the fully controlled bridge, which has two-quadrant operation, the 
half-controlled bridge only allows one-quadrant operation, and no regeneration 
is possible. Waveforms showing the operation of the circuit are given in Fig. 
3.20. Limitations of firing angle delay to between al and a2 also apply to this 
bridge. 

Due to the absence of negative armature voltage, the average voltage Vav is 
higher than the fully controlled case and is the same expression as for average 
resistive load voltage, i.e. 

ray = (~/2 Es/rr) (1 + cos a) 
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Figure 3.20 

Other calculations of performance follow the same pattern as the fully con- 
trolled case. 

Example 3.8 

A separately excited d.c. motor is driven from a 240V, 50Hz supply using a 
half-controlled thyristor bridge with a fly-wheel diode connected across the 
armature. The motor has an armature resistance Ra of 1.0f), and an armature 
voltage constant kv of 0.8 V/rad/s. The field current is constant at its rated value. 
Assume that the armature current is steady. 

Determine the values of armature current and torque for an armature speed of 
1600 rev/min and a firing angle delay of (a) 30 ~ (b) 60 ~ 
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Solution 

(a) E =kow=(0.8 x 1600 x 2rr /60)= 134V 

Vav -- ~ Es/rr (1 + cos a) 

= (q-2 X 240/rr)(1 + cos 30 ~ - 201.5V 

]av = (Vav -- E)/Ra 

= (201.5-134) /1 .0  = 67.5A 

T = kvlav = 0.8 X 67.5 = 54 N m 

Note average armature voltage, current and torque are all higher than the 
fully controlled case (Example 3.7), for the same firing angle. 

(b) E =kvw =(0.8  x 1600 •  

Vav = " ~  Es/rr (1 + cos a) 

= (q-2 X 240/zr)(1 + cos 60 ~ = 162V 

Iav = (Vav -- E)/Ra 

= (162-134)  / 1.0 = 28 A 

T kvlav = 0.8 • 28 = 22.4 N m 

3.14 THREE-PHASE CONVERTERS 

For load powers above about 10 kW three-phase converters are used. These have 
the advantage of smoother d.c. output voltage, a better converter power factor 
and lower harmonic generation, i.e. less mainsbome, and radio-frequency, 
interference. 

3.15 THREE-PHASE HALF-WAVE CONVERTER 

A source of balanced three-phase star-connected voltages is shown in Fig. 3.21. 
Ea,, Eb, and Er are the values of the rms phase voltages. Instantaneous phase 

voltages are given by the expressions: 

ean = Epm sin ~ot 

ebn -- Epm sin (oJt - 120 ~ 

ecn = Epm sin (wt - 240 ~ = Epm sin (wt + 120 ~ 

where Epm is the maximum value of the phase voltage. The instantaneous values 
of the line voltages are given by 
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eab = (ean -- ebn) = "4~ Epm sin (oJt + 30 ~ = 

ebc = (ebn -- ecn) = ~ Epm sin (~ot - 90 ~ = 

eca = (ecn -- ean) = ~ Epm sin ( co t  - 2 1 0  ~  - 

Elm sin (oJt + 30 ~ 

Elm sin (o~t - 90 ~ 

Elm sin (oA - 210 ~ 

where Elm is the maximum value of the line voltage. 
The waveforms of the line and phase voltages are given in Figs 3.22 and 3.23. 

The half-controlled converter thyristors switch the phase voltages. Remember 
the thyristor will only turn on when a gate pulse is received if the anode is 
positive with respect to the cathode. For the circuit of Fig. 3.21, if T3 was 
conducting then T~ could be turned on just after the cross-over point of voltages 
ec, and ean, at angle 30 ~ or ~r/6 rad. The phase voltages are then 0.5Epm. When 
T1 turns on, T3 is reverse-biased by the phase voltage ean and turns off. This 
process is called line commutation. The next cross-over point is at angle 150 ~ or 
57r/6 rad. T2 is turned on here, commutating T~. 

Elm 

-E,m 

- e~ eab - -  e=, e~ - eab e=, - ebc eab - -  e= e~ - eab e= 

"-~'0 
;R 

Line Voltages 

Figure 3.22 
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,l 

ean ebn ecn ean eb. ecn 

,,,/ ( 
~o~ 

Phase Voltages 

Figure 3.23 

Load voltage and current waveforms are shown in Fig. 3.24 for a highly 
inductive load with steady current between the firing periods. The thyristors are 
turned on with delay angle a after the phase voltage cross-over points. 

A v e r a g e  load vo l tage  

The expression for the average load voltage is derived from the waveform of the 
load voltages in Fig. 3.25. 

Each firing period is symmetrical, and taking the reference point as phase 
voltage maximum, the average load voltage is found as follows: 

_Gr/3)+a 
Vav = Epm/(2rr/3) J-(./3)+~ cos8 S8 = 3 Epm/2rr [sinS] 

= 3 Epm/2rr { sin (r r/3 + a) - sin ( - r  r/3 + a) } 

= 3 Elpm/rr { sin (rr/3) cosa + cos(rr/3) sin a - sin ( - # / 3 )  cos a 
- cos ( -  rr/3) sin a } 

Vav = 3 ~/3(Epm/2rr) cos a = 0.827 EpmcOSa (3.17) 

(3.18) 
/~v = Vav/R 

The phase current is Iav for a 120 ~ period, and zero for two further 120 ~ periods" 

Irm~ = ~/(I~v 2 + 0 + 0)/3 = I~v/(~/3) (3.19) 

Load power, 

p = Iav2R (3.20) 
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Epm . . . . . .  

S S 

-n  0 +Tt 
3 3 

Figure 3.25 

Converter  power  factor, 

cosr  = P/3 Erms lrms 
(3.21) 

Example 3.9 

A three-phase half-controlled thyristor converter  has an highly inductive load of  

10 ~ ,  and a supply of  240V at 50Hz. 

Determine  the values of  average load voltage and current, rms phase current, 

load power  and converter  power  factor for firing angle delay of  (a) a = 30 o, (b) 

a = 75 ~ (c) What  are the max imum values of  load power and converter  power  

factor obtainable from the circuit? 

Solution 

Using equations (3.17)-(3.21).  

(a) Vav = 0.827 Epm c o s  a 

= 0.827 ~/2 X 240cos 30 ~ = 243V 

Iav = Vav/R = 243/10 = 24 .3A 

lrms = Iav/~]3 = 24.3 / ~ = 14A 

P = lavER = 24.32 • 10 = 5.9 kW 

cos ~ = P/3 Ep Irms = 5900/3 X 240 X 14 = 0.585 

(b) Vav 

a v  

r n l s  

P 

= 0 . 8 2 7  Epm c o s  a 

= 0.827 ~ X 240cos 75 ~ = 72.6V 

= Vav/R = 72.6 / 10 = 7 .26A 

= Iav/']-3 = 7.26/'4"3 = 4.19 A 

= Iav2R = 7.262 X 10 = 527W 

cos ~ - P/3 Ep Irms = 527/3 X 240 X 4.19 = 0.175 
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(c) Vav 

a v  

r i l l s  

P 

= 0.827 E p m  c o s  a = 0.827 ~ • 240cos 0 ~ = 281V 

= V a v / R - "  2 8 1 / 1 0  = 28.1A 

=Iav/ ~ = 28.1 / ~ = 16.2A 

= IavZR = 28.12 X 10 = 7.9kW 

cos ~6 = P/3 Ep Irms = 7900/3 x 240 x 16.2 = 0.68 

Assuming that the a.c. supply to the converter is obtained from the secondary 
windings of a three-phase transformer, then straight star connection as shown in 
Fig. 3.21 would not be suitable due to the d.c. component of the phase currents 
producing d.c. magnetizing ampere-tums in the transformer. This problem is 
overcome by using a zig-zag connected secondary winding which cancels out 
the d.c. ampere-tums in each phase (Lander, 1993, p. 57). 

3.16 THREE-PHASE FULL-WAVE CONVERTER 

This converter can control loads of up to about 100kW. If two-quadrant 
operation is required a fully controlled three-phase bridge is required. If only 
one-quadrant operation will do, then a half-controlled three-phase bridge can be 
used, with its simpler firing circuits. The circuit in Fig. 3.26 shows a fully 
controlled full-wave three-phase thyristor bridge converter. 

E a n 

r @ 
E b n  

r @ 
I Ec n > 

@ 
Figure 3.26 
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~v a 
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T3 ~ Ts 

T6 ~. T2 f 
I'~ I I 

In this circuit, two thyristors are fired simultaneously. The reference point for 
successful turn-on is now the cross-over of the line voltages. Firing pulses are 
required every 60 ~ or rr/3 rad. Thyristors T1, T3 and T5 are referred to as the 
positive group; thyristors T4, T6 and T 2 are the negative group. The firing 
sequence of the thyristors is tabulated below for 60 ~ intervals. Each thyristor 
is conducting for a 120 ~ period, and is off for a 240 ~ period" 
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Average load voltage (Vav) 

Each firing period is symmetrical, and taking the reference point as line voltage 
maximum, the average load voltage is found as in Fig. 3.28" 

(z 

E l m  . _  i 

I 

% 

-41 - , 

I 
o 

Figure 3.28 

( r r /6)+a 

Vav = Elm~(rr/3)  .f 
- - ( r r /6 )+a  

cos8 88 = 3Elm/rr [sinS] 
rr/6 + oc 

- r  r/6 + 

= 3 Elm/rr { sin (rr/6 + a) - sin ( - r  r/6 + a) } 

= 3 Elm/rr { sin (rr/6) cosa + cos(rr/6) sin a - sin ( - r  r/6) cos a 
-cos(rr/6) sin a } 

Vav = 3(Elm/rr) cos a = 3 ~/3 (Epm/rr) cos a (3.22) 

lav = Vav/R 

Irms = fl (Iav 2 + (-Iav) 2 + 0)/3 = (~] 2/3) Iav 

Example 3.10 

The three-phase half-controlled converter of Example 3.9 is replaced by a 
three-phase fully controlled thyristor converter. Load and supply remain 
unchanged, i.e. highly inductive load of 10f~ and a three-phase supply of 

240V at 50Hz. 
Determine the values of average load voltage and current, rms phase current, 

load power and converter power factor for a firing angle delay of (a) a = 30 ~ (b) 
a = 75 ~ (c) What are the maximum values of load power and converter power 

factor obtainable from the circuit? 
Compare the solutions with those of Example 3.9. 
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Solution 

(a) Vav 

(b) 

(c) 

= 3 ~(Epm/ 'n"  ) cos  a 

= 3 ~/~ X ('~/2 X 240/rr) cos 30 ~ = 4 8 6 V  

Iav = V a v / R  = 4 8 6 / 1 0  = 48 .6A 

Irms = ~/ (lav a + ( - - I a v )  z + 0)/3 = (~/2/3) Iav = 39 .7A 

P = Vav Iav = (48.6) 2 X 10 = 2 3 . 6 2 k W  

cos ~ = P / 3 E p ( r m s ) I r m s  = 23.62 X 103/(3 X 240 • 3 9 . 7 ) =  0.826 

Vav = 3 ~[3(Epm/rr ) cos  a 

= 3 ~ • ('~/2 X 240 / r r )cos  75 ~  145V 

Iav = V a v / R  = 145/10 = 14.5A 

lrms = ~/ (Iav 2 + ( - - I av )  2 + 0)/3 = (~/2/3)  I a v =  l l . 8 A  

P = Vav Iav = (14.5) 2 • 10 = 2 . 1 k W  

cos ff = P / 3 E p ( r m s ) I r m s  = 2.1 • 103 /(3 • 240 X 1 1 . 8 ) =  0.247 

Vav = 3 ~[3(Epm/rr) cos a 

= 3 ~ • ( ~  • 240/rr) cos 0 ~ = 5 6 1 V  

Iav = V ~ v / R  = 561/10 = 56 .1A 

Irms = ~/ (Iav 2 + (--Iav) 2 + 0) /3 = (~  2/3) Iav = 45 .8A 

P = Vav I a v =  (56.1) 2 X 10 = 3 1 . 4 k W  

cos ff = P / 3 E p ( r m s )  lrms = 31.4 X 103/(3 X 240 X 45.8) = 0.954 

Compar i son :  

OO a = 0 ~ a = a = 3 0  ~ a = 3 0  ~ a - 75 ~ a = 75 ~ 

HC FC HC FC HC FC 
Vav (V) 281 561 243 486 72.6 145 

lav (A) 28.1 56.1 24.3 48.6 7.26 14.5 

lrms (A) 16.2 45.8 14 39.7 4.19 11.8 
P (kW) 7.9 31.4 5.9 23.6 0.53 2.1 
cos ff 0.68 0.954 0.585 0.826 0.175 0.247 

The ful ly control led bridge has twice the average load vol tage and current,  2.83 

t imes the rms current,  four t imes the load power  and a power  factor improved  

by a factor of  1.4, compared  with the half-control led case. 
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3 . 1 7  T H E  p - P U L S E  C O N V E R T E R  

A general expression for the average load voltage of any fully controlled 
converter can be developed by reference to the waveform sketch in Fig. 3.29. 

E~ I - 
. . . . . .  a ~ ~  I - - - -  I - - -  " "  Vav 

I �9 �9 

0 : : 1 �84 I 
-n 0 + ~  

P P 

I I 

Figure 3.29 

Average load voltage 

+=/p+a +( ,~/p)+a 
Vav = Em/(Zr/p) J" cos 0 ~0 = p  Em/Zrr [sin0] 

-~/p+a -(=/p)+a 

= p Em/2rr { sin (rr/p + a) - sin ( -  rr/p +a) } 

= p  Em/2rr {sin ( r /p)  cosa + cos(r /p)  sin a - sin ( - r / p )  cos a 
- cos(rr/p) sin a} 

Vav = (P Em/rr)sin (rr/p) cos a (3.23) 

Now the average load voltages for the different converters are: 

(a) Single-phase, p = 2: 

Vav = (2Em/rr) cos a 

(b) Three-phase half-wave; p = 3" 

Vav = (3 ~3 Epm/2rr) cos a 

(c) Three-phase full-wave, p = 6, 

Vav = (3 ~ Epm/rr) cos  a 
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3.18 TWELVE-PULSE CONVERTER 

If higher output voltages and load power than those obtainable from the full- 
wave fully controlled bridge are required, then converters can be connected in 
series, as show in Fig. 3.30. 

Figure 3.30 

Delta 
r 

2 

,I 
I 

I 
I 

I 

i ~ ~ )  lL~ I Star 
Q 

Primary :secondary 
2 

Vav 

The two secondary windings have phase voltages 30 ~ apart. In order for each 
secondary winding to produce the same voltage magnitude, the delta winding 
requires ~/3 more turns than the star winding. The easiest method of analysis is 
to consider each converter producing half the average load voltage. The average 
load voltage is then twice that produced by each six-pulse converter. Thus 

Vav = 2 • 3(Elm/rr) cos a 

= 6(Elm/rr) cos a 

The altemative method of analysis is to show a single load voltage waveform 
with an altered maximum line voltage to take into account the phasor addition 
of the two bridge outputs, as in Fig. 3.31. Now, we can see from the figure that 

Elm 

".. ~ ~ . . . . .  ~ ~ ~ : ) '  E im( res  ) 

Elm 
Figure 3.31 

Elm(res) = 2Elm cos 15 ~ = 1.932 Elm 

The firing periods are now only 30 ~ apart, i.e. 12 pulses per cycle, and the 
average load voltage is give by 

Vav(res ) = (tO Elm(res)/rr) sin zr/p cos a = 12 X 1.932 Elm (sin rr/12) cos a 

= (6 Elm~ rr) cos a 
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3.19 SPEED REVERSAL AND REGENERATIVE 
BRAKING OF SEDC MOTOR DRIVES 

As shown in equation (3.23), fully controlled converters have average output 
voltage give by 

Vav = (p Em/rr)sin (r/p) cos a 

This means that the increasing firing angle delay will reverse the output voltage 
at a > 90 ~ (see Fig. 3.32). The ability to reverse the converter voltage gives a 
means for speed reversal of the motor. 

p Em sin ~ 

~ 0  
0 

_p Em sin ~ 

[ 6t ~ 
9 0 ~  180 

Figure 3.32 

The d.c. separately excited motor requires either armature current or field 
current reversal to drive the motor in the reverse direction. In practice, field 
inductance is much larger than armature inductance and so field reversal is 
slower. The armature current can be reversed using either a contactor or two 
anti-parallel fully controlled bridges, as shown in Figs 3.33(a) and (b). Only one 
bridge is operated at any one time; the other bridge is inhibited. 

Forward 
l ,  - ~ . z~, 
i~ l [~ ~iReverse -'L~(~I 

Thynstor i - ~ Vf bridge o 
(a) Reversing contactor 

(-~A COB 

I I" 
v Bridge 'A' Bridge 'B' 

(b) Anti-parallel bridges 
Figure 3.33 



62 AC to DC thyristor converters 

For reversal of speed and regenerative braking, the sequence of operations is 
shown in Figs 3.34(a)--(d). Assume the drive is in the forward motoring con- 
dition as shown in Fig. 3.34(a), and the requirement is to reverse the direction of 
rotation. The firing angle is increased to reduce the armature current to zero. 
The contactor can then be safely operated as indicated in Fig. 3.34(b). The firing 
angle is further increased until the generated voltage exceeds the converter 
voltage; regenerative braking comes into operation; energy is extracted from the 
armature and fed back to the supply; the motor brakes and generated voltage 
and speed both fall to zero. The armature voltage is brought back to the normal 
rectifying mode by phase angle control and speed builds up in the reverse 
direction to the required value, as shown in Fig. 3.34(c). 

To return to the forward direction of speed, the firing angle is increased until 
armature current is again zero. The contactor is operated as in Fig. 3.34(d), 
generated voltage exceeds converter voltage, regenerative braking occurs, and 
armature speed falls to zero. As shown in Fig. 3.34(a), speed is built up in the 
forward direction by phase angle control. 

Itv, v 
I 

F 

O 

R 

(a) Forward motoring V.v>E, a<90 ~ 

F 
- o  

itv.  /IF', 

R 

(c) Reserve motoring V.v>E, a<90 ~ 

F 
"" O ~av 

, I F I  

R 

(b) Forward braking E> V.v, a>90 ~ 

F 

R 

(d) Reverse braking E> V,,,,, a>90 ~ 

Figure 3.34 

Example  3.11 

A separately excited d.c. motor is driven from a three-phase fully controlled 
converter with a contactor for speed reversal. The line voltage is 440 V at 50Hz. 
The motor armature resistance is 0.12f~ and the armature voltage constant kv = 
2.0 V/rad/s at rated field current. 

(a) Determine the firing angle delay necessary, at rated field current, for an 
armature current of 40A at a speed of 1500rev/min. 
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(b) The contactor is operated after delay angle control is used to bring the 
armature current to zero, at the start of the sequence for speed reversal. 
Assuming that initially the generated armature voltage remains constant, 

what delay angle is required to set the armature current back to 40A for 

regenerative braking and what power is available for regeneration? 

Solution 

(a)  E = wkv 

= (1500 • 2rr/60)2.0 = 314.2 V 

Vav = E + I . v R  A 

= 314.2 + (40 • 0.12) = 319V 

Vav = (3Elm/rr)  cos  a 

= (3 X 440 '~r2/rr) cos a = 594 cos a 

.'. 594 cos a = 319 

cos a = 319/594 = 0.537 

a = 57.5 ~ 

(b) E - l a v R a  = --Vav 

3 1 4 . 2 -  (40 X 0 . 1 2 ) = -  Vav = - 5 9 4  cos a 

594 cos a = - 3 0 9 . 4  

cos a = - 0 . 5 2  

a = 121.3 ~ 

Regenerative braking power, P, is given by 

P = Va,, Iav= 309.4 X 40 = 12.4kW 

Braking torque = P / o J -  12400/(1500 x 2rr/60) = 79 N m  

3.20 SELF-ASSESSMENT TEST 

1 What type of  thyristor converter is required for operation in: 

(a) the first quadrant 

(b) the first and second quadrants 

(c) all four quadrants? 
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2 An a.c. supply drives a half-controlled thyristor bridge with a resistive load. 
Sketch the circuit diagram, and the voltage and current waveforms. 

3 A highly inductive load is driven from a fully controlled thyristor bridge 
connected to a.c. mains. Sketch the circuit diagram, and the voltage and 
current waveforms. 

4 State the equations for average armature voltage, generated voltage, armature 
current and torque for a separately excited d.c. motor driven from a.c. mains 
via a fully controlled thyristor bridge. Why is the firing angle range limited in 
such a circuit? 

5 State the equations for average armature voltage, generated voltage, armature 
current and torque for a separately excited d.c. motor driven from a.c. mains 
via a half-controlled thyristor bridge. Is the firing angle range limited in such 
a circuit? 

6 Calculate the values of maximum output voltage obtainable from p-pulse 
converters with two, three, six and 12 pulses. Assume a phase input voltage 
of 250V, 50Hz in each case. 

7 What type of converter would be required to drive a 100kW SEDC motor in 
forward and reverse directions, and to give regenerative braking? Briefly 
explain the sequence of events in the transition between forward and reverse 
motoring. 

3.21 PROBLEMS 

1 A resistive load is supplied with variable voltage d.c. from a Triac full-wave 
rectifier bridge combination connected to an a.c. supply. Draw the circuit 
diagram and, with the aid of voltage waveform sketches, calculate the load 
power dissipation for load resistance of 100f2, a voltage supply of 110V at 
50Hz, and firing angle delays of 45 ~ and (b) 135 ~ Assume ideal switching 
devices. 

2 A full-wave fully controlled thyristor a.c. to d.c. converter supplies power 
to (a) a resistive load of 250f2, (b) a highly inductive load with a 
resistance of 250f2. The a.c. supply is 240V, 50Hz. Determine the values 
of load average and rms voltage and current, load power and converter 
power factor for (a) a = 30 ~ (b) a = 60 ~ Assume ideal switching 
devices. 

3 Two of the bridge thyristors in Q.2 are replaced by diodes to make the 
converter half-controlled. Repeat the calculations of Q.2 for this converter 
and compare the performance of both converters. 
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4 A single-phase fully controlled SEDC motor drive has an armature voltage 
constant of 0.9 V/rad/s, and an armature resistance of 0.75~. The field 
current is held constant at its rated value. Mains supply to the drive is 
250V, 50Hz. 

Determine the average armature voltage, current and torque at an armature 
speed of 1200 rev/min, with a firing angle delay of (a) a = 30 ~ (b) a = 70 ~ 
Assume steady armature current. 

Compare the performance of the drive of Q4 with that of the half-controlled 
case given for the same conditions, i.e. repeat the calculations in Q4 for a 
single-phase half-controlled SEDC drive. 

A separately excited d.c. motor has an armature resistance of 1.0~ and an 
armature voltage constant of 0.8 V/rad/s. Determine the average armature 
current and torque output, with firing angle delay of a = 45 ~ and armature 
speed of 1600 rev/min. The armature is driven by: 

(a) a full-wave fully controlled single-phase converter 

(b) a half-controlled single-phase converter 

(c) a three-phase half-wave converter 

(d) a three-phase full-wave converter. 

The supply phase voltage is 230V in each case. 

7 A three-phase half-wave converter drives an SEDC motor rated at 500A, 
1000 rev/min with Ra = 0.02~ and kv - 0.8 N m/A (V/rad/s). Find the delay 
angle required for an output torque of 400Nm at rated speed. 

The line voltage input to the converter is 415V at 50Hz. 



4 DO to AC inverters 

The inverter provides a.c. load voltage from a d.c. voltage source. The semi- 
conductor switches can be BJTs, thyristors, Mosfets, IGBTs etc. The choice of 
power switch will depend on rating requirements and ease with which the 
device can be turned on and off. 

A single-phase inverter will contain two or four power switches arranged in 
half-bridge or full-bridge topologies. Half-bridges have the maximum a.c. 
voltage limited to half the value of the full d.c. source voltage and may need 
a centre tapped source. Full-bridges have the full d.c. source voltage as the 
maximum a.c. voltage. Where the d.c. source voltage is low, e.g. 12V or 24V, 
the voltage drop across the conducting power switches is significant and should 
be taken into account both in calculation and in selection of the switch. 

The a.c. load voltage of the inverter is essentially a square wave, but pulse- 
width-modulation methods can be used to reduce the harmonics and produce a 
quasi-sine wave. If higher a.c. voltages than the d.c. source voltage are required, 
then the inverter will require a step-up transformer. 

The output frequency of the inverter is controlled by the rate at which the 
switches are turned on and off, in other words by the pulse repetition frequency 
of the base, or gate, driver circuit. 

Thyristors would only be used in very high power inverters, since on the 
source side there is no voltage zero, and a forced commutation circuit would be 
required to turn the thyristor off. 

Some typical single-phase inverters are considered in the following sections. 
The switching device shown is a BJT, but could be any switch, the choice being 
determined by availability of required rating and ease of turn-on and turn-off. 

Care must be taken not to have two switches 'on' together, shorting out the 
d.c. source. There must be either a dead-time between switches or an inhibit 
circuit to ensure this does not happen. 

4.1 HALF-BRIDGE WITH RESISTIVE LOAD 

In the circuit of Fig. 4.1, Vpl and Vp2 are pulse generators acting as base drivers 
for the two transistors. Vpl provides a pulse every periodic time, T, of the 
chosen inverter frequency. Vp2 provides a pulse every periodic time, but 
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delayed by T/2 on Vpl. Figure 4.2 shows the shape of the output voltage wave 
form across the load resistor R 1. 

Q~ Vbl 
i 

Vpa Oa Vba 

Figure 4.1 

vLt 
Vb 

-Vb 

Q1 on 

772 Qa on 

Q1 on 

Qa on 

t 
,,,..._ 
,,,...- 

Figure 4.2 

Inverter frequency, f = 1/T (s). 

Root mean square load voltage, 

_(T/2), 
Vrms = ~ (2/T) J'0 (vb)2 3t = V b 

where Vb = g b l  "- Vb2. 

Example 4.1 

A half-bridge inverter, as shown in Fig. 4.1, has Vbl = Vb2 = 20V. The load is 
resistive with R = 10f). Inverter frequency is 100Hz. Sketch and scale the load 
current waveform and determine the load power dissipation. 
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Solution 

Assume ideal switches. 

Maximum load current = rms load current 

= V b l / R  = 20/10 = 2 A  

Periodic time = 1/f= 1 / 1 0 0  = 10ms 

The load current waveform is therefore as shown in Fig. 4.3. 

2A  

0 
0 5 10 15 

2A  . . . . . . . .  

Figure 4.3 

Load power dissipation is 

PL = /rms 2R = 2 2 X 10 = 40W 

[ t(ms) 

20 

4.2 HALF-BRIDGE INVERTER WITH RESISTIVE 
LOAD AND CAPACITIVE ELEMENTS 

In the circuit in Fig. 4.4, capacitors replace the centre-tapped battery, and a 
single battery acts as the d.c. source. C1 and C2 are each charged to Fb/2 prior to 
switching. When Q1 is switched on, C1 capacitor voltage is applied across the 
load, load current flows and exponentially decays until Q1 is switched off and 
Q2 is switched on to connect (72 as a reverse voltage across the load. Load 
current flows in reverse through the load, exponentially decaying until Q2 turns 
off and Q~ turns on to repeat the cycle. Figure 4.5 shows the typical load voltage 
waveform. 

E x a m p l e  4.2 

The circuit shown in Fig. 4.4 has Vb = 40V, C 1 - C 2 = 200/~F, R~ = 10~ and an 
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Figure 4.5 

inverter frequency of 100Hz. Assuming ideal switches, determine maximum 
and minimum values of load voltage, assuming the waveform is symmetrical. 

Solution 

T= 1/f= 1 / 1 0 0  = 10ms 

z = C R = 2 0 0  • 10 -6 • 1 0 = 2 m s  

For a symmetrical waveform 

Vc 1 (max) - Vc2(max) 

Vcl(min) - Vc2(min ) 

Also 

Vcl(max) = Vb --" Vc2(min) 

and 

Vc2(max) = Vb -- Vcl(min) 
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Hence 

Vcl(max ) = 4 0 -  Vcl(max ) e x p ( - t / C R )  

-- 4 0  -- Vcl(max ) exp ( -2 .5)  

�9 ". Vcl(max ) = 40/(1+ exp ( -2 .5)  = 37V 

Vcl(min ) = Vcl(max ) exp ( -2 .5)  = 37 • exp ( -2 .5)  = 3V 

4.3 HALF-BRIDGE WITH PURELY INDUCTIVE 
LOAD 

With resistive loads, at the half-cycle period Q1 is switched off and Q2 is 
switched on. The load current changes instantaneously from the maximum 
positive to the maximum negative value. 

With inductive loads, instantaneous reversal is impossible. In fact, if an 
inductive load was turned off with maximum current and there was no alter- 
native path for the current to flow, the current collapse would be very rapid, and 
the induced voltage, e = L di/dt, would be very large. This voltage would appear 
across the transistor switch in reverse and could destroy it. 

To protect the transistor from this inductive surge, feedback diodes are 
connected in anti-parallel across'the transistor to provide a path for the current 
to decay. In the circuit in Fig. 4.6, when Q1 switches off at maximum positive 
current, the inductive voltage VL reverses its polarity, the voltage rises above 
Vb2 and forward biases D2,  allowing the decay of current until load current zero, 
when Q2 will start the flow of current in the negative direction. When negative 
current reaches its maximum value, Q2 switches off, VL reverses, rising above 
Vbl and forward biasing diode D1, until load current zero. Q1 will then allow 
current to grow in the positive direction and the cycle is repeated. 

Vp 1 Ra~ ~t-] Q~I~] D1L1 
Vp2 ~ Da <VL 

Da 

vb,( 

vo2( 

Figure 4.6 
In Fig. 4.6, the current will ramp up and ramp down in response to switching. 

Initially a transient occurs until Io, the inductor current at switching, is estab- 
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lished. When the transient has disappeared, the waveform is symmetrical with 
Io and - Io  as the initial conditions at switching. 

The current waveform in Fig. 4.7 shows the conditions once the transient has 
disappeared. The circuit in the s domain at t=0 is given in Fig. 4.8. 

-/o 

m i n d  

o 'T ' 
i 
I 

t 

Figure 4.7 

i(s) sL 

S 
L/o 

Figure 4.8 

In this circuit 

i (s )  = ( ( V b / S )  -- L I o ) / s L  

i ( t )  = ( Vb/L ) t - Io (4.1) 

At t = T/2 ,  i = + Io. Hence 

Io = ( ( V b / L ) ( T / 2 )  - Io 

21o = ( ( V b / L ) ( T / 2 )  

Io = Vb T/4L = Vd4 f s  (4.2) 

Q2 is now switched on with the initial condition given in equation (4.2). The s 
domain circuit is now as shown in Fig. 4.9. 
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Figure 4.9 

i(s) 

$ 

sL 

~L 1o 

In this circuit 

i (s)  = (LIo - ( Vb/S) ) / sL  

i(t)  = Io - ( V b / L ) t  = ( V b T / 4 L )  - ( V b / L ) t  (4.3) 

A further t = T/2 after switching, i(t) will be equal to -Io. From equation (4.3) 

- l o  = ( V b T / 4 L )  - (Vb T /2L)  = - Vb T /4L  (4.4) 

Example 4.2 

A half-bridge inverter with a centre-tapped 40V battery has a purely inductive 

load, L - 200mH,  and a frequency of  100Hz. Determine the max imum load 

current and the load current at (a) t = 3ms,  (b) t = 5ms,  and (c) t = 8ms,  

assuming that at t = 0 the transient had disappeared. 

S o / u t / o n  

Periodic t ime is 

T =  1 / f =  1/100 = 0.01s = 10ms 

Max imum curent is 

Io = V b T / 4 L  = 20 x 10-2/4 X 0.2 = 2 5 0 m A  

(a) i( t)  = ( V b / L )  t -- Io 

= (20/0.2) 3 x 10 -3 - 0.25 = 50mA 

(b) i( t)  = ( V b / L )  t -- Io 

= (20/0.2) 5 X 10 -3 - 0.25 = 250 m A  

(c) At t=5 ms, the second switch turns on; 8 ms is 3 ms into the negative ramp. 
Thus 

i( t)  = ( V b T / 4 L )  - ( V b / L ) t  

= (250 X 10 -3) - ( 2 0 / 0 . 2 ) 3  X 1 0 - 3 = - 5 0 m A  
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4.4 HALF-BRIDGE WITH AN R-L LOAD 

The load is a series combination of resistance and inductance. The circuit is 
shown in Fig. 4.10. 

A 

Ra A Q~ D 1 N4148 

Vp, 20 
04 L1 

21 ~ 100 mH Q 
D2N4148 Vpa I~ D2 

i .  v 

Q2N3904 

I 

V l() 
10 

V02() 

Figure 4.10 

Assuming that Io is established, the transient has disappeared and load current 
waveform is symmetrical, the typical shape will be as shown in Fig. 4.11. 

i(t) 
I 0 . . . . . . . .  

0 ~ t 

-lo 

Figure 4.1 1 

The s-domain circuit with Q1 switched on is shown in Fig. 4.12. 

i(s) R sL 

s 
L]o 

Figure 4.12 

In this circuit 

i(s) = ( (Vb/S)  -- LIo) / (R +sL) 

= (vb / s (R  + sL))  - (LIo (R + sL))  

= ( V b m )  (R/s(s + R/L))  - Llo/(R + sL) 
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i(t) = (Vb/R)(1 - e x p ( - R t / L )  - Io e x p ( - R t / L )  

At the end of the half-cycle period, t = T/2 and i(t) = Io; hence 

Io = (Vb/R)(1 -- e x p ( - R T / 2 L )  - Io e x p ( - R T / 2 L )  

(4.5) 

Io = (Vb/R)(1 - e x p ( - R T / 2 L ) / ( 1  + e x p ( - R T / 2 L )  (4.6) 

Q2 is now switched on and the s domain circuit changes to that shown in Fig. 
4.13. 

i(s) R sL 

$ 

,, 

Lto 

Figure 4.13 

Now 

i(s) = (Llo - Vb/S)/(R + sL) 

i(t) = lo e x p ( - R t / L )  - (Vb/R)(1 - e x p ( - R T / 2 L )  (4.7) 

Example 4.4 

The half-bridge inverter circuit shown in Fig. 4.10 has a load resistance of 10f~ 
and an inductance of 100mH. The centre-tapped battery has 20V per section. 
The inverter frequency is 100Hz. Determine the value of lo, and i(t), (a) 3 ms 
after Ql switches, and (b) 4ms after Q2 switches. 

Solution 

T =  1 / f=  1/100 = 10ms 

T/2 = 5 ms 

L/R = 0.1/10 = 10ms 

From equation (4.6) 

Io = (Vb/R)(1 - e x p ( - R T / 2 L )  / (1 + e x p ( - R T / 2 L )  

= (20/10)(1 - exp( -5 /10) )  / (1 + exp( -5 /10) )  

= 0.49A 

From equation (4.5) 

i(t) = (Vb/R)(1 -- e x p ( - R t / L )  - lo e x p ( - R t / L )  
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= (20/10)(1 - exp( -3 / i0) )  - Io exp(-3/10) 

- 0.155A 

From equation (4.7) 

i ( t )  - Io e x p ( - R t / L )  - ( V b / R ) ( 1  -- e x p ( - R T / 2 L )  

= 0.49 exp(-4/10) - (20/10)(1 - exp(-4/10) 

- -0 .331A 

4.5 FULL-WAVE BRIDGE INVERTER 

The circuit arrangement for the full-bridge inverter is shown in Fig. 4.14. If the 
load is purely resistive, the feedback diodes are not required. Q1 and Q3 are 
turned on for the positive half-cycle, Q2 and Q4 for the negative half-cycle. The 
load voltage value is twice that of the half-bridge, i.e. for ideal switches the full 
battery voltage appears across the load. The rms load current is twice that of the 
half-bridge, and the load power is increased by a factor of 4. 

Figure 4.14 

~(~ mh A A 

D1 /qa Da 

rid, i,~ 
L1 iL R1 

id4 VL i~ i= 
3 

D4 D3 

! 

! 

For analysis of the full-bridge, with an R - L  load, equations (4.5)-(4.7) are 
used with the full battery voltage instead of the centre-tapped value. Figure 4.15 
shows the voltage and current waveforms in the circuit. 

4.6 AUXILIARY IMPULSE COMMUTATED 
INVERTER 

When thyristors are used as the power electronic switches, a separate turn-off 
circuit is required in the situation where there is no natural supply voltage zero, 
i.e. where the supply is a steady d.c. Examples of forced commutation in 
inverter circuits follow. 
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In Fig. 4.16, T1 and T2 are the main power controlling thyristors, and T1A and 
T2A are the auxiliary commutating thyristors. D1 and D2 are the feedback diodes 
for inductive loads. 

7 T1A 
__/ 

C1 

, v -  

v~ 
7 T2A 

_ 2  

Figure 4.16 

L1  

D1N4148 

~ 2 

( 

02 2 

A ~ 7 T1 

w 

T2 

Load 

( v d2 

)vj  

T2A is switched on to pre-charge the commutating capacitor. When the 
charging current ceases, the capacitor is charged to the full battery voltage 
Vb, with the polarity shown. The thyristor turns off naturally at current zero, 
when the capacitor is fully charged. 

T~ is turned on to start the load cycle, and conduction occurs left to right 
through the load with the left-hand terminal positive. At the end of the half- 
cycle period, T1A is turned on, T1 is reverse-biased by the capacitor and 
prepares to turn off. The capacitor meanwhile recharges to opposite polarity, 
through the load first, and then through D1 when TI turns off. When the 
capacitor current reaches zero, T~A turns off leaving the left-hand plate of the 
capacitor positive. 

T2 is now switched on and conduction occurs right to left through the load 
with the right-hand terminal positive. At the end of the negative half-cycle 
period, T2A is switched on, T2 is reverse-biased and prepares to turn off, and the 
capacitor recharges to the original polarity through the load, and then through 
D2 when T2 turns off. The cycle is then repeated. 

Sequences of gate pulses and the resulting load voltage waveform are shown 
in Fig. 4.17. A single firing pulse is shown, but if the load is inductive a train of 
pulses would be used. T1 and T2 must never be on together because this will 
short-circuit the supply. If T2 is fired after T1 is off, but before T1A is off, the 
capacitor charge is topped up. 

Control of inverter frequency is by control of the periodic time of the gate 
firing pulses. Control of the mean voltage can be achieved by variation of the 
delay between gating pulses of main and auxiliary thyristors. A block schematic 
diagram of the gate pulse control is shown in Fig. 4.18. 

A typical commutation interval is shown in three stages in Figs 4.19-4.21. 



' T~g  

1/f 

F~ ~ t  

TiAg 

T2g 

1/2f 

r~ 
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r~ 
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~ - -  O 
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Figure 4.17 

t 

Pulse generator 
and power amplifier 

PGA1 

Delay I - I 
I r I 

_ . I  

PGA2 

Isolating transformer 
IT~ 

IT2 

T1 gate 

~" T1A gate 

Delay PGA3 T2 gate 

Delay PGA4 T2A gate 

Figure 4.18 
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The assumption is an inductive load causing sensibly constant current over the 
commutation interval: 

'I 

_/ 

P, ,~, 

~' T,,, D, 2~ )7T1 

0 1  

~ 1  § 
r 

K 

L1 I Load '1 

vj2 

Figure 4 .19  

._/ 
7 T1A . 

O1 

c41 
Vc 

L1 Jc 

D2 
~/c  

v~ 
,=..._ ,,,.- 

I I Load 

C 

)v~,2 

)vj2 

Figure 4 .20  

J 
7' T1A 

01 L1 = ~ _ < I Load 

C 
&§ 

)v~/2 

)vj~ 

Figure 4.21 

1. T~ is on and TIA is tumed on to begin the commutation of T 1 (see Fig. 
4.19). The capacitor discharges through an oscillatory circuit, first of all 
through the load, and then through D~. When T~A is turned on the capacitor 
current, ic, rises and the current in thyristor T I falls until it reaches zero, at 
which point T I turns off. Capacitor current continues to rise, and the excess 
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of ic over IL flOWS through diode D1. The discharge current passes through 
maximum, and begins to fall as the capacitor begins to charge in the reverse 
direction. 

2. ic falls below IL, the load inductance acts to keep IL constant, and in so doing 
it forward biases D2 and load current flows in this diode (see Fig. 4.20). 
When the capacitor is charged in the reverse direction, i e c e a s e s  and T IA 
turns off, leaving the capacitor charged to rather less than Vb. 

3. If T2 is turned on just before TIA goes off, a further charge will flow into C to 
recharge it to Vb. When T~A turns off, the capacitor is charged to a polarity 
such that T2 can be turned off by firing T2A in the negative half-cycle (see 
Fig. 4.21). 

Figure 4.22 shows the waveforms during a commutation interval. The resonant 
frequency half-periodic time is very small compared to the inverter half- 
periodic time. 

At to, a commutation pulse is fed to the gate of T1A. At h, ic = I ,  iT1 = 0 and 
T1 prepares to turn off. At t2, ic = 0 for the second time and T~ must have turned 
off by this time; current is transferred from DI to D2. At t3, T2 is turned on. 

Figure 4.23 shows the position, as a circuit in the s domain, when the charged 
capacitor is switched across T l. The resistance of the coil has been neglected 
and this of course will damp the oscillation. In this circuit: 

i(s) = Vb/2S (sL + 1/sC) 

= Vb/2L(s z + 1/LC) 

= (Vb/2wL)  (w/(s  2 + we))  

where w = ~/(1/LC). Thus 

i(t) = (vb/2)4 C/L sin wt 

Also 

(4.8) 

Vc = i(s) /sC 

= Vb /2s ( s  2 L C  + 1) 

= (lib/2)o 2/s(s 2 + ,0 2) 

from which 

ve (t) = (Vb/2)(1 -- COS wt)  (4.9) 

Example 4.6 

A single-phase auxiliary-impulse commutated inverter is driven from a 60V 
centre-tapped d.c. supply. The load is inductive and over the commutation 
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Vb 
2s 

(3 

I 
sC 

C sL 
111 

io(s) 

Figure 4.23 

interval the load current can be considered constant at 30 A. The thyristors turn- 
off time is 40/zs. 

Derive suitable values for the commutating components L and C. Assume that 

the ratio of maximum capacitor current to constant load current is 1.5. 

Also determine the time taken for the capacitor current to reach the load and 
maximum currents. 

Solution 

The commutating capacitor current waveform is shown in Fig. 4.24. 

Figure 4.24 

45 A 

30 A '~ 
t" 

Thyristor current drops to zero at t', load current is provided by the capacitor. 
At time t' + toff, the thyristor must have turned off since the capacitor current 
falls below IL. The problem is to find the resonant frequency of the commuta- 
tion circuit, and then the values of the commutation components L and C: 

ic = Imsin wt 

At t = t', 30 = 45 sin wot. Therefore 0.667 = sin wot'. 

wot' = sin-1 0.667 = 41.84 ~ = 0.73 rad 

wotoff = 180 - 2wot' = 96.32 ~ = 1.682 rad 

wo = 1.682/toff = 1.682/40 • 10 -6 = 42 050 rad/s 

�9 ". fo = 6692Hz 

Equating energy storage, 0.5 L I  2 = 0 . 5 C V  2, from which 

L = C V 2 / I  2 = C (60)2/(45) 2 = 1.8 C 
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N o w  

2 
~ o  

C 

L 

= 1 / L C  = 1/1.8 C 2 

= 1/~/1.8 x 42 050 = 17.7/zF 

= 1.8 • 17.7 • 10 - 6  = 31.9/zH 

Time taken for current to reach 30A is given by equation (4.8) as 

i ( t )  = (Vb/2)~/C/L sin wt 

30 = 45 sin (42 050)t 

.'. t = arcsin (30/45) / 42 050 = 17.4tzs 

Time taken for current to reach 45A is given by equation (4.8) as 

45 = 45 sin (42 050)t 

.'. t = arcsin (45/45)/42 050 = 37.4/~s 

4.7 HALF-CONTROLLED BRIDGE WITH 
RESONANT LOAD (see Fig. 4.25) 

w 

R1 01 L1 

A 

Vbl 

(3 

vb2 

Figure 4.25 

The load current response to the square wave voltage excitation of the inverter 

circuit with an R - L - C  load is a sinusoid within an exponential envelope, i.e. 

i ( t )  = ( V / w L )  e x p ( - a t )  sinwt 

2 where a = R / 2 L  and w 2 = ( 1 / L C )  - a . 

If the resonance is to continue for most of the half-cycle in order to reduce the 
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current harmonic content, the value of 1/a = v, the time constant, must be a 
significant part of the half-cycle period. 

Example 4.7 

A half-controlled Mosfet inverter has a centre-tapped 40V battery. The load is a 
series connected R - L - C  combination with R = 10~,  L = 25.4mH and C = 

100/~F. The inverter frequency is 100Hz. Determine the current waveform at 
switch-on, and the current at t = 2.5 ms and t = 5 ms. 

Solution 

i(t) = (V /wL)  e x p ( - a t )  sinwt 

where 

a = R /2L  =10/(2 X 25.4 X 10 -3) = 197 

= 1/a = 1/197 = 5.1ms 

L C = 2 5 . 4  X 10 -3 X 100 x 10 - 6 = 2 . 5 4  X 10 -6 

1/LC = 39.4 X 104 rad/s 

2 _ (1/LC) a 2 (39.4 3.88)104 

a, = 596 rad/s 

f =  w/2zr = 596/2rr = 95Hz 

i(t) = (V /wL)  e x p ( - a t )  sinwt 

= (20/596 X 25.4 X 10-3)exp(-197t)  sin 596t 

i(t) = 1.32 exp( -197 t )  sin 596t (A) 

At t = 2.5 ms, 

i(t) = 1.32 exp( -0 .493)  sin 1.43 = 0.803 (A) 

At t = 5ms, 

i(t) = 1.32 exp( -0 .985)  sin 2.98 = 0.08 (A) 

Once the transients have disappeared, the current will be more or less sinusoidal 

with a maximum value of about 2A. The typical load current waveform is 
shown in Fig. 4.26. 

4.8 THREE-PHASE BRIDGE INVERTERS 

A full-bridge three-phase BJT inverter is shown in Fig. 4.27. The load is a 

balanced star connection of pure resistors. If the load was inductive, feedback 
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Figure 4.26 

diodes would be connected across each switch; these could be built into the 

switch module. In this type of inverter, two or three switches could be con- 

ducting simultaneously. 

a 

Q 

Q6 ] Q 
b 

R L  A iA 

B iB RL 

ic RL 

C 

Figure 4.27 

Two switches conducting 

The conducting sequence is as follows (each device conducts for a 120 ~ 
period): 
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Device Q1 Qa Q3 Q4 Q5 Q6 

Device Q6 Ql Qa Q3 Q4 Q5 

t) 0-60 ~ 60~ ~ 120~ ~ 180~ ~ 2400300 ~ 300~ ~ 

Two conducting devices- line voltage and current 

Values of line voltage and line (also phase) current for 60 ~ intervals are shown 
in Fig. 4.28, from which the waveforms (Fig. 4.29) are constructed. The other 
two lines have identical values, displaced mutually by 120 ~ 

Vdc 

Q1 and Q6 Q2 and Q1 Q3 and Q2 

A RE 

iA 
B RL 

C RL 
�9 , -~ ~W~ 

A RE A RL 
= = W~ = :- 

& 1 & 1 B RE B RL 

(a) 

& = V,c/2 R~ 

VAB -- Vdc 

ik = V~/2RL ik = 0 

VAB = Vdc/2 V~ = -V,~o/2 

Q4 and Q3 Q5 and Q4 Q6 and Qs 

A 

Vet iA 
B 

r 

RL 

'ww~ 

RL 
',wr 

C RL 

Vdc 

A 

iA 
B 

c 

RL A Rt. 

RL B RL 

IV I c " V 

(b) 

iA = - v ,  J2R,  

VAB -- -- Vdc 

ik =-VoJ2Rt. 

VAB = -- VdJ2 

&=0 

VAB = + VOc/2 

Figure 4.28 
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Figure 4.29 

--,- 0(o) 

---- 0(') 

--,- 0(o) 

The voltage and current waveforms (Fig. 4.29) are obtained from 

Im = Vale/2 RL 

Example 4.8 

A three-phase Mosfet inverter is connected between a balanced star-connected 
resistive load with RL = 10f~ and a 250V d.c. supply. The inverter frequency is 
set at 33 Hz, and the switches have 120 ~ conduction periods. Sketch and scale 
one of the line current waveforms, and calculate the load power. 

Solution 

Im = Vdc/2 RL = 250/2 x 10 = 12.5A 

2rr/3 2zr/3 
Irms = ~ (1/rr) SO Im28t? = Im ~/(1/rr) [Olo 

= Im 4 2/3 = 12.5 ~/2/3 = 10.21A 

P = 3 Irrns 2 RL = 3 (10.21) 2 10 = 3.13kW 

Periodic time = 1/f= 1/33 = 30ms 

T h r e e  s w i t c h e s  c o n d u c t i n g  

The conducting sequence is as follows (each device conducts for a 180 ~ 

period): 
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Device Ql Q2 Q3 Q4 Q5 Q6 

Device Q5 Q6 Q1 Q2 Q3 Q4 

Device Q6 Ql Q2 Q3 Q4 Q5 

8 0--60 ~ 60~ ~ 120~ ~ 180o-240 ~ 240o-300 ~ 300o-360 ~ 

The voltage and current waveforms (Fig. 4.30) are obtained from 

Im = 2Vde/3RL 

Im 

o 
o 

J 
60 120 180 240 300 

I 
~~o(') 
I 

111 

Im 

-,-o(') 

L 

--~e(') 

v,b t 

v~ 

,.-o(') 

Figure 4.30 
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Three conducting devices- line voltage and current 

Values of line voltage and line (also phase) current for 60 ~ intervals are shown 
in Fig. 4.31, from which the waveforms are constructed. The other two lines 
have identical values, displaced mutually by 120 ~ . 

Q1,Qs and Q8 Q2 Q6 and Q~ Q3Q1 and Q2 

A RL i, 

B RL 
V,c 

A RL i, RL iA 

B RL 

13 RL 

~ c  

A 

= i 1 B RL 

[ C RL 
~, ~ 1 ~  , 

(a) 

ik = Vdcl3RL 

v ~ = ~  

ik = 2Vnc/3RL 

VAB-" Vdc 

&= V~c/3R, 

v,~=o 

Q4 Q2 and Q3 Q5 Q3 and Q4 Q6 Q4 and Qs 

A RL 

Vnc ik 
B R, 
- 

C l RL 

V~ 

A RL A RE 
- W W ~  " T w w ~  

B R, B l RE 

C RL Vdc C RL 
�9 - 'WW,  ~. W r  

,A[ 
l 

& = Vdc/3RL & = -2 Vdc/3 RL & = - Vdc/3 RL 

V,,.B =-v~ V,B =-V,~ V,B=0 

(b) 

Figure 4.31 

Comparing rms line currents: 

1 Two switches conducting with 120 ~ conduction period (Fig. 4.32): 

/rms = ~/ 1/rr (Vdc/2RL) 2 (2rr/3) 

= Vdc/RL ~] (1/6)= 0.408 Vdc/RL (4.10) 
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Vdc/2RL 

o (A) 

,f 

0 2n/3 

i 0 ..--~ 

Figure 4.32 

2 Three switches conducting with 180 ~ conduction period (Fig. 4.33)" 

2 Vdcl3 RL ,t I I 
I '1 

0 hi3 2rr./3 n 

Figure 4.33 

Irms = ~ 1/rr { (Vde/3RL) 2 (rr/3) + (2Vde/3RL) 2 (rr/3) + (Vdc/3RL) 2 (rr/3)} 

= V d c / R  L ~/2/9 = 0.471 Vdc/R L (4.11) 

Example  4.9 

Repeat Example 4.8 but using the inverter with 180 ~ conduction period for each 

switch. 

Solution 

Irms = 0.471 Vde/RL = 0.471 • 250/10 = 11.76A 

P = 3Irms 2 RL = 3 • 11.762 • 10 = 4.15kW 

4.9 INVERTER HARMONICS 

Basically the inverter voltage waveform is a symmetrical square wave. Fourier 
analysis shows that any non-sinusoidal waveform can be expressed as a series 
containing a d.c. component and a sum of sine and cosine terms, with a 
fundamental frequency and multiples of the fundamental frequency, called 

harmonics. 
With a symmetrical waveform, there is no d.c. component and if the negative 

half-cycle is a mirror reflection of the positive half-cycle then there are no 
cosine terms, and only odd sine terms. 

Thus the inverter waveform can be expressed in a Fourier series as 

V-- Vim sin a,t + V3m sin 3oJt + V5m sin 5oJt + V7m sin 7o~t + . . . . .  + V~m sin no~t 
(4.12) 
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When the maximum values of the voltages are evaluated, it can be shown that 
equation (4.10) is equivalent to equation (4.11) below: 

v = (4 Vdclrr) (sin wt + (1/3) sin 3wt + (1/5) sin 5wt + (1/7) sin 7wt + 
. . .  + (1/n)sin nwt) (4.13) 

This is a fundamental frequency with third, fifth, seventh up to the nth harmonic 
frequencies. 

The overall rms value of the waveform is given by 

Vrm s = 4 (Vlm 2 + V3m 2 + V5m 2 + V7m 2 + . . . . . . . . .  -I- V~n2)/2 

Vrm s = 4 (Vlrms + V3rms + V5rms + VTrms + . . . . . . . .  + Vnrms) (4.14) 

Each component of the voltage will produce a corresponding current, i.e. 

Irms = ~/ (Ilrms +/arms + Isrms + I7rms + . . . . . . . .  + Inrms) (4.15) 

The power dissipation is given by 

2 R +/3rms 2 R + I5rms 2 R +/7rms 2 R + + Inrms 2 R P = / I n n s  . . . . . . . .  (4.16) 

The impedance of the load will vary with frequency, in general with R - L - C  

components in the load, 

IZ l - 2 + (coL - 1/wC) 2, COS t~l "- R/IZll, Ilrms = Vl rms / IZ l l  

Similarly 

IZ31 - ~/R 2 + (3o~Z - 1/3,o63 2, cos ~3 = R/IZ31, I3rm~ -- V3rm~/IZ31 

IZnl = ~ R 2 + (nwZ - 1/nwC) 2, cos ~n " - -  R/lZnl, I ,  rms = Vnrms /17.,I 

Total harmonic distortion factor is defined as 

THD = (~/ Vrms 2 - VlrmsZ)/Vlrms (4.17) 

E x a m p l e  4.9 

A single-phase full-bridge inverter is connected between a 200V d.c. source and 
a series connected R - L  load with R = 20f~ and L = 50mH. The inverter 
frequency is 50Hz. Determine the values of the rms load current, the load 
power and the total harmonic distortion factor, up to the 9th harmonic. 

Solu t ion  

= (4 Vdc/rr) (sin wt + (1/3) sin 3oJt + (1/5) sin 5wt + (1/7) sin 7wt 
+ (1/n)sin nwt) 
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= (4 • 200/rr) (sin wt + (1/3) sin 3wt + (1/5) sin 5wt + (1/7) sin 7wt 
+ (1/n)sin nwt) 

= 255 sin wt + 85 sin 3wt + 51 sin 5wt + 36 sin 7wt + 28.3 sin 9wt 

wL = 314.2 • 50 • 10 - 3 =  15.71f2 

Zl = 4 202 + 15.7 lZ = 25.4f2 

Z3 = ~/202+47.12 =51f2  

Z5 = ~/202 + 78.62 = 81 f~ 

Z7 = ~ 202 + 1102 = 112f2 

Z 9 = 4 202 + 1412 = 143f2 

Inns = ~ (102 + 1.672 

llm = 255/25.4 = 10A 

/3m = 85 /51  = 1.67 A 

I5m = 51/81 = 0.63 A 

17m -- 36/12 = 0.32A 

19m = 28.3/143 = 0.2A 

+ 0.632 + 0.322 + 0.22)/2 = 7.2A 

P = lrms2R = 7.22 • 20 = 1037W 

THD = (~ Vrms 2 - Vlrms2)/V, rms = ~ 2002 -- (255/~J2)2)/(255/q2) = 0.47 

4.10 SINUSOIDAL PULSE-WIDTH MODULATION 

One of the methods used to reduce the low frequency harmonics in the inverter 
waveform is sinusoidal pulse-width modulation. In this method, a reference 
copy of the desired sinusoidal waveform, the modulating wave, is compared to a 
much higher frequency triangular waveform, called the carrier wave. The 
resulting drive signals cause multiple turn-on of the inverter switches in each 
half-cycle with variable pulse width to produce a quasi-sine wave of load 
voltage. The pulse width increases from a very narrow width at the start of 
each cycle to a maximum width in the middle of each cycle. Then the pulse 
width reduces again after maximum until its minimum width at the end of the 
half-cycle period. 

Typically in the comparitor when the sine wave voltage exceeds the trian- 
gular wave voltage, the load voltage is +Vdc, and when the triangular wave 
voltage exceeds the sine wave voltage, the load voltage is -Vde. 

The magnitude of the load current can be controlled by the amplitude mod- 
ulation ratio, MA = sine Vm/triangular Vm. The accuracy, or closeness to a sine 
wave, can be controlled by the frequency modulation ratio, Mf =ftriangular/fsine . 

The waveforms in Figs 4.34 and 4.35 have been obtained from a PSPICE 
simulation, with a 200V d.c. source, a load of R = 20.(2 and L = 25mH, and 
values of Ma = 0.8 and Mf = 20. 
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Figure 4.34 

Figure 4.35 

This modulating method does not eliminate the harmonics, but has the effect 
of shifting them to a higher frequency level where they are more easily filtered. 
Detailed consideration of PWM methods is beyond the scope of this book, but is 
dealt with by several of the books in the reference section. 
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4.11 SELF-ASSESSMENT TEST 

1 What methods are used to control the frequency and output voltage of an 
inverter? What is the purpose of the base-drive resistors, R2 and R3, in the 
circuit in Fig. 4.1? 

2 Sketch the circuit diagram and the output current waveform of a half-bridge 
inverter with capacitive bridge elements and a resistive load. State the 
equations for maximum and minimum load voltages, assuming ideal switches 
and a symmetrical waveform. 

3 Sketch the circuit diagram and the typical output current waveform for a half- 
bridge with a centre-tapped battery voltage source and a purely inductive 
load. Assuming the waveform is symmetrical, what is the value of the peak 
load current, I0, in terms of battery voltage, frequency and inductance? 

4 In Q.3 above, the load is changed to a series combination of R and L. Sketch 
the shape of the load current waveform. State the expression for the load 
current variation with time during the on-time of each switch, and the 
expression required to determine Io. 

4.12 PROBLEMS 

1 A half-bridge inverter has capacitive elements each of 100/~F and a 50V 
battery. The inverter frequency is 1 kHz and the load resistance is 5 f~. Sketch 
and scale the load current waveform assuming ideal switches and a symme- 
trical waveform. 

2 The resistive load in Q.1 is replaced by a purely inductive load of 1 mH, 
otherwise the circuit remains unchanged. Sketch and scale the new load 
current waveform. 

3 The resistive and inductive loads of Q.1 and 2 are combined in a series 
combination for the half-bridge circuit; otherwise the conditions are 
unchanged. Once again, sketch and scale the new load current waveform. 

4 In Q. 1, an inductance is added in series with the resistance to resonate the 
load. Calculate the inductor value required. 

5 A single-phase auxiliary-impulse inverter is driven from a 96V centre-tapped 
battery. The load current is 20 A, constant over the commutation interval. The 
maximum capacitor current is to be 30A. Thyristors have a turn-off time of 
50/zs. Derive suitable values for commutating capacitor and inductor. 
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Variable a.c. voltage can be obtained using Triacs and inverse-parallel con- 
nected thyristors. One method is to use phase control, where part of the 
sinusoidal voltage waveform is blanked out each half or full cycle. Another 
method is to use burst-firing control, where complete half or full cycles are 
blanked out. Burst-firing generates less in the way of harmonies since it 
switches at mains voltage zero, but it is not suitable for some loads. 

Step-up or step-down of the mains input voltage is achieved using transfor- 
mers, and then precise control of the rms load voltage requires an a.c. to a.e. 
regulator. 

Triacs are used for lamp dimming, heater control and series universal motor 
speed control. Phase control can be used for any of these applications, but burst- 
firing is not suitable for mains frequency filament lamps due to lamp flicker, or 
for motor control due to fluctuating torque. Heater control is suited to burst- 
firing due to the long thermal time constant of the heating element. Other 
applications of Triacs are in spot welding and as solid-state contactors. 

Applications requiring more than about 1000V, and 200A or so, would 
exceed the upper rating of Triacs, and then inverse-parallel thyristors would 
be used. 

5.1 TRIAC PHASE CONTROLLER (Fig. 5.1) 

es 

VL 

I I 
Triac 

j,M , 
Figure 5.1 

The Triac is turned on by the application of a low voltage short-duration pulse 
to the gate. Once on, the gate loses control and the Triac remains on until the 
load current falls to virtually zero, or at mains voltage zero. In the on state, 
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there is a voltage drop of  about 1V across the Triac. As in a.c. to d.c. power 
control, the rms load voltage is varied using firing angle delay on mains voltage 
z e r o -  the smaller the delay, the greater the rms load voltage. 

5.2 RESISTIVE LOAD (see Fig. 5.2) 
VL 

i 

R 

Os 

E 
m , m m  

I! 
0 - ~ -  " 

VL l ,  i 
0 l . . . . l . .  - !  ' - , I  i A 

, (~+al) / i  
I i 
I I 

I ~ " v  , 

(a) Small delay angle a l 

E m - ~  

,I 
---% 

0 

a2 
I 
I 
I 

~ 0 

I 

(b) Large delay angle a2 

Figure 5.2 

V-ms = ~/(1/~) S(Em sin 0) 2 30 
r 

This will give the same value as proved for the full-wave bridge on page 37, 
i.e. 

V~ns = (Es) ~/(1 - a/r," + (sin 2a)/2rr) 

I,-ms = V-ms / R 
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A Triac controller as shown in Fig. 5.1 provides variable power to a 200f~ 
resistive load from a 240V, 50Hz supply. Determine the values of  rms load 
current, power and converter power factor for firing angle delays of  (a) a = 30 ~ 
(b) a = 150 ~ 

Solut ion  

(a) Irms 

(b) Inns 

cos 96 = P/Es lrms 

= Vrms/R = (Es/R) ~ (1 - a/rr + (sin 2a)/2rr) 

= (240/200) ~/(1 - (30~ ~ + (sin 60~ = 1.18A 

P = I ~ s R = ( 1 . 1 8 )  2 x 2 0 0 = 2 7 8 W  

cos ff = P/Es Irms = 278/240 X 1.18 = 0.98 

= Vrms/R = (E~/R) ~[ (1 - a/rr + (sin 2 a)/2 rr) 

= (240/200) ~/(1 - (150~ ~ + (sin 300~ = 0.204 A 

- I ~ s  R = (0.204) z X 200 = 8.3 W P 

= 8.3 / 240 • 0.204 = 0.17 

5.3 INDUCTIVE LOAD 

The load is a finite inductance, L(H), with a resistance R(f) )  (Fig. 5.3): 

�89 

, , , . ._  
r 

R L 

Figure 5.3 

V L - "  iR + L Si / 8 t = Em sin (oA + a) 

The solution to this equation for the circuit current is given as 

i =  (Em/IZI)  { sin (wt + a - if) + sin (ff - a) exp ( -R t /L ) }  (5.2) 

where 

IZl = ~/R 2 + (o~Z) 2 

~6 = tan -1 (oJ L/R) 

The shape of  the current waveform depends on the relative values of  a and 
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( a )  a = 

Substitution of a = r in equation (5.2) gives i = (E~/IZJ) sin cot. This is a 
pure sine wave lagging the load voltage by phase angle r The waveform is 
shown in Fig. 5.4. 

I 
I 

I 
I 

I 
I 

I . . . .  ~- 0 
0 a = ~  /~ 

Figure 5.4 

(b) a > f f .  
Load current starts to rise at a when the Triac switches on. Due to load 
inductance, the current will continue to flow after mains voltage zero. The 
Triac will turn off at load current zero. Difficulty of this analysis is finding 
the angle fl for current zero, but an iterative method such as Newton-  
Raphson can be used for this. The waveforms are shown in Fig. 5.5. 
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O9 

Figure 5.5 

(c) a < r  
The gate pulse will arrive before current zero, and the Triac will not turn 
on. The solution is to use a train of pulses, and then the Triac will turn on at 
the first pulse after current zero. 

Returning to the operation when a > if, the Triac will turn off at load current 
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zero. The difficulty of this analysis is  finding the angle /3 for current zero. 
Equation (5.2) gives the current as 

i =  (Em/lZI ) { sin (wt + a - ~) + sin (~ - a ) e x p ( - R t / L )  } 

Current zero will occur when 

sin (wt + a - if) = - sin (qJ - a) e x p ( - R t / L )  

and this requires either an iterative approach or solution by computer 
simulation. 

Analysis of regulator 
Average values of  load voltage and current are both zero, since the waveforms 
are symmetrical with equal areas above and below the zero voltage axis. 

The root-mean-square value of the load voltage is given by 

a+~' 
Vrms = ~ (1/rr) J'a (Em sin 0) 2 ~8 

0.5(1 - c o s 2 0 )  30 

- "  (Em/~f2) ~ (1/rr) [8 - (sin28)/2] ~+~' 
a 

= Es ~/(1/rr)((a + fl) - a I (sin2(a + ,8)/2) + (sin 2a)/2) 

Vrm~ = Es ~/(fl/rr) - (sin 2(a+/5')/2rr) + (sin 2a)/2rr (5.4) 

Example 5.2 

The Triac regulator of Fig. 5.1 has a supply of 240V, 50Hz, and an inductive 
load of 15.9mH inductance and 10f2 resistance. The firing angle delay a = 60 ~ 
Determine the value of the circuit current 4 ms after firing, the angle fl at which 
current zero occurs and the rms value of the load voltage. 

S o l u t i o n  

Load inductive reactance 

XL = wL = 2rrfL = 6.284 X 50 X 15.9 X 10 -3 

121 - ~ /R  2 + (o~ L) 2 = ~/102 + 52=  11.18f2 

~r = tan - j  (~o L/R)  = tan -1 (5/10) = 26.56 ~ 

= 5 f 2  
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wt  = 314.2 X 4  X 10 - 3 =  1 .256rad=71 .9  ~ 

= ( E m / I Z l )  { sin ( w t  + a - q~) + sin (q~ - a) e x p ( - R t / L ) }  

= (x/-2 X 240/11.18) { sin (71.9+60-26.6)+sin ( 2 6 . 6 - 6 0 ) e x p ( -  10X4/15.9)} 

= 30.35(0.965-0.044 ) 

= 28A 

If the load was resistive, the current would flow for a conduction angle (rr - a). 

Due to the inductance, the current hangs on longer. If the current was sinusoi- 

dal, it would go to zero at (rr - a + ~). As can be seen from equation (5.2) the 

current is not a pure sine wave. However, as a first approximation, assume that 

it is, i.e. 

fl = wt = (rr - a + ~) = 180~ ~ + 26.56 ~ = 146.56 ~ 

t = 146.56 X 2 r r / 3 6 0 X  w = 8 . 1 4 1 m s  

i = ( E m / I Z ] )  {sin ( w t  + a - ~ )  + sin (~  - a) e x p ( - R t / L )  } 

= ( ~  X 240/11.18) { sin (146 .56+60-26 .6)  + sin ( 2 6 . 6 - 6 0 )  
e x p ( -  10X 8.141/15.9)} 

- 30.35(sin 180 ~ - 0.55 exp ( -  5.12)) 

= 30.35 ( -  0 .0033)= - 1 0 0 m A  

Hence the angle is very slightly less than that estimated, but this looks to be a 
good approximation: 

Vrms = Es ~ (fl/rr) - (sin 2(a+fl)/Zzr) + (sin 2a)/Zrr 

= 240 ~ (146.5/180) - (sin 413~ + (sin 120~ 

= 240 ~ (0.814) - (0.127) + (0.138) 

= 218V 

An E x c e l  plot of the current variation of equation (5.2) for the cycle is shown in 

Fig. 5.6. This shows current zero at about 205 ~ when in fact it should be (60 ~ + 

146.6 ~ = 206.6 ~ This error is due to the course stepping itervals of 15 ~ chosen 

for the plot. The overshoot of the axis at current zero would not happen in 

practice since the Triac would turn off, but here it is an artifice to estimate the 

conduction angle. The current waveform is repeated in the negative direction 

starting at (rr + a) = 240 ~ 

Note the close agreement of the waveform with the calculation, 4ms = 72 ~ 

after firing. The calculation gives 28 A, and the waveform also gives about 28 A. 

The plot of the current waveform for the positive half-cycle only is shown in 
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Figure 5.7 

Series 1 

Fig. 5.7 with a stepping interval of 7.5 ~ This shows current zero at 206 ~ closer 
to the calculated value. 

A numerical integration method, using an Excel spreadsheet, gives the rms 
value of the current as Irm~ = 18.4A. 

Load power = Irms 2 R = (18.4) 2 • 10 = 3.39kW 

A PSPICE simulation of Example 5.2 is shown in Figs 5.8-5.10, Fig. 5.8 
gives the circuit diagram, Fig. 5.9 gives the instantaneous load voltage and 
resistor voltage, and Fig. 5.10 the instantaneous load voltage and the rms 
resistor voltage. The voltage pulse generator switches on the Triac at a = 60 ~ 
and at a = 150 ~ in each supply cycle. 

The simulation shows that current zero occurs at about 206 ~ and the resistor 
rms voltage is 183 V, i.e. a current of 18.3 A, confirming calculations. 
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5.4 SERIES UNIVERSAL MOTOR LOAD 

The series universal motor has laminated yoke and armature and can be used on 
d.c. and a.c. Both pole flux and armature current reverse each half-cycle, 
maintaining a unidirectional torque. 

A thyristor can be used to act as a controlled half-wave voltage regulator to 
provide speed and torque control of the motor. For smoother control, a Triac 
will provide controlled full-wave voltage regulation. 

Applications of series universal motors are in portable drills, washing 
machines, vacuum cleaners etc. The circuit diagram of a half-wave regulator 
is shown in Fig. 5.11. 

i ... 

R 

L 

e'tC  

Figure 5.11 

Va 

Remember that in the SEDC motor, motor flux is held constant and armature- 
generated voltage depends on speed. In the series, motor flux depends on 
armature current, and therefore generated voltage depends on both speed and 
armature current. 

The magnetic circuit will be unsaturated with light loads on the shaft, in 
which case at constant speed generated voltage will be proportional to armature 
current. For heavy loads, the increased field ampere-turns will cause magnetic 
saturation, and then at constant speed the generated voltage will remain sensibly 
constant during conduction periods. 

Motor performance is governed by the following equations: 

Va = Em sin (wt  + a) = i R + L S i / S t  + e (V) (5.5) 

e = k,, ~ w (V) (5.6) 

r = k i (Wb) (5.7) 

t = A t q~ i = k t k i 2 ( N m )  (5 .8)  

The waveforms with unsaturated and saturated armatures are shown in Figs 
5.12 and 5.13, respectively. For unsaturated operation, ff is proportional to 
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current, and assuming constant speed between firing periods, e is proportional to 
current. 

Em . . . . . . .  

e, 

v, 

i 

I 

! 
I 

a ~z 2~z 

~ 8  

r 

Figure 5.12 "y/- 

0 a ~z 2~z 

Figure 5.13 

For saturated operations, r is approximately constant, and if speed remains 
constant between firing periods, e will remain constant during the conduction 
period. 
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A portable electric drill uses a series universal motor and a single thyristor. The 
main supply is 240V at 50Hz. Combined field and armature resistance is 16f~ 
and the armature voltage constant is 0.85 V/rad/s for saturated operation. 
Determine the average motor current and torque when the speed is 700 rev/ 
min, the firing angle delay is 30 ~ and the conduction angle is 180 ~ State any 
assumptions. 

Solution 

Vav (1/2rr) (3o.[io+18O)Emsin0 
2 1 0  ~ 

= 30 = (Em/2rr)[- cosE] 3oo 

= (240/~/2 r r ) ( -cos  210 ~ + cos 30 ~ 

= 54(0.866 + 0.866) = 93.6V 

E = kv (2rr N/60)=  0.85 (2rr • 700/60)= 62.33V 

Eav = E(~/2rr) = 62.33(180/360) = 31.2 V 

Iav = (Vav - -  Eav)/R = (93.6 - 31.2)/16 = 3.9 A 

T = Eav Iav/W = 31.2 • 3.9 / (2rr • 700/60) = 1.66Nm 

The assumptions are that the reactive voltage drop is negligible and the arma- 
ture is saturated. 

5.5 TRIAC BURST-FIRING CONTROLLER 

Burst-firing is also known as 'on-off  control', 'integral-cycle control' and 
'cycle syncopation'. The method allows a number of complete supply voltage 
cycles (or half-cycles) through to the load and then blanks out other cycles. The 
power switch is turned on at mains voltage zero. The gate pulse burst firing 
circuit in its simplest form consists of a zero voltage detector, a pulse width 
modulator and logic circuitry. The basic Triac burst-firing controller circuit is 
shown in Fig. 5.14. 

Analysis of the basic controller performance is simple, since switching is at 
voltage zero and rms values are readily obtained, without the need for 
numerical methods. The typical burst  firing voltage waveform is shown in 
Fig. 5.15. 

Root-mean-square load voltage and current: 

n 2 r r  

Vrms = 4(1/m2rr) J" o EmZsinZO&9 
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Example 5.4 

5.5 Triac burst-firing controller 107 

A burst-fir ing a.c. to a.c. power  control ler  is connected be tween  a 250V,  50Hz  

supply and a 100f~ resistive load. Determine  the values o f  load vol tage,  current  

and power  when  (a) tn = 40 ms and tf = 120 ms, (b) tn = 120 ms and tf = 40 ms. 

Sketch load vol tage waveforms  for each case. 

Solution 

(a) Vrms = Es q tn/(tn + tf) = 250 q 40/(40 + 1 2 0 ) =  125V 

Irms = Vrms/R = 125/100 = 1.25A 

P = Irms2R = 1.252 • 100 = 156.3W 

cos ff = P/Es lrms = 156.3/250 • 1.25 = 0.5 

Vrms = Es q tn/(tn + tf) = 250 q 120/(40 + 120) = 216.5V 

lrms = Vrms/R = 216.5/100 = 2 .165A 

P = Irms 2 R = 2.1652 • 100 = 4 6 9 W  

cos ff = P/Es Irms = 469/250 • 2.165 = 0.867 

(b) 

Burst-firing load voltage waveforms 

Two cycles on~four cycles off (see Fig. 5.16) 

vT 
rc 2~ 3n 4re 5zt 6n 7n 8~ 9n 1On 11n 

Figure 5.16 

Time for one cycle is 

8 = w t  

t = O I w  

t = 2 r r / 2 r r f =  1/f= 1/50 = 2 0 m s  
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Four cycles on~two cycles off (see Fig. 5.17) 

v] 
l O l l l l O l O  n n l l l O l l l  O I O I I U I O  111111111. . . ;  . . . . . . . . . . .  ; ; ; ; ; ; ; ; . . . ;  . . . . . . . . . . . . . .  

n 2~z 3~z 4~z 5~z 6n 7~z 8n 9~z lOJz 11n 12~z 

Figure 5.17 

Comparison of phase control with burst-firing 

A PSPICE harmonic analysis comparison has been carried out on a Triac 
driving a purely resistive load with (a) phase control and firing angle delay, 

200 v 

Ov I 

-200 v 

-400 v 
Os 

Figure 5.18 a) Waveform 

400 v 

10 ms 2 0  m s  3 0  m s  4 0  ms  50  ms  
T i m e  

FOURIER COMPONENTS OF TRANSIENT RESPONSE V($N_0002) 

] 
I 
I 
I 
I 
I 
I 
I 
I 
I 

J 
60 m s  

DC COMPONENT = 5.493018E-03 

HARMONIC FREQUENCY FOURIER NORMALIZED 
NO (HZ) COMPONENT COMPONENT 

PHASE 
(DES) 

NORMALIZED 
PHASE (DEG) 

Figure 5.18 b) Harmonics 

TOTAL HARMONIC DISTORTION = 6.143820E+01 PERCENT 

1 5.000E+01 1.971E+02 1.000E+00 -3.288E+01 0.000E+00 
2 1.000E+02 8.854E-03 4.491E-05 -8.578E+01 -5.290E+01 
3 1.500E+02 1.076E+02 5.460E--01 8.857E+01 1.215E+02 
4 2.000E+02 1.148E-02 5.822E-05 9.359E+01 1.265E+02 
5 2.500E+02 3.646E+01 1.849E-01 -9.540E+01 -6.252E+01 
6 3.000E+02 9.286E-03 4.710E-05 -8.874E+01 -5.586E+01 
7 3.500E+02 3.592E+01 1.822E-01 8.442E+01 1.171E+02 
8 4.000E+02 1.295E-02 6.570E-05 9.586E+01 1.287E+02 
9 4.500E+02 2.157E+01 1.094E-01 -9.876E+01 -6.588E+01 

I0 5.000E+02 1.026E-02 5.203E-05 -9.936E+01 -6.648E+01 
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4 0 0  v r 
I 

200 v 

Ov 

- 2 0 0  v 

- 4 0 0  v 
Os 

Figure 5.19 a) Waveform 

] 
I 
I 
I 
I 
I 
I 
I 

, I 
I 
I 
I 
I 
I 
I 
I 
I 

J 
l O m s  2 0  m s  3 0  m s  4 0  m s  5 0  m s  6 0  m s  7 0  m s  8 0  m s  

T i m e  

FOURIER COMPONENTS OF TRANSIENT RESPONSE V ($N_0001) 

DC COMPONENT = 4.849595E-04 

HARMONIC FREQUENCY FOURIER NORMALIZED PHASE NORMALIZED 
NO (HZ) COMPONENT COMPONENT (DEG) PHASE (DEG) 

1 5.000E+01 4.756E-01 1.000E+00 2.673E-01 0.000E+00 
2 1.000E+02 2.216E-03 4.660E-03 -2.388E+01 -2.415E+01 
3 1.500E+02 1.285E-03 2.702E-03 -6.016E+01 -6.043E+01 
4 2.000E+02 5.745E-04 1.208E-03 -1.366E+02 -1.368E+02 
5 2.500E+02 2.575E-04 5.413E-04 7.178E+01 7.152E+01 
6 3.000E+02 1.233E-03 2.591E--03 5.146E+01 5.120E+01 
7 3.500E+02 1.199E-03 2.521E-03 -2.204E+01 -2.230E+01 
8 4.000E+02 7.189E-04 1.512E-03 --1.971E+01 -1.997E+01 
9 4.500E+02 8.791E-04 1.848E-03 -1.321E+02 -1.324E+02 

i0 5.000E+02 1.181E-03 2.484E-03 8.578E+01 8.551E+01 

TOTAL HARMONIC DISTORTION = 7.463852E+01 PERCENT 

Figure 5.19 b) Harmonics 

a = 90 ~ and (b) burst-firing control with one complete cycle on and one 
complete cycle off. 

The analysis gives a total harmonic distortion of about 61% for phase control 
compared with only about 1% for burst firing. The load voltage waveforms are 
given in Figs 5.18 and 5.19. 

Commercially produced gate drivers are available to switch on the Triac at 
the appropriate time, such as the 'TDA2086a' for phase control and the '443A' 
for burst-firing control. These gate drivers can also be built up from discrete 
components. 

5.6 S E L F - A S S E S S M E N T  TEST 

1 What are the essential differences between gate drivers for phase control and 
burst-firing in a.c. to a.c. voltage regulators? 
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2 State the equation for the rms load voltage of an a.c. to a.c. voltage regulator 
driving a resistive load when load power control is by (a) phase control, (b) burst- 
firing. Sketch typical load voltage waveforms (c) for phase control with firing 
angle delay a = 90 ~ (d) for burst-firing with two cycles on and two cycles off. 

3 State the equations for instantaneous load current of a phase-controlled a.c. to 
a.c. voltage regulator driving a partly inductive load. Sketch typical load 
voltage and current waveforms when (a) a = if, (b) a > ft. 

4 A series universal motor is driven by a thyristor half-wave regulator. Sketch 
armature voltage, generated voltage and motor current waveforms for (a) 
unsaturated armature operation, (b) saturated armature operation. 

5 State the advantage and disadvantage of using burst-firing instead of phase 
control for a.c. to a.c. voltage regulation. 

5.7 PROBLEMS 

1 A phase-controlled Triac is used to control the a.c. voltage across a 125U2 
resistive load. The a.c. supply is 250V at 50Hz. Calculate the values of rms 
load voltage and current, load power and regulator power factor for firing 
angle delays of (a) 30 ~ (b) 150 ~ 

2 A burst-firing Triac regulates the voltage across a 50f2 load. The a.c. input 
voltage is 120 V, 50Hz. Determine the values of rms load voltage and current, 
load power and regulator power factor for (a) one cycle on and four cycles 
off, (b) four cycles on and one cycle off. 

3 250V, 50Hz mains is connected to a 15f2 heating element via a Triac 
regulator. Calculate the load power when (a) the Triac is phase-controlled 
and firing angle delay a = 90 ~ (b) the Triac is burst-fired with two cycles on 
and two cycles off. Which method is preferred? 

4 Inverse-parallel connected thyristors are used to control the flow of power to 
a load of 80f2 resistance and 191 mH inductance. The mains supply is 240V 
at 50Hz. Using an iterative process such as Newton-Raphson, determine the 
conduction angle/3, when firing angle delay a = 45 ~ 

5 Half-wave control by a single thyristor is used in a drive for a small portable 
drill to control the speed and torque of a series universal motor. The armature 
resistance is 2f2. When the drill is operating from 240V, 50Hz mains, the 
speed is 1400 rev/min, the firing angle delay a = 30 ~ and thyristor conduction 
ceases at 210 ~ . Assuming saturated operation and an armature voltage 
constant kv = 1.2 V/rad/s in the saturated condition, determine the average 
motor current and torque. 



6 The DO link inverter 

The d.c. link inverter is used in the situation where an a.c. supply of fixed 
voltage and frequency is available, but where the load requires variable voltage 
and variable frequency, such as speed and torque control of a squirrel cage 
induction motor. The a.c. source may be either three-phase or single-phase 
depending on the power requirements of the load. The input a.c. could use a 
full-wave diode rectifier system to produce fixed d.c. voltage, followed by a 
chopper to vary the average input voltage to the inverter. Alternatively, it could 
use a full-wave thyristor converter to provide variable d.c. voltage to the 
inverter. The circuit diagram shown in Fig. 6.1 shows a three-phase fixed 
voltage fixed frequency source connected to a three-phase thyristor converter. 
The filter smoothes out the d.c. ripple component, and the d.c. variable voltage 
is fed to a thyristor inverter. Today the inverter thyristors would be replaced by 
Mosfets in all but the highest power requirements. 

Fi l te r  

E,B i 
�9 , )  q 

V t. ;- = 
Vo Vdc 1" 

L 

i 

v~  

Figure 6.1 

From equation (3.21) for a fully controlled converter 

V o ( a v  ) -"  (3El.m/r r) cos a (6.1) 
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E x a m p l e  6.1 

A d.c. link inverter has an a.c. mains rms line input of 415 V, 50Hz. The inverter 
load is a balanced star connection of 100f) resistors. Determine load current 
and power for a converter firing angle delay of (a) 50 ~ and (b) 85 ~ with an 
inverter frequency of 100Hz and a 120 ~ conduction period of the inverter 
switches. 

So/ut/on 

(a) a = 50 ~ 

Vo(av ) = (3 • 4-2 • 415/rr)cos 50 ~ = 360 V 

Load current is given by equation (4.11) as 

Irms = 0.471 Vdr 

Irms = 0.471 • 360/100= 1.7A 

P = 3 1 2 s R L  = 3  • 1.72 • 1 0 0 = 8 6 3 W  

(b) a = 85 ~ 

Vo(av ) = (3 x ~-2 x 415/rr) cos 85 ~ = 48.8 V 

Load current is given by equation (4.11) as 

Irms - 0.471 Vd~/RL 

Irms = 0.471 X 48.8/100 = 0.23 A 

P = 3 1 2 ~ R L  = 3  X 0.232 X 100= 16W 

6.1 THE THREE-PHASE SQUIRREL-CAGE 
INDUCTION MOTOR (SCIM) 

The d.c. link inverter is frequently used to drive SCIMs in a.c. variable speed 
drives. Typical applications are electric road vehicles, trains etc. The stator 
winding of the SCIM is a conventional three-phase winding. The rotor winding 
has the squirrel cage form with conductors housed in slots around the laminated 
iron core. The rotor winding is permanently closed in on itself by means of 
shorting end-rings. No external connection is possible to the rotor with this 
construction. This is one of the simplest and cheapest of motors, without the 
need for brushes, slip-rings or commutator, giving a very long maintenance-free 
operating life. A simplified view of the machine construction is shown in Fig. 
6.2. 
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Stator winding 
Laminated stator 

Laminated rotor Rotor winding 

Air gap 

I I 
Figure 6.2 

When a three-phase supply is connected to the stator winding, a field is 
produced, rotating around the stator at synchronous speed. The relationship 
between a.c. supply frequency, f(Hz), the synchronous speed of the rotating 
flux, ns (rev/s) and the number of pole-pairs on the stator, p, is f = ns x P. 

For 50Hz and a two-pole stator 

ns = f / p  = 50/1 = 50 rev/s 

Ns = 3000 rev/min 

For 50Hz and an eight-pole stator 

ns = f / p  = 50/4 = 12.5 rev/s 

Ns = 750 rev/min 

The rotating field will cut the rotor conductors and induce a voltage in them. 
The magnitude of this voltage will depend on the relative number of rotor to 
stator turns. In fact the motor is acting like a transformer, inefficient because of 
the air gap. The rotor-induced voltage will circulate a current in the rotor 
conductors and this will react with the field to produce force, torque and 
rotation. The rotor builds up speed, and as it does so, the relative rate at which 
the stator field cuts the rotor conductors is reduced. This in turn reduces rotor 
voltage, current and torque (it also reduces the frequency of the rotor current). If 
the rotor reached synchronous speed, there would be no movement of stator 
field relative to the rotor conductors, and no induced voltage, current or torque. 
In order that the no-load losses can be met, the rotor attains a speed less than 
synchronous. When the motor shaft is loaded, the speed falls to increase 
induced voltage, current and torque. 
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Let 

synchronous speed = ns (rev/s) 

actual rotor speed = nr (rev/s) 

rotor slip speed = ns - nr (rev/s) 

The fractional slip s is defined as the ratio of slip speed to synchronous speed, 
i.e. 

S = (ns - nr)/ns (6.2) 

If a 50 Hz, two-pole induction motor had a slip of s = 0.025, what would be the 
rotor speed? 

From equation (6.2) Sns = ns - nr. Hence 

n r  = ns(1 - s) = ( f / p ) ( 1 - s )  

n r  = (50/1)(1 - 0 .025)=  48.75 rev/s 

.'. Nr = 2925 rev/min 

Rotor induced voltage, Er 

Let Ero be the rotor-induced voltage with the rotor stationary. 
The rotor-induced voltage will be proportional to the rate at which the stator 
field cuts the rotor conductors, i.e. 

Ero/Er = ns / (ns - n r )  

Er = Ero (ns - nr)/ns = sEro (6.3) 

Frequency of rotor current, f, 

The frequency of the rotor current will also depend on the slip since f =  nsp and 

rotor frequency fr = (ns - nr)p" 

fr = f ( n s  -- nr)/ns = s f  (6.4) 

Rotor circuit reactance, X~ 

The rotor circuit impedance will have resistance Rr and reactance Xr. Let the 
reactance of the stationary rotor be Xro. The reactance will vary with frequency, 

at any running speed ( f r / f )  = (Xr/Xro): 



x ,  = (fr Xro/ f )  = SXro 
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(6.5) 

6.2 SCIM PHASE EQUIVALENT CIRCUIT 

The stator circuit will have winding resistance R~ and reactance Xs. With no 
load on the rotor shaft, a current flows in a resistor Ro to meet the hysteresis and 
eddy current losses, and in a reactance Xo to magnetize the magnetic circuit. 

The rotor circuit will have winding resistance Rr and reactance Xr. The phase 
equivalent circuit is similar to that of the transformer as shown in Fig. 6.3. 

R, X, 

1 

V, Ro Xo E~ 

i 

h SX~o 

A -,, 
w 

N, N~ 

SE, o R, 

Figure 6.3 

For the rotor circuit 

sEro = (Rr -!-j SSro)l r 

Ero = ( (Rr/s)+jSro)lr 

This results in a modified rotor circuit as given in Fig. 6.4, where 

Figure 6.4 

E r o  

Xro 
A 
w 

/, 

r/ S 

E s / E r o  = N s / N r  = n (effective turns ratio) 

Finally all quantities can be referred to the stator to give the circuit in Fig. 6.5. 

In this circuit 
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v~ 

Is & x, I "  t X "  t 

I 
Figure 6.5 

R ' r / S  = n 2 R r / s  

y r r  -- n2Xr 

I p -- n l  r r 

From the referred equivalent circuit, power transferred to the rotor is 

P r  = II'r[ 2 R'r/S (W/phase) 

power lost in rotor circuit resistance is 

Pc = [I'r[ 2 R'r (W/phase) 

and power converted to mechanical use is 

Pm = Pr - Pc 

i .e .  

Pm = (lI'rl 2 R'r/S) (1 - s) (W/phase) (6.6) 

Ratio Pr" Pc" Pm = 1 :s:(1 - s )  

Torque, 

Tph = Pm/r.Or = P m / 2 r r n r  = P m / 2 r r n s  (1 - s) (6.7) 

Equations (6.6) and (6.7) give torque per phase as 

Tph = (]i,]2 R'r/S 2rrns) 

and total torque as 

T = 3 II'rl 2 R'r/S 2rrns (Nm) (6.8) 

The torque against slip (or rotor speed) characteristic can be plotted from 

equation (6.8). There are two variables, the referred rotor current I'r and the 
fractional slip, s. The typical shape of this curve is shown in Fig. 6.6, at rated 

voltage and frequency, with a superimposed constant torque load to show the 
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operating slip. To is the starting torque and TL1 is a load torque, s l and nrl are 
the operating slip and rotor speed to meet the load torque. 

T(Nm) t 

Tr.,x 

I 

I I 
I I 
I I 

To 
TEl  

I I 1.0 sl o 
I I I 

0 n r l  ns " - - ~  n r  

Figure 6.6 

T(Nm) l 

max  . . . . .  

To Constant 
m. ~ , k , k , 

% :% 
I I I I I s3-, s2 Sl 

I I I I I I I o n~a n,a n,2 n,2 nrl n,, 

S 

n r  

Figure 6.7 

The characteristic given in Fig. 6.7 is for variable frequency operation, again 
with a constant torque load. However, here the supply voltage is not constant, 
but is varied in proportion to frequency in order to keep the motor magnetic flux 
constant at its rated value. Thus V~/f= k. The rotor slip and speed change as the 
frequency reduces. The synchronous speeds at the reducing frequencies are s l, 
s2 and s3. At low frequencies, the stator voltage drop becomes more significant 
and a voltage boost is necessary. 

A d.c. to a.c. inverter is used to vary the motor frequency, and an a.c to d.c. 
converter can be used to vary the d.c. link inverter input voltage in proportion to 
frequency. A block diagram of a typical system is shown in Fig. 6.8. 
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Mains 
input 

DC link 

Converter I t Voc ! ,nverter 

Phase Frequency 
angle control 
control 

Induction 
I motor Tacho 

_ _ .  

I ~(Y) 0 
Stator rotor 

Voltage correction peed correction 

~ Speed reference 

Figure 6.8 Induction motor speed control system 

(_.,O r 

6.3 EFFECT OF CHANGE OF FREQUENCY ON 
THE EQUIVALENT CIRCUIT 

Let fl be the rated frequency, ~ the new frequency, V~ the rated phase voltage 
and Vs' the new phase voltage. Now 

V~lf~ = V s ' l f z =  k 

�9 ". Vs' = V s ( f 2 / f l ) = a V s  

Also all motor reactances will vary in proportion to frequency: 

X s / X s '  = f l / f 2  

.'. Xs '  = Xs ( f z / f l )  = a Xs 

The equivalent circuits at frequences J] and fz are shown in Figs 6.9 and 6.10; 
the core loss has been neglected. 

Rs Xs X; 

/s 

Vs Xr, R ' /S 

�9 

Figure 6.9 Rated frequency, fl 
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Figure 6.10 

A 
w 

v~ 

R 
s 

/, 

aX, a X  r /'~ 

aXm 

New frequency f2, where a = f2/fl 

R',/ $ 

Example 6.2 

A three-phase, star-connected, four-pole, 50Hz, 415V, induction motor has the 
following phase parameters at rated frequency: 

Rs = Rr' = 0.33f2, Xs = Xr' = 1.6f2, Xm = 20~  

Determine the motor currents and torque when driven by a variable voltage, 
variable frequency supply at 0.033 slip with constant flux (a) at rated voltage 
and frequency, (b) at a frequency of 25Hz. 

Assume negligible iron losses and a sinusoidal current waveform. 

So lu t i on  

(a) nsl = f l / P  = 50/2 = 25 rev/s 

Ns~ = 25 • 60 = 1500 rev/min 

Rotor speed, Nr = N~I(1 - s) = 1500(1 - 0.033)= 1451 rev/min 

Phase voltage = 415/~/3 = 240 V 

Equivalent circuit at 50Hz is shown in Fig. 6.11. 

R, aX, aX'~ 
O. 33t3 j l  .6s j1.6f2 

i, 

V "~ aXr, ~-I R " ,/ s 
240 V j20f2 | 10s 

Figure 6.11 

By mesh analysis: 

for stator circuit [ 240 I = ] (0.33 +j21.6) - j 2 0  

for rotor circuit 0 - j  20 + (10 + j 21.6) /r' 
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Using determinates 

S - - "  240 - j 2 0  

0 (10 + j21 .6 )  

(0.33 + j 2 1 . 6 )  - j 2 0  

- j 2 0  (10 + j21 .6 )  

Is = 2400 + j 5 1 8 4  

3.33 + j 7 . 1 3  + j 2 1 6  - 4 6 6 . 6  + 400 

= 2400 + j 5 1 8 4  

- 6 3 . 3  + j 223  

ls = 5713165.2 ~ = 2 4 . 6 1 - 4 0 . 6  ~ (A) 

23.21105.8 ~ 

Ir '  = (0.33 + j 2 1 . 6 )  240 

- j 2 0  0 = 

2321105.8 ~ 

T = 3Ir 'z R r ' / S  ms 

(b) At 25 Hz, 0.033 slip: 

n~2 = f 2 / P  = 25/2 = 12.5 rev/s 

N,2 = 12.5 • 60 = 750 rev/min 

4800190 ~ = 20.7 1-15.8 ~ (A) 

2321105.8 ~ 

=3  x 20.72 x 1 0 / 2 r r X  2 5 = 8 1 . 8 N m  

Rotor speed, Nr2 = N s 2 ( 1  - s )  = 750(1 - 0.033) = 725.3 rev/min 

a = f2/ f~  = 25/50 = 0.5 

Phase voltage, Vs ' =  aV~ = 0.5 x 240 = 120V 

aXs = 0.5 x 1.6 = 0.8f~ = aXr' 

aXm= 0.5 X 20 = 10f~ 

Equivalent circuit at 25Hz is shown in Fig. 6.12. 

R, aX,, aX; 
0.33t3 0.8 t3 0.8f2 

I ,  It" 

V~ aX., 
120 v 10t3 

A 
w 

Figure 6.12 

R'r/S 
10tq 
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By mesh analysis: 

for stator circuit 11 01:1 0.33+ ,0.8, _ 10 
for rotor circuit 0 - j  10 + (10 + j 10.8) 

/s 
/r' 

Using determinates 

S 120 - j l O  
0 (10 +j lO.8)  

(0.33 + j  10.8) - j l 0  
- j l 0  (10 +j10.8)  

Is = 1200 + j129 .6  

3.33 + j3 .56  + j108  -116.6  + 100 

= 1200 + j129 .6  

-13 .3  +j111.6  

Is = 176.6147.2 ~ = 15.81-50 ~ (A) 

1 o! 

11.21105.8 ~ 

(0.33 + j 10.8) 
- j l 0  

112196.8 ~ 

120 
0 = 1200190 ~ = 10.7 I -7  ~ (A) 

112196.8 ~ 

T = 3 Ir '2 Rr'/S COs = 3 X 10.72 X 10 / 2rr X 12.5 = 43.7 Nm 

Example 6.3 

A three-phase, 415V, six-pole, 50Hz, star-connected induction motor is driven 
from a variable voltage, variable frequency supply. The motor phase equivalent 
circuit parameters, at 50Hz, referred to the stator are as follows" 

Rs = R,.' = 0.2f), X~ = Xr' = 0.6f2, Xm = 10f) 

Neglecting harmonics and core losses, calculate motor currents and torque 
at 5% slip when the supply line voltage is (a) 415V, 50Hz and (b) 83V, 

10Hz. 

Solution 

An alternative method of solution for the induction motor equivalent circuit to 
that of mesh analysis is to use series-parallel reduction. From the circuit in Fig. 
6.9 the phase impedance of the motor, at rated frequency, is as given in Fig. 

6.13. 
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V's 
240 v 

Figure 6.13 

Rs Xs X', 
0.2~ j0.6~ j0.SEZ 

/, 

Xm 
j10s 

Ir 
" 

R "r / s 
4~ 

ns l  = f l / P  = 50/3 = 12.67 rev/s 

Rr'/S = 0.2 / 0.05 = 4f2 

Zm = 0.2 + j 0 . 6  + j 1 0 ( 4  + j 0 . 6 )  

4 + j 1 0 . 6  

0.2 + j 0 . 6  + ( j 40  - 6)(4 - j 10.6) 

42 + 10.62 

ls = 240 
3 .31+j2 .35  

Ir' = Is ( j  10) = 

4 + j  10.6 

T = 3 Ir '2 Rr ' /S 

2rrnsl 

0.2 + j 0 . 6  + j l . 2 5  + 3.3 - 0.19 + j 0 . 4 9 5  = 3.31 + j 2 . 3 5  (~ )  

= 240 = 59.1 [-7- 35.4 ~ (A) 
4.06/35.4 ~ 

59 .11-35 .4  ~ x 10190 ~ 

11.3169.3 ~ 

= 3 • 52.22 • 4 = 312 N m  

2rr • 16.67 

= 59.11-35.4 ~ (A) 

The circuit at 10Hz with all reactances and phase voltage reduced proportional 

to frequency is given in Fig. 6.14. Hence 

V 's 
48 v 

Figure 6.14 

R, Xs X', 
0.2tq j0.12t3 j0.12t3 

w 

r" 

Xm R "rl S 
j2~ 4~ 

ns2 = f2 /P  = 10/3 = 3.33 rev/s 

Rr ' / s  = 0.2/0.05 = 4f2 

Zm = 0.2 + j 0 . 1 2  + j 2 ( 4  + j 0 . 1 2 )  

4 + j 2 . 12  
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0.2 + j0 .12  + ( j8  - 0.24)(4 - j 2 . 1 2 )  
42 + 2.122 

Is = 48 
0.98+j1.71 

Ir' = Is ( j2)  

4+j2.12 

T = 3 Ir '2 Rr'/S 

0.2 + j0 .12  + j l . 5 6  + 0.827 - 0.047 +j0 .025 = 0.98 + j l . 7 1  (f2) 

= 48 = 24.41-60.2 ~ (A) 
1.97160.2 ~ 

24.41-60.2 ~ x 2190 ~ = 10.771-1-9~ (A) 

4.53127.9 ~ 

= 3 • 10.772 •  = 6 6 . 4 N m  

2rrns2 2rr • 3.33 

6.4 FURTHER STUDY TOPICS ON INDUCTION 
MOTOR CONTROL 

Areas for further study in the field of speed and torque control of induction 
motors are: 

1 More sinusoidal current operation using pulse-width-modulation techniques 
and filtering. 

2 Feedback of energy from the motor to the d.c. link takes place when the 
motor is driven above synchronous speed by the load; the motor becomes a 
generator, the inverter feedback diodes are forward-biased, and current flow 
is reversed. If the d.c. side is a battery, such as in an electric car, the battery is 
charged and the motor regenerates, acting to brake the motor. When the d.c. 
link is fed from a controlled rectifier, it is not possible to reverse the current 
flow through the rectifier, but braking of the motor can be achieved by 
switching a resistor across the link when current flow reverses. This is called 
dynamic braking. 

3 Vector control of the induction motor is used in modem systems to create 
independent control of the stator current components, causing flux and torque 
production. The aim is to create orthogonal axes for flux and current in a 
manner similar to that of the separately excited d.c. motor. 

The power electronic books by Rashid (1993) Vithayathil (1995) deal in some 

detail with these topics. 
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6.5 SELF-ASSESSMENT TEST 

1 Draw a circuit diagram of a d.c. link inverter system and briefly explain the 
operation of the circuit. 

2 A three-phase, 50Hz, induction motor has (a) 12 poles, (b) six poles, (c) two 
poles. Determine the synchronous speed in each case. 

3 Determine the rotor speed of a three-phase, two-pole, 50Hz, induction motor 
running with a slip of (a) 0.02, 9b) 0.05, (c) 3%. The motor frequency is 
altered to 80Hz. What are the new rotor speeds at the above slips? 

4 (a) Why is an induction motor operated in the constant flux mode during 
variable frequency operation? 

(b) Why is a voltage boost necessary when operating the induction motor as 
in (a) when the frequency is low? 

5 Sketch the typical torque-slip curves of a 50Hz, two-pole, induction motor 
operating in the constant flux mode for 20Hz frequency steps, from 20 to 
100Hz. 

6.6 PROBLEMS 

1 A three-phase, 415V, six-pole, star-connected induction motor has the fol- 
lowing specification: phase parameters at 50Hz are 

ns = er '  = 0.292, Xs = Xr' = 0.6ffL X m = 10 ~'~ 

Neglecting harmonics and core losses, calculate the induction motor speed, 
current and torque when running at 5% slip from a 166V, 20Hz supply. 

2 A three-phase, 415V, 50Hz, six-pole, star-connected induction motor is 
driven from a variable voltage, variable frequency supply. The motor circuit 
phase parameters are as follows: 

R s "- R r '  = 1.0~"2, X s "- X r '  = 2.0~"~, X m = 50~'~ 

When running at full load on rated voltage and frequency, the motor takes a 
line current of 12A at 0.86 power factor lagging. Assuming that the motor is 
operating in the constant flux mode, determine the supply voltage and speed 
when delivering the same torque at 60Hz. 



7 Switched-mode power 
supplies 

Switched-mode power supplies (SMPSs) are both smaller and more efficient 
than linear regulator power supplies. Where the output is to be d.c. and the input 
is a.c. mains, and isolation is required between input and output, the mains is 
first rectified and smoothed. The smoothed d.c. is then chopped at a high 
frequency (high in terms of mains frequency), i.e. typically 50kHz. The 
chopped current flows in the primary of a ferrite cored transformer, much 
smaller than its 50Hz counterpart. The corresponding secondary current is 
rectified and smoothed. Control of output voltage is obtained by adjustment 
of the chopper duty cycle. 

The relatively high operating frequency allows values of coil inductance to be 
much lower than corresponding 50Hz values, again requiring smaller size. 
SMPSs can produce output voltages lower or higher than the value of the 
smoothed d.c. link. 

Standard types of SMPSs are 

�9 buck or forward converter 

�9 boost or flyback converter 

�9 buck-boost converter 

�9 cuk converter 

�9 push--pull converter 

�9 resonant converter 

�9 half-bridge and full-bridge converters. 

The choice of the type of SMPS to use is made on the simplicity of the drive and 
control circuitry on the one hand, and the power output requirements on the 
other. 

7.1 FORWARD OR BUCK CONVERTER 

Some alternative circuits for the forward converter are given in Figs 7.1- 
7.3. 
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In Fig. 7.1, when T1 is on, the secondary induced voltage forward biases diode 
DI and causes the current to ramp-up in the inductor L1. When T1 is off, the 
voltage reverses in L l, diode DE is forward-biased and current flows in the loop 
L-C l-D2, replenishing the charge on the capacitor C 1 and allowing the inductor 
current to ramp down. 

Meanwhile, the primary voltage reverses to keep the current flowing, D3 is 
forward-biased and C2 is charged up allowing the demagnetization of the 
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transformer c o r e .  D 3 becomes reverse-biased and turns off, allowing C 2 to 
discharge through R2. 

An alternative to this simple core resetting circuit is to use a third demagne- 
tizing transformer winding, as shown in Fig. 7.2. When T1 turns off, D3 is 
forward-biased, allowing current flow back to the supply to reset the core. 

A third alternative is to use two switches as shown in Fig. 7.3. In this circuit 
two Mosfets are used, and they are switched on simultaneously. A gate-pulse 
isolation circuit is required. When the switches turn off, the primary induced 
voltage changes polarity, D3 and D4 are forward-biased, and the core is demag- 
netized as the stored energy is returned to the supply. 

For the circuits given in Figs 7.1-7.3 assume that switches are ideal, that the 
transformer turns ratio Np: Ns = 1, and that the smoothing capacitor C1 is large 
enough to ensure a constant output voltage, Vo, between switch firing, or off 
periods. 

During the switch-on period, V1 = lip = Vs. Hence the inductor voltage, 

L d i / d t  = V~ - Vo 

Over the on-period, tn, the current ramps up from Io to I~: 

(V l  - Vo) /L  = d i / d t  = (11 - Io)/tn 

(I1 - Io) = (V1 - Vo) t n /L  (7.1) 

During the switch off-period, Vo = L d i /d t .  Over the off-period tf, the current 
ramps down from Ii to Io. Therefore 

I~ - Io = (Vo/L)  tf = (Vo/L)  ( T -  tn) (7.2) 

Equating (7.1) to (7.2): 

(V l  t n / L )  - (Vo t n / L )  = ( V o T / L ) - ( V o t n / L )  

from which 

Vo = DV1 (7.3) 

where D is the duty cycle. 
The waveform of inductor current against time is shown in Fig. 7.4. 
The waveform of transformer primary voltage aginst time is shown in Fig. 

7.5. If the transformer core is to be completely demagnetized in the off-period 
then the area above the zero voltage axis must be equal to the area below the 
zero voltage axis. This limits the duty cycle, D, to a value of 0.5. 

If the duty cycle is greater than 0.5, the core would not be completely 
demagnetized at the end of the off-period, and a d.c. magnetization of the 
core would build up, resulting in core saturation. 
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Example 7.1 

t 

An isolated forward (buck) converter has a d.c. input voltage of 30V, a 1" 1 
transformer and an ideal Mosfet. 

The inductor value is 100/~H and and the switching frequency is 50kHz. 
Assume that the output capacitor is large enough to hold the load voltage 
constant. The converter is required to deliver 4A into a 3 f) resistive load. 

Determine the converter duty cycle, the switch on-time and the ripple current 
magnitude. 

Solution 

Vo=I x RL = 4  x 3 = 12V 

Duty cycle D = (Vo/V1) = 12/30 = 0.4 

Periodic time T =  1/f= 1/50 x 103= 20Fs 

Switch on-time tn = DT = 0.4 X 20 = 8t~s 

Current ripple, (I1 - Io) = (V1 - /,1o) tn/L = (30 - 12)8/100 = 1.44A 



7.2 

C _ 

FLYBACK OR BOOST CONVERTER 

The step-up chopper given in Chapter 2, Fig. 2.17 is the basis of the boost 
converter. The circuit is reproduced in Fig. 7.6 for convenience. 
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4- 
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vo 

Figure 7.6 

Equation (2.13) gives 

Vo = Vb / ( 1 -  D) 

and 

Ib = I o / ( 1 - D )  

Now consider what happens when the inductor and transistor positions are 
interchanged to produce the buck-boost converter. 

7.3 BUCK-BOOST CONVERTER 

The circuit arrangement is shown in Fig. 7.7. 

ib D L,,,1 
o, ~ r',,,I 

Q L 
C _ - 

O w 

Figure 7.7 

With the transistor switched on, current ramps up in the inductor, i.e. 

V~ = Ldi/dt 

V~ /L = di/dt 

di = ( V~ /L ) dt 

7o 
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At the end of the on-period, 

I~ - Io = ( V 1 / L )  t n (7.4) 

When the transistor is switched off the inductive voltage, VL, changes polarity 
and charges up the capacitor C via the diode D. Energy is transferred to the 
output during the off-time of the transistor and this is known as the flyback 
time. 

During the flyback time, current ramps down in the inductor, i.e. 

Vo = Ldi /d t  

di = (Vo/L) dt 

At the end of the flyback time, 

I~ - Io = ( V o / Z ) t  f (7.5) 

Equating (7.4) to (7.5): 

VI tn = V 0 tf 

Vo - V1 t , / t f  = V1 D T / ( 1 - D )  T 

Vo = V~ D / ( 1 - D )  (7.6) 

Hence, with D < 0.5, the converter will step-down, and with D > 0.5 the 
converter will step-up. 

The converter output voltage is a polarity reversal of the input voltage. 

Example 7.2 

A buck-boost converter, as shown in Fig. 7.7, has an 18 V d.c. input, a switch- 
ing frequency of 40kHz, and an inductor of 50t~H. The capacitor value is 100t~F 
and the load resistor is 3 f). 

Determine the output voltage, load current, and the average, maximum and 
minimum currents in the inductor for: 

(a) on-time of 15Fs , and off-time of 10/zs; 

(b) on-time of 10t~s, and off-time of 15/zs. 

S o l u t i o n  

Vo = V 1 D / ( 1 - D )  

T = 1 / f=  1/40 • 103= 25/zs 

D = tn/T 



(a) D = 1 5 / 2 5 = 0 . 6  

Vo = V~ D / ( 1  - D )  

= 18 x 0.6/(1 - 0 . 6 ) =  2 7 V  

L o a d  cur ren t  is 

Ie. = Vo/RL = 27/3 = 9 A  

Ii - Io = (Vl /L) tn  

= (18/50)  x 1 5 = 5 . 4 A  

A v e r a g e  induc to r  cur ren t  is 

IL = Vo lR /VI  

= 27 X 9/18 = 13 .5A 

11 - Io = (Vl /L) tn  

= (18 /50)  x 1 5 = 5 . 4 A  

11 = 13.5 + (5 .4 /2)  = 16 .2A  

Io = 13.5 - (5.4/2) = 10.8 A 

(b) D = 1 0 / 2 5 = 0 . 4  

Vo = V~ D/(1 - D )  

= 18 x 0 . 4 / ( 1  - 0 . 4 ) =  12V 

L o a d  cur ren t  is 

IR = V o / R L  = 1 2 / 3 = 4 A  

A v e r a g e  induc to r  cur ren t  is 

IL = VolR/V1  

= 12 X 4/18 = 2 . 6 7 A  

11 - Io = ( V 1 / L )  tn 

= (18/50)  x 1 0 = 3 . 6 A  

1~ = 2.67 +(3 .6 /2)  = 4 . 4 7 A  

lo = 2.67 - (3.6/2)  = 0 . 8 7 A  

7.3 Buck-boost converter 131 
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7.4 ISOLATED BUCK-BOOST CONVERTER 

To achieve isolation, the inductor in Fig. 7.7 is replaced by the magnetizing 
inductance of an isolating transformer. This can also be used to step up the 
output voltage, or as a means of producing multiple outputs. 

One possible arrangement is shown in Fig. 7.8. 
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Figure 7.8 

With Ql switched on, current flows in the primary, and energy is stored in the 
transformer inductance. D1 is reverse-biased and no secondary current flows. Q1 
turns off, the primary inductive voltage changes polarity to keep the current 
flowing, secondary induced voltage changes polarity, and diode D1 is forward- 
biased causing capacitor C1 to charge up to the polarity shown. Meanwhile, the 
reset winding voltage Vr reverses and exceeds V1, diode D2 is forward-biased 
allowing the transformer core to reset via winding Nr as energy is returned to 
the d.c. source. 

The output voltage is that of the buck-boost converter with the addition of the 
transformer turns ratio. 

Output voltage is 

Vo = V~ (Ns/Np) O/(1-O) 
(7.7) 

7.5 PUSH-PULL CONVERTER 

The circuit of a push-pull converter is shown in Fig. 7.9. Transistors Q1 and Q2 
are switched on altemately. With Q1 switched on, transformer action forward 
biases diode D2 and energy is transferred to the output circuit as the inductor 
current ramps up. With Q2 switched on, diode D1 is forward-biased, the 
inductor current again ramps up and energy is transferred to the output circuit. 
The full transformer primary voltage appears across the switch that is off, i.e. 
2 V~. The output voltage is twice that of the forward converter, since there is no 
separate inductor charging period, and addition of the transformer turns ratio 
gives the output voltage as: 
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vo 

Vo = 2D V, (Ns/Np) 
(7.8) 

7.6 HALF-BRIDGE CONVERTER 

The circuit diagram of the half-bridge converter is given in Fig. 7.10. Capaci- 
tors C~ and C2 each have half the d.c. input voltage across them, and this 
voltage, V~/2, is switched across the primary winding by transistors QI and Q2 
alternately. The switch that is off will have the full d.c. voltage across it. The 
output voltage expression is given by 

Vo = V1 D (N,/Np) (7.9) 

The anti-parallel diodes shown across the transistors are those associated with 
all Mosfet switches, i.e. built-in parasitic diodes. 

D3 
�9 �9 

D4 

L 

1 .  

Vo 

Figure 7.10 
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7.7 FULL-BRIDGE CONVERTER 

The circuit diagram of the full-bridge converter is given in Fig. 7.11. Q1 and Q3 
are switched on simultaneously, followed by Q2 and Q4 simultaneously. At least 
two of the bridge transistors require gate isolation circuits. The output voltage is 
twice that of the half-bridge: 

Vo=2 VI D (Ns/Np) (7.10) 

05 

I, w w v 
D6 
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Figure 7.11 
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7.8 ANALYSIS OF THE PUSH-PULL CONVERTER 

(a) In the circuit of the push-pull converter shown in Fig. 7.12, transistor Q1 is 
switched on and transistor Q2 is switched off; diode D1 is reverse-biased 
and diode DE is forward-biased. 

D~ 
il �9 

Q1 ~ Vi 1 ! �9 

0 ~ C �9 �9 

Q 2  c . 

l T 

D~ L iL 
11 

~V~ 

D2 

V~ 

Figure 7.12 

v2 = (Ns/Np) v, 
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Inductor voltage is 

VL-- V2- Vo 

= (Us/N o) V , -  Vo 

= L A i e / A t  

Now turn-on time At = DT; hence change of inductor current is given by 

AiL = (At~L) (V2 - Vo) = (DT/L) ((V1Ns/Np) - Vo)) (7.11) 

(b) Q1 is turned off, leaving both switches off. The circuit, showing the 
secondary side only, is given in Fig. 7.13. 

D 1 L iL 
. 
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�9 v 

D2 

Figure 7.13 

When Q1 is switched off, the inductor voltage V L changes polarity to 
keep the current flowing. Both diodes, D1 and D2, are then forward-biased 
and each carries half the inductor current. The inductor current ramps 
down. Overall secondary voltage is zero and V2 is zero: 

VL-- gO=0 

L A iu /A t  = Vo 

Aiu = At  Vo/L 

Off-time is 

At = (Y/2) - D T =  T(0 .5  - D) 

AiL = T (0.5 - D) Vo/L (7.12) 

Process (a) is repeated when Q2 is switched on with Q1 off, and process (b) 
when both switches are again off. For a symmetrical system, rise and fall 
currents are equal; equations (7.11) and (7.12) can be equated to give 

(DT/L)(V~ Ns/Np - (Vo)) = T (0.5 - D) Vo/L 

DV~ Ns/Np - DVo = 0.5Vo - DVo 
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Hence 

Vo = 2D V, Ns/Np (7.13) 

Waveforms of transistor and inductor currents are shown in Fig. 7.14. 
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7.9 SELECTION OF INDUCTOR AND CAPACITOR 
VALUES 

During the off-time of both switches, the change of inductor current is given by 
equation (7.12) as 

AiL - T (0.5 - D) Vo/L 

= (0.5 - D) Vo/fL 

Half of this value must not exceed average inductor current, or load current, 
for continous current operation. Therefore, average load current is 

IL = Vo/R 

= (0.5 -- D )  V o / 2 f Z m i n  

l =R (0.5 - D)/2f (7.14) Lmin 

The inductor current ripple frequency is twice the converter frequency (see 
Fig. 7.15). This ripple current will flow almost entirely through the low impe- 
dance of the capacitor. 

Increase of charge is equal to the area under the current/time curve, i.e. 

AQ = 0.25 AiL (T/4) 

= 0.25 T (0.5 - D )  Vo T/4L 
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= (0.5 - D )  Vo/16f2L 

= (1 - 2 D )  Vo/32f2L 

Now 

AQ = CAVo 

where A Vo is the capacitor ripple voltage. Hence 

C = AQ/A Vo = (1 - 2D)/32 f2 L(A VolVo) (7.15) 

(A VolVo) X 100 is the percentage ripple. 

Example 7.3 

A push-pull, isolated SMPS is to deliver power into a 4 D resistive load. The 
d.c. input voltage is 120V, converter frequency is 20kHz, transformer turns- 

ratio is unity and the duty cycle D = 0.2 

(a) Determine suitable values for the converter inductor and capacitor, assum- 
ing continuous inductor current and 1% ripple of the output voltage. 

(b) Using the values of L and C derived in (a), determine the maximum and 
minimum inductor currents. 

(c) Repeat the calculations of (b) for a duty cycle of D = 0.4. 

(d) Confirm that the minimum inductor value derived in (a) will result in a 

minimum inductor current of 0(A). 

Solution 

(a) Vo 

Lmin 

= 2DV~ Ns/Np = 2 x 0.2 x 120 x 1 = 48V 

= R (0.5 - D)/ZT 

= 4(0.5 - 0.2)/2 x 20 x 103 = 30t~H 
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Choose  50t~H. 

C = (1 - 2D)/32f  2 L(AVo/Vo) 

= (1 - 0.4)/32 x 400 x 106 x 50 x 10 - 6  x 10 - 2  

Choose  100/zF. 

= 93.7t~F 

(b) A v e r a g e  inductor  current  is 

IL = Vo/R = 48/4 = 12A 

AiL = (0.5 - D) Vo/fL 

= (0.5 - 0 . 2 ) 4 8 / 2 0  X 103 x 50 X 10 -6  

iL(max) = IL + AiL/2 = 12 + 7.2 = 19.2 A 

iL(min) = 1 L -  AiL/2 = 12 -- 7.2 = 4 . 8 A  

(c) Vo = 2DV, Ns/Np 

= 2 X 0.4 X 120 x 1 = 9 6 V  

Average  inductor  current  is 

(d) 

= 14.4A 

IL = Vo/R = 96/4 = 2 4 A  

AiL = (0.5 - -D)  Vo/fL = (0.5 - 0 . 4 ) 9 6 / 2 0  X 103 X 50 X 10 - 6 =  6 A  

iL(max) = 1L -I- AiL/2 = 24 + 3 = 27 A 

iL(min) = IL -- AiL/2 = 24 -- 3 = 2 1 A  

Wi th  Lmi n = 3 0 m H  

AiL = (0.5 -- D) Vo/fL 

= (0.5 - 0 . 2 ) 4 8 / 2 0  x 103 X 30 X 10 - 6  

iL(min) = 1L -- AiL/2 = 12 -- ( 2 4 / 2 ) =  0 A  

= 2 4 A  

Example 7.4 

A p u s h - p u l l  conver ter  is to deliver 6 0 0 W  at 30 V into a resist ive load. The duty 

cycle  is to be 0.4. Trans former  turns ratio N~: Np = 1" 4. De te rmine  suitable 

ra t ings for the Mosfe t  transistors. 

Solution 

1L = P/Vo = 600/30 = 2 0 A  

Vo = 2DV, Ns/Np 
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Vl = V o N p / N s 2 D  

= 30  • 4 / 2  x 0 . 4  = 150V 

V1 I1 = VoI 0 

11 = 30 • 2 0 / 1 5 0 = 4 A  

Figure 7.16 shows the shape of the transistor current waveform. 
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Figure 7.16 

Transistor rms current is 

Irms = 11 ~/0.4 = 0.63211 = 0.632 • 4 = 2.53 A 

Off-state voltage = 2 V~ = 2 • 150 = 300V 

A 400V, 5 A transistor with heat sinking would be suitable. 

7.10 RESONANT INVERTER 

In Section 4.8, a half-controlled bridge with a resonant load was analysed. The 
frequency was low, at 100Hz, and the reactive components correspondingly 
large. The transistors switched at each half-cycle of the natural resonant 
frequency, and due to the damped nature of the circuit the switching occurs 
at significant initial conditions on the inductor and capacitor. 

The higher the frequency of the inverter, the smaller the size of the inductive 
components. Unfortunately with the rectangular voltage waveforms, the higher 
the frequency, the higher the switching loss due toswitch voltage and current 
being non-zero at the switching instant. Switching loss is directly proportional 
to frequency for these inverters because the switching loss occurs at each half- 
periodic time. 

In resonant inverters, switching takes place at voltage or current zero, tending 
to eliminate the switching loss. For isolated inverters there is also the advantage 
that the transformer core is automatically reset. 
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7.11 SERIES LOADED RESONANT INVERTER 

The circuit diagram of a series loaded inverter is shown in Fig. 7.17. 

Figure 7.17 
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At each switch-on half the d.c. source voltage is applied to a series resonant 
circuit consisting of L, C and load resistance R. 

Assumptions are that C1 and C2 are large enough not to affect the resonant 
frequency and that the switches are ideal. 

Analysis of the inverter operation is done using the Laplace transformation 
and the circuit in the s domain. The circuit is underdamped, with (R/2L) 2 < 

1/LC. Initial conditions at switching are zero. 
The time-domain circuit at switching is shown in Fig. 7.18 (a), and the s 

domain circuit at switch closure is shown in Fig. 7.18 (b). 
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Now 

i(s) = (V/s) / (R + sL + i/sC) 

= V/(sR + s Z L  + 1/C) 

= (V/L) / ( s  2 + s ( R / L )  + 1/LC) 

= (V/L) / (s  + R / 2 L )  2 + ( (1 /LC)  - (R/2L)  2) (7.16) 

From a table of Laplace transform-pairs, the time domain solution is 

i(t) = (V/coL) exp(-ett) sin tot (7.17) 

where a = R / 2 L  and co 2 "- ( 1 / L C )  - (R/2L)  2. 

For the undamped circuit with R = 0, equation (7.16) becomes 

i(s) = (V/L)/( (s)  2 + (1/LC)) 

= (wooL) oo/((s)= + (00) 2) 

i(t) = (V/coL) sin tot 

Inductor voltage is 

VL(S) = i(s) • sL = V (S/(S 2 + 092)) 

Vc = V cos tot 

Capacitor voltage is 

Vc (s) = i(s) x 1/sC = V(to/s(s 2 + to2)) 

Vc(t) = V(1 - costot) 

At the end of one complete cycle, the capacitor voltage is zero in the undamped 
case. 

At the end of one complete cycle, the capacitor voltage would be zero in the 
undamped case of a normal R - L - C  resonant circuit, but with the diode in 
circuit, in the negative half-cycle current ceases when the diode is no longer 
forward-biased and this leaves an initial condition on the capacitor. This means 
that symmetrical current waveform takes a cycle or so to establish itself. 

Let the natural frequency of the series resonant circuit be defined as ton = ~/1/LC 
for the undamped case, and ton = ~/(1/LC - RZ/4L 2) for the underdamped case. 
The on-time of each transistor is taken to be half the periodic time of this 

natural frequency. 
The switching frequency, ~s, of the transistors is chosen to be lower than COn, 

resulting in a longer periodic time for the switching frequency than that for the 

natural frequency, i.e. 

OJs<OO. and Ts> Tn 

The load current value can be altered by variation of the switching frequency. 
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Considering the circuit in Fig 7.17, with Q1 switched on the positive half- 
cycle of current flows right to left through the load. The capacitor C charges to 
its maximum value by the end of the transistor on-time, approximately the d.c 
voltage V1; at this time the current has fallen to zero. The negative half-cycle 
starts automatically, since as Q~ turns off, D~ is forward-biased and the capa- 
citor C circulates current left to right through the load. At the end of the 
negative half-cycle, current ceases and diode D1 turns off. An initial condition 
exists on the capacitor C when the diode turns off. After a small delay, Q2 is 
turned on to start the load current cycle in reverse. The typical load current 
waveform is shown in Fig. 7.19. 

i(t) 
. . . . .  

i~ mn I I 
I Ts  [ ~ . - ~  
I~..  ) . 1  
I -~ I 

Figure 7.19 

Example 7.5 

A half-bridge inverter has the circuit diagram shown in Fig. 7.17:V1 = 100V, 
L = 100~H, C = 0.1 tzF and R = 10fL 

(a) Determine the maximum current in the first positive half-cycle assuming 
the circuit is undamped. 

(b) Is the circuit undamped? If not what kind of damping does it have? Repeat 
the calculation for (a) on the underdamped circuit. 

Solution 

(a) i(t) 

2 r n 

�9 . O . I  n 

V/ onL 

i(t) 

= (V/conL) sin o~t 

= 1/LC = 1/10 ll 

= 3.16 • 105 rad/s 

= 50/3.16 • 105 • 10 - 5 =  1.58 

= 1.58sin(3.16 x 105 ) A  

Maximum current is 1.58 A. 

(b) For the underdamped circuit (R/2L)  2 < 1 / L C .  In this circuit 

(R/2L)  2 = (10/2 x 10-4) z = 25 x 108 

1/LC = 1/(10 -4 X 10 -7) = 1011 
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Hence the circuit is underdamped and i(t) = (V/oJL) e x p ( - a t )  sin oJt. Finding the 
maximum value of  this is a little more difficult. The expression must be 
differentiated and then equated to zero to find the time at which maximum 
current occurs. This time is insered in the current expression to find the max- 

imum current. 
Differentiating the current expression and setting to zero gives 

3i/3t = V/~oL {exp( -a t )  o~ cos oJt + sin oJt(-a exp( -a t )}  = 0 

.'. e x p ( - a t )  o~ cos oJt = sin ,,t  (a e x p - a t )  

Hence 

tan oJt =oJ/a 

Now a = R/2L = 5 x 10 -4 and oJ = 3.122 x 105 rad/s. Thus 

oo/a = 6.244 

tan-1 (6.244) = 1.412 rad = oJt 

t = 1.412/3.122 x 105 = 4.52/~s. 

This is the time for maximum current. 

at = 5X 10 4 X 4.52 x 10 - 6  "- 0.266 

e x p ( -  at) = 0.798 

sin ~ot = sin (3.122 • 105 • 4.52 • 10 -6) = sin (1 .41)=  0.987 

i(t)max = ( V / o ~ L ) e x p ( - a t ) s i n  oJt = 1.58 • 0.798 • 0.987 = 1.244A 

7.12 PARALLEL LOADED RESONANT INVERTER 

The circuit diagram of a parallel loaded resonant inverter is shown in 
Fig.7.20(a); the effective circuit at first switch-on is shown in the s domain 

form in Fig 7.20(b). This assumes ideal switches. 
Norton 's  theorem is a convenient method of analysis for this type of circuit, 

and the Norton equivalent circuit is shown in Fig. 7.20(c). In Fig 7.20(b) the 

load short-circuit current is 

Isc = V]sZL 

The internal impedance is 

l i n t  = sL/sC (sL + 1/sC) = sL/(s 2 LC + 1) 

i(s) = Isc Zint/(lint + R) 
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Figure 7.20 

This simplifies to give 

i(s) = V/LCRs (s 2 + s/CR + 1/LC) (7.18) 

A table of Laplace transform pairs brings this back to the time-domain as 

i(t) = (V/R) {1 - exp(-/~eont)(cos cot + (~Ogn/eO) sin cot))} (7.19) 

where 

= ( 1/2R) (~ L/C) 

OJn = ~[ 1/LC 

Ca) - "  OJ  n ~ 1  - ~z 

and 

~ < 1  

Example 7.6 

The parallel loaded inverter in Fig. 7.20(a) has a d.c. input voltage of 60 V, and 
resonant circuit components of L = 100/zH and C = 11~F. The load resistance R 
= 20f~. 

Determine an expression for the load current at switching, assuming zero 
initial conditions on the inductor and capacitor, and hence find the load current 
value 15 tzs after switching. 
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Solution 

= (1/2R) (~ L/C) 

= (1/40) (4 10-4/10 -6 = 0.25 

OJn = ~/1/LC = ~/1/10 -4 • 10 - 6 =  105 rad/s 

= (1/2rr) 105= 15.9kHz 

t o  " -  oJ  n 4 1 -- 0 .252= 0.97 X 105 rad/s 

~OJn = 0.25 X 105 

At t -  15t~s 

~tont = 0.25 X 105 X 15 X 10 - 6  - -  0.375 

cosoJt = cos (0.97 x 105 • 15 x 10 -6 ) 

= cos (1.455) = 0.116 

sin ~ot = sin (1.455) = 0.993 

~OJn/OJ = 0,25 X 105/0.97 X 105 = 0.257 

V = Vdc/2 = 30 

V/R = 30/20 = 1.5 A 

in 

Substituting values in equation (7.19): 

i(t) = 1.5{1 - 0 . 6 8 7 ( 0 . 1 1 6  + (0.257 x 0.993))} = 1.12A 

The resonant converters covered so far can be readily analysed using simulation 
methods, such as PSPICE and MICROCAP. The waveforms, taking initial 
conditions into account, are easily plotted, as are the rms values of the voltages 
and currents. The simulation methods give rapid solutions to these complex 
circuits. However, they do not replace the need to use analytical methods to 
verify the simulation results. 

The resonant inverters discussed in Sections 7.11 and 7.12 can be used as part 
of an isolated switched mode power supply. The addition of a transformer, a 
rectifier and a smoothing capacitor as shown in Fig. 7.21 will produce either a 
fixed d.c. output voltage with fixed resonant and switching frequencies, or 
variable output voltage controlled by switching frequency and transformer turns 
ratio. The bridge can be half or full, with the full-bridge giving twice the output 
voltage of the half-bridge, but with the extra complexity of the base drive 
circuit. 

Consider the circuit in Fig. 7.21. The referred load resistance is 

R' = R • (Np/Ns) 2 

i(t) = (Vl l2R' )  {1 - exp(-~ont) (cos  ~ot + ( ~ r  sin oot)} 



146 Switched-mode power supplies 

4- ""  �9 

v I 

Figure 7.21 

o 2S 
N, 

03 

�9 �9 A T 

t C3 

04 �84 

IRt Vo 

Depending on the size of the filter capacitor, C3, and neglecting device 
voltage drops, 

Vo -~ i(t)max R'(Ns/Np) 

7.13 UNINTERRUPTIBLE POWER SUPPLIES 

Uninterruptible power supplies (UPSs) and standby power supply systems are 
used in applications where loss of the mains supply could be disastrous, as in 
the case of hospital operating theatres or intensive care units, computer installa- 
tions, production systems, alarms and signalling equipment. 

The UPS can be on-line or off-line. Both systems use a d.c. link inverter with 
a battery bank and trickle-charger. In the case of the off-line system, in normal 
operation power is supplied directly from a.c. mains. In the event of mains 
failure, a transfer switch disconnects the power line and connects the inverter to 
the load. When mains power is restored, the load is reconnected to the power 
line. A block schematic diagram of the off-line system is given in Fig. 7.22. The 
switching process can take several milliseconds if the switch is solid state, and 
tens of milliseconds if the switch is electromechanical. 

With on-line systems, the rectifier-inverter combination supplies the load 
power from the a.c. mains during normal operation. Should the mains fail, the 
battery atuomatically supplies the d.c. link to the inverter and there is no time 
delay involved. Should the rectifier-inverter system fail, the load could be 
transferred to a.c. mains using a transfer switch. 

7.14 SELF-ASSESSMENT TEST 

1 What are the advantages of using SMPSs over linear regulators? 

2 (a) Why are transformers used in SMPSs? 
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(b) Why is it necessary to reset the transformer core? 

(c) Describe two ways of resetting the core in isolated converters. 

3 (a) Sketch the circuit diagram of a buck-boost converter and state the output 
voltage equation. 

(b) What is meant by the term buck-boost? 

4 State the output voltage equations for isolated converters that are (a) push- 
pull, (b) half-bridge, (c) full-bridge. 

5 Sketch waveforms of transistor and inductor currents against time for a push-- 
pull converter operating in the continuous current mode. 

6 Describe the essential difference between forward and flyback converters. 

7.15 PROBLEMS 

1 An isolated buck converter has a turns ratio of N~:Np = 1"8, an output voltage 
of 5 V, and a load resistance of 0.2f2. 

(a) Determine the output power, load current and duty cycle for an input 
voltage of 100V d.c. 

(b) The converter has been designed to use the following values: f =  40 kHz, 
L = 30/~H, C = 50/zF. Calculate the turn-on and turn-off times of the 
transistor and the variation of inductor current. 

2 An isolated buck-boost converter is to supply 500W at 48V into a resistive 
load. The d.c. input voltage is 24V, and the transformer turns--ratio is unity. 
The inductor value is 100/zH and the converter frequency is 20kHz. 
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(a) Calculate the value of the duty-cycle required and the resistance of the 
load. 

(b) Determine the average, maximum and minimum values of the inductor 
current. 

3 A push-pull isolated SMPS provides d.c. power to a resistive load at 30V, 
20A. The frequency of the converter is set to 10kHz and the duty-cycle to 
D = 0.2. The transformer turns-ratio is N~:Np = 1:2. Output voltage ripple is 
not to exceed 2% 

(a) Suggest suitable values for the inductor and capacitor. 

(b) Calculate average, maximum and minimum values of inductor currents. 

(c) Determine the input voltage required and the magnitude of the output 
voltage ripple. 
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8.1 INTRODUCTION 

The power diode is used in a.c.-d.c, rectification circuits where fixed voltage 
d.c. is required. The diode conducts, or switches on, once the anode polarity is 
positive with respect to the cathode. When the anode polarity is negative with 
respect to the cathode, the diode ceases to conduct, or switches off. The diode 
has the highest rating of all the semiconductor switches and is the cheapest, but 
it cannot regulate the magnitude of the rectified voltage. 

Thyristors require anode polarity positive with respect to the cathode to 
switch-on, but will not conduct until a low voltage, short-duration pulse is 
applied to the gate with gate polarity positive with respect to the cathode. 
For a.c. supply applications, this method of voltage magnitude control blanks 
out part of one half-cycle of the mains voltage; the switch turns off at mains 
voltage zero and will not conduct in the other half-cycle as reverse polarity 
appears across it. The circuit is a half-wave controlled rectifier, and the method 
is known as phase-control. For full-wave controlled rectification, two thyristors 
are connected in inverse parallel, or a Triac can be used if the required rating is 
available. Thyristors and Triacs are ideal for a.c. applications since turn off 
occurs naturally at mains voltage zero for resistive loads, and current zero for 
inductive loads. For d.c. applications a forced-commutation, or turn-off, circuit 
is required to force the current to zero at switch-off. 

Power bipolar junction transistors (BJTs) are used for power control where 
there is a d.c. supply available, as in the case of choppers and inverters. In the 
case of an n-p-n  transistor, with the collector polarity positive with respect to 
the emitter, the transistor is turned on with current pulse on the base, making the 
base positive with respect to the emitter. This base pulse must remain on for the 
duration of the on-time of the transistor. For large power transistors, the base 
current could be 10A or so. If a Darlington transistor is available with the 
required power rating, the base current would be reduced to about the 0.5 A 
level, at the cost of increased on-state voltage drop. The BJT cannot withstand a 
reversal of voltage across the collector-emitter terminals, and unless precau- 
tions were taken this could destroy the switch. Hence the BJT is not used with 
a.c. voltage across it. If the application requires the switch voltage to reverse, as 
in the case of inductive loads, an inverse-parallel diode (the feedback diode) 
must be connected across the transistor. 
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Power Mosfets, like BJTs, have no reverse voltage withstand capability, and 
are therefore suited to switching d.c. power sources but not a.c. sources. The 
Mosfet has a built-in parasitic or body diode. This will conduct if the voltage 
across the transistor reverses. For normal use, the drain terminal is of positive 
polarity with respect to the source terminal. A voltage pulse on the gate 
terminal will tum the transistor on, a charge will flow into the gate, and 
once this is finished the gate current is negligible (of the order of nA). The 
voltage pulse must remain high for the duration of the transistor on-period. 
Speed of switch-on for the Mosfet is about 10 times faster than that for the 
BJT, and the low base current requirement makes it the obvious choice if the 
rating is available. 

The insulated gate bipolar transistor (IGBT) combines the power handling 
capability of the BJT with the fast switching of the Mosfet. It requires a higher 
gate voltage drive and has a higher on-state voltage drop than the Mosfet, 
tending to rule it out of contention for low voltage applications. 

Table 1.1 (p. 3) gives details of the comparative performance of power 
electronic switches. All the switches are layers, or sandwiches, of semiconduc- 
tor p-n junctions. In all cases when the switch is off, only leakage current flows. 
When the switch is on, the current is limited by load. 

Manufacturers of power electronic switches also produce integrated circuit 
modules to control the turn-on and turn-off of the power devices. These are 
known as gate and base drivers. There is also the continuing development of 
'smart power devices' or 'intelligent power modules', in which the switch, the 
drive and the protection and control circuits are all contained in one module. 
Some of these manufacturers are listed below: 

�9 Harris Semiconductors 

�9 Hitachi 

�9 International Rectifier 

�9 Motorola Semiconductors 

�9 Plessey 

�9 Semicron 

�9 Siliconex Incorporated. 

These companies will readily provide data sheets and application notes on their 
products. Another source of information is the component distributor, such as 
Radio Spares and Farnell. 
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The circuit symbol, semiconductor arrangement, two-transistor analogy and two 
transistor symbol are shown in Fig. 8.1 (a)-(d). 
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r 

&, =/02 

(c) Two-transistor 
analogy 

(d) Two transistor symbol 

Figure 8.1 

With normal forward bias, i.e. anode positive with respect to cathode, and no 
gate signal, junctions j 1 and j3 are forward-biased and j2 is reverse-biased. Only 
leakage current flows through the thyristor. With reverse bias, i.e. cathode 
positive with respect to the anode, j2 is forward-biased and j l and j3 are 
reverse-biased. Again only leakage current flows. 

/co = leakage current 

Icl = al 1 

I~2 = a2 I 

I = I c o  + Icl +Ic2 

I =/co + a l I + a2 I 

=Ico 

I = I c o / 1 - ( a l + a 2 )  (8.1) 

The value of a depends on the emitter current, it is very low when only leakage 
current flows. For a l + az ~ 1.0, I, ~ I~ and the thyristor is switched off. 
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Now let a short-duration gate pulse be applied; 16 will cause/[31 to increase. 
This will increase lcl and put T1 into the on-state. Increase of Icl also means 
increase of IB2 and Ic2 which turns on T2. 

The current through the thyristor is now only limited by the load, and the 
device is hard on. The loop between the two transistors is regenerative and is 
self-sustaining when Ic is removed. 

As the emitter current increases, the value of (a  1 -t" 0,2) approaches unity. 
From equation (8.1), I ~ oo, but of course this is limited by the value of the 
external load. 

8.3 THYRISTOR CHARACTERISTICS 

The typical load current against thyristor voltage drop characteristic is shown in 
Fig. 8.2. 
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-VBo = Reverse breakover voltage 

Figure 8.2 

- I  

Transition from forward blocking to forward conducting occurs when a short- 
duration low voltage pulse producing the gating current I~ is applied to the gate. 
VBo can also cause this transition, but it can also damage the device and is not 
used as a method of turn-on. IL, the latching current through the thyristor, must 
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be reached if the switch is to remain on. IH is the holding current below which 
the current must fall if the thyristor is to turn-off. 

-VBo, the reverse breakover voltage, must be avoided. 

8.4 THYRISTOR TURN-ON 

The gate circuit 

The larger the gate current and voltage, the faster the turn-on time of the 
thyristor. However the manufacturer's maximum gate ratings must not be 
exceeded. 

A thyristor gate circuit is shown in Fig. 8.3 and a typical gate characteristic in 
Fig. 8.4. 
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0S and 0T represent typical operating spread for the same type of thyristor. 
The operating point on the gate characteristic will depend on the gate voltage 

and the gate resistance R~ (this is the sum of gate source and current limiting 
resistances). A load line, AB, is superimposed on the gate characteristic with a 
slope 1/R~, and this indicates the range of operating point lies between C and D. 

The maximum gate power can be extended by pulse firing (as shown in Fig. 
8.5). The time averaged maximum power is as follows: 
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Figure 8.5 

PG(max av) = PG(max) tn/T = PG(max) tnf  

For example, let PG(max av) = 2W, t, = 200/zs, T = 1 ms ( f =  1 kHz). Then 

PG(max) = PG(max av) T/tn = 2 • 1/0.2 = 1 0 W  

A gate firing circuit is shown in Fig. 8.6" R l is a gate current limiting resistor, 
and R2 is a gate voltage limiting resistor. 
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Figure 8.6 

The gate circuit is non-linear and can easily be analysed using Thevenin's 
theorem. The Thevenin equivalent circuit is given in Fig. 8.7. 
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Figure 8.7 
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Eoc 

Rint 

= Vp • n • R2/(R2+RI) 

= R2 • R1 /(R2+R1) 

The graphical solution is shown in Fig. 8.8. 
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Figure 8.8 

Example 8.1 

A thyristor has a linearized gate-cathode characteristic of slope 25 V/A. A gate 
current of 200mA turns the thyristor on in 16t~s. The gate source voltage is 
10V. The manufacturer's average maximum power for the gate is 400mW. 
Pulse firing is used. Calculate: 

(a) the value of the gate series resistance; 

(b) the gate power dissipation during turn-on; 

(c) the frequency of the gate pulses. 

Solut ion 

The gate resistance rg = VGC/IG = 25 ~.  

(a) R6 (total) = VG/IG = 10/0.2 = 50.Q 

Gate series resistance = 50 - 25 = 25 

(b) Gate power dissipation = IG 2 rG = (0.2) 2 • 25 = 1 W 

(c) f =  Pc(ma• av)/Pa tn = 0.4/1 X 16 X 10 .6 = 25kHz 

Example 8.2 

The range of spread of gate-cathode characteristics for a certain thyristor can be 
linearized to between 15V/A and 10V/A. The manufacturer's data gives the 
maximum gate power dissipation as 5W. 
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Sketch the characteristic up to Vcc = 15V and Ic = 1.5A, and insert the 
PG(max av) line. 

With the gate firing circuit as shown in Fig. 8.6, a 1" 1 isolating transformer, 
Vp amplitude of 20V, and R l = R2 = 20~,  determine the possible range of VGC 
and IG. 

Solution 

The characteristic is sketched in Fig. 8.9. 
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From Thevenin's theorem 

Voc = Vp • Rl/(R I+R2) 

= 20 • 20/(20 + 20)= 10V 

Rint = R I R z / ( R I + R 2 )  

= 20 • 20/40 = 10~ 

Load line AB can be inserted. 
This gives an operating region between C and D, i.e. about 5-7 V for VGC and 

0.4--0.5 A for IG 

Latching current 

The turn-on time of a thyristor is defined as the time from the position where 
10% of the gate current is established to the position where 90% of the anode 
current is established. In practice, the gate pulse must be on long enough for the 
anode latching current to be reached. 
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Gate power is wasted if the gate pulse is on longer than necessary. The 
manufacturer's data needs to be consulted to obtain successful firing. 

If the load is inductive, the growth of anode, or forward, current will be 
delayed. This will mean either longer gate pulse duration or a train of short- 
duration pulses to ensure the latching current is obtained. 

If the applied voltage is d.c., the growth of anode current is exponential given 
by 

i(t) = (V/R)  (1 - e x p ( - R t / L ) )  (8.2) 

At the instant of switching, the rate of current growth is given by differentiating 
equation (8.2), and setting t = 0, i.e. 

di/dt = (V/L) e x p ( - R t / L )  

(di/dt)t=o = V/L (A/s) (8.3) 

Assume that the rate of growth of current is constant over the short duration of 
the gate pulse; the position is shown in Fig. 8.10. 
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Figure 8.10 

If tp(min) is the minimum duration of the gate pulse necessary to obtain the 
latching current, then comparing equation (8.3) with Fig. 8.10 

(di/dt)t=o = V/L - IL/tp(min) 

tp(min) -- L I L / V  (8.4) 

For the case of a d.c. supply of V = 25V, a circuit inductance of 50 mH 
and a thyristor latching current of 50mA, the minimum pulse length would 
be 

tp(min) = L I L / V  = 50 • 10 -3 • 50 • 10-3/25 = 100/~s 

If the supply is sinusoidal a.c. with an R - L  load, the time-varying current at 
switch-on is given by 

i(t) = (Em/IZI) {sin(oJt + a - if) + sin(~b - a ) e x p ( - R t / L ) }  

di/dt = (Em/IZI) {oJcos(aJt + a - ok) - (R/L) sin(~ - a ) e x p ( - R t / L ) }  
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A t t = 0  

(di/dt)t=o = oJ(Em/lZI) {cos(a - 4') - (R/oJL) sin(r - a)} (8.5) 

Equation (8.5) can be used in the same way as equation (8.4) to find the 
minimum gate pulse width (see Example 8.3). 

Example 8.3 

A thyristor has a latching current of 40mA. It is connected in a half-wave 
controlled rectifier circuit, between a 120V, 50Hz a.c. supply and an inductive 
load of 20 s resistance and 30f~ inductive reactance. Determine the minimum 
pulse width required to obtain latching current when the firing angle delay a is 
30 ~ . 

So/ut /on 

From equation (8.5) 

(di/dt)t=o = oo(Em/IZI) {cos(  - r  - (RhoL) sin(r - a)} 

where 

oJ = 2rr X 50 = 314.2 rad/s 

Em = ~ • 120 = 170V 

IZI = ~/202 + 302= 36f2 

4, = arctan (30/20)= 56.3 ~ 

(di/dt)t=o = 314.2(170/36 ){cos(30 ~ -56 .3  ~ - (20/30) sin(56.3 ~ - 30~ 

= 1484(0.896 - 0 .296)= 890 A/s 

Assuming di/dt is constant 

(di/dt)t=o = IL / t p ( m i n )  = 890 

Therefore 

t a ( m i n )  --  IL/890 = 40 • 10-3/890 = 45/~s 

8.5 POWER MOSFETS 

The semiconductor arrangement of an n-channel enhancement Mosfet is shown 
in Fig. 8.11 and the circuit diagram schematic in Fig. 8.12. 

With the normal forward polarity for VDD on the Mosfet, as shown in Figs 
8.11 and 8.12, but with VGs = 0, the device is like an npn transistor with the 
drain to gate junction reverse-biased, and therefore no drain current flow. 
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I Voo 

Figure 8.12 

With Vcs applied, making the gate positive with respect to the source, 
positive charge accumulates at the gate metallic surface, an electric field is 
created in the oxide layer, and negative charge accumulates at the p- 
structure surface in contact with the oxide layer. This negative charge repels 
holes in the p-structure and leaves a virtual n-type channel through which 
electrons can flow from source to drain, i.e. conventional current flow from 
drain to source. For the Mosfet to turn on, Vcs must exceed the threshold 
voltage VT. 

The linearized transfer characteristic of the Mosfet is shown in Fig. 8.13, and 
the output, or drain-source, characteristic is shown in Fig. 8.14. 

As with other power switches, the load line can be superimposed on the 
output characteristic to give the operating point, as shown in Fig. 8.14. 
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Figure 8.13 
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Figure 8.14 

VDD = I D R +  VDS 

= ( VDD/R ) - ( VDs/R ) 

At ID = 0, VDD = VDS; at VDs = 0, ID = VDD/R. 

ID~ is the actual drain current, VDSl is the Mosfet voltage drop and VRL is the 
load voltage for gate source voltage Vcs3. 

If the slope of the characteristic to the left of the intersection of the VGS 
(working) curve with the load line, the so-called 'ohmic region', is linearized 
then a much simpler solution is obtained. The slope is referred to as the on-state 
resistance RDS. The simple series equivalent circuit is shown in Fig 8.15. 
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Figure 8.15 
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The switch manufacturers give typical values of RDS(on) for their products, 
e.g. a 400V, 5 A device might have a RDS(on) of 1.0f2, and a 200V, 25 A device 
might have an RDs(on) value of 0.1 f2. 

Example 8.4 

An IRF 150 power Mosfet has VDO = 20V, RI = 0.5 ~ ,  at VGS = 8 V, the on-state 
resistance is 0.1 f2. Determine the values of load current, device voltage drop, 
load power and circuit efficiency. 

Solution 

From the circuit in Fig. 8.15 

Io = Voo/(Ros(on) + RE) 

= 20/(0.1 + 0.5) = 33.3A 

VGS = Io • Ros(on) = 33.3 • 0.1 = 3.33V 

PL = (33.3)2 • 0 . 5 = 5 5 4 W  

Pin = ID 2 (RDS(on) + RL) 

= (33.3)2 • (0.1 + 0.5) = 665 W 

Efficiency = PL/ein = 554/665 = 0.833 or 83.3%. 

The graphical solution to Example 8.4 is shown in Fig. 8.16. With Vos = 0 

Io = VoD/RL = 20 / 0.5 = 40A 
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Superimposing the load line gives Io = 33 A and Vos = 3.3 V, the same values as 
the equivalent circuit. 

8.6 EXTENSION OF POWER SWITCH RATINGS 

The ratings of power electronic switches can be extended by series connection 
for high voltage, and parallel connection for high current. Matching of switches 
as closely as possible will assist in equal sharing of voltage or current, but the 
normal range of production spread can be forced to share more equally using 
additional circuitry. 

Series connection 

Figure 8.17 shows series connected thyristors, but they could also be power 
transistors. Figure 8.18 shows the unequal sharing of blocking voltage in the 
off-state due to production spread. 

T~ T 2 

Figure 8.17 

T1 

/o i 
I I 

Figure 8.18 
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T2 

Parallel resistors across each thyristor will cause more equal voltage sharing. 
As a rule of thumb, let each parallel resistor carry 10 times the worst leakage 
current. 
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Two 1200V thyristors are series connected and 2kV is connected across them. 
The forward blocking characteristic of the first thyristor has a slope of 16.7 
/zA/V, and the second thyristor a slope of 12.5IzA/V (see Fig. 8.19). 

(a) How will they share the voltage? 

(b) Voltage equalizing resistors of 6.8k.Q are now connectedacross each 
thyristor. Calculate the voltage across each thyristor and the power dissipa- 
tion in the equalizing resistors. 

Figure 8.19 

So lu t ion  

R 

2 kv 

R 

(a) The inverse of the slope of the blocking characteristic is thyristor off-state 
resistance, RT: 

RT1 = 1/16.7 X 10 -6 = 60k~ 

RT2 = 1/12.5 • 10 -6 = 80k~ 

By voltage divider: 

VTl = V RTI/RTI + RT2 

= 2  X 103 X 60 /140=857V 

VT2 = V R T z / R T 1  + RT2 

= 2  x 103 • 80/140= 1143V 

(b) With the equalizing resistors connected, the effective thyristor resistances 
are now given by 

RT~ ' =  60 X 6.8/(60 + 6.8) = 6.111r 

RT2' = 80 X 6.8/(80 + 6.8) = 6.27kf~ 

VTI' = V RTI ' /RTI '  + RT2' 

= 2 x 103 x 6.11/12.38 = 987V 
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t t 
VT2 = V RT2 ' /RTI  + RT2 

= 2 x 103 X 6.27/12.38 = 1013V 

Power dissipation in the first equalizing resistor is 

(987)2/6.8 x 103 = 143W 

and in the second resistor is 

(1013)2/6.8 x 103= 151W 

Blocking state current is 2/(6.11 + 6.27) = 162 mA. 

Dynamic equalization 
During turn-off, the differences in stored charge, due to the different junction 
capacitances, will cause unequal reverse voltage sharing. The solution to this 
problem is to connect a parallel connected capacitor across each thyristor that is 
large enough to swamp the junction capacitance. A small resistance in series 
with this capacitance will limit the discharge current through the thyristor 
during switch-on. The R2-C network will also act as a snubber network to 
limit the rate of rise of voltage across the thyristor at switch-on. The circuit 
arrangement for static and dynamic voltage equalization is shown in Fig. 8.20. 

Figure 8.20 

C 
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Reference books such as P o w e r  E l e c t r o n i c s  (Williams, 1992) have forma- 
lized the design of equalization networks, and give the values of R l and C as 
follows" 

R l = (n Vo  - V s ) / ( n  - 1)Io (ohm) (8.6) 

C = ( n - - 1 )  AQ/(nVD--Vs)  (farad) (8.7) 

where 

n = the number of series connected thyristors 

VD = the voltage rating of each thyristor 

Vs = the supply voltage 
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I0 = the maximum leakage current 

AQ = the maximum difference in recovery charge between thyristors of a 
particular type. 

E x a m p l e  8.6 

Four 800 V thyristors are connected in series to share a 3 kV supply voltage. The 
maximum forward leakage current is 4mA, and the maximum difference in 
recovery charge is 20/~C. The circuit arrangement for static and dynamic 
voltage sharing is that shown in Fig. 8.20 with R2 = 20f~. 

(a) Determine the values of R1 and C, and the maximum discharge current, 
assuming equal voltage sharing. 

(b) Repeat the calculations in (a) for the case where an extra series connected 
thyristor is used as a safety, or derating, factor. 

So/ut/on 

(a) n = 4" 

R l = (n VD -- V s ) / ( n  - 1)1o 

= (4 • 8 0 0 -  3 0 0 0 ) / ( 4 -  1) X 4 • 10 -3 

= 16.7k~ 

C = ( n -  1) A Q / ( n  VD -- Vs) 

= ( 4 - 1 )  • 20 • 1 0 - 6 / ( 3 2 0 0 -  3000) 

= 0.3 t~F 

At switch-on 

discharge current = thyristor voltage/R2 

= (3000/4 x 20) = 37.5A 

(b) n = 5: 

Rl 

C 

= (n VD -- V s ) / ( n  - 1)Io 

= (5 X 8 0 0 -  3000)/(5 - 1) X 4 X 10 -3 

= 62.5 k ~  

= ( n - l )  A Q / ( n V D  -- Vs) 

= ( 5 - 1 )  X 20 • 1 0 - 6 / ( 4 0 0 0 -  3000 ) 

= 0.08 t~F 
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At switch-on 

discharge current = thyristor voltage/R2 

= (3000/5 x 20)=  30A 

Example 8.7 

The thyristors used in Example 8.6 have maximum permitted rate of voltage 
and current change as shown below: 

(~v/~t)max = 200V//~s and (3i/3t)max = 1 O0 A/t~s 

Are the thyristors adequately protected at switch-on? 

Solution 

Capacitor discharge voltage at switch-on is given by 

Vc = V e x p ( - t / C R 2 )  

(~v/3t) = ( -  V/CR2) e x p ( - t / C R 2 )  

This is maximum at t = 0, i.e. 

(3v/3t)max = - V/CR 2 

= -750/0.3 X 10 -6 X 20 = - 125 V//~s 

The above assumes equal voltage sharing. 

Capacitor discharge current at switch-on is given by 

i = - ( V / R 2 )  e x p ( - t / C R 2 )  

(3i/3t) = ( V / C R 2  2) exp( -  t/CR2) 

This is maximum at t = 0, i.e. 

(3i/~t)max = V/CR22 

= 750/0.3 X 10 -6 X 202 = 6.25 A/~s 

The thyristors are adequately protected. 

Parallel connection 

When thyristors are connected in parallel, they do not carry equal currents due 
to differences in their on-state characteristics. The device carrying the highest 
current will dissipate more power, causing heat increase, which in turn will 
reduce the on-state resistance, causing more current to flow; the imbalance is 
increased and could result in switch failure. Common heat-sinking of paralleled 
devices will help to equalize temperatures. 
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Static equalization of currents is improved by connecting low value series 
resistors. Dynamic equalization can be achieved by the use of magnetically 
coupled coils. 

Figure 8.21 shows the way in which unequal currents flow before static equal- 
ization and Fig. 8.22 the circuit arrangement to implement static equalization. 
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Figure 8.22 

Example 8.8 

Two 30A thyristors are connected in parallel to switch a load current of 50A. 
The on-state characteristic of T1 is VTl(on) = 1.2 + 56 • 10 -3 II (V), and for 

T2 is VT2(on) = 1.1 + 40 • 10 -3 12 (V). 

(a) Calculate the current through each thyristor. 

(b) A 0.1 f~ series resistor is now connected in series with each thyristor to 
force more equal current sharing. Determine the new thyristor currents. 

Solution 

12 = 50 - I1 

(a) The on-state voltage drop across each thyristor must be the same, i.e. 
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1.2 + Ii (56 • 10 -3) = 1.1 + (50 - I1 ) (40  • 10 -3) 

0.1 = 2 -  ( 4 0 + 5 6 )  • 10 -311 

I1 = 20 .8A 

12 = 50 - 11 = 50 - 20.8 = 29.2A 

(b) With series resistance of  0.1 f~, 

1 . 2 + I ~ ( 5 6 +  1 0 0 ) •  10 - 3 =  1 . 1 + ( 5 0 - I ~ ) ( 4 0 + 1 0 0 )  • 10 -3 

0.1 = 7 - 2 9 6 •  10-3I~ 

I1 = 23 .3A 

12 = 50 - Ii = 50 - 23.3 = 26.7A 

This represents a much better current sharing at the expense of  increased 
forward voltage drop, and power  loss, i.e. voltage across parallel combinat ion 
without series resistors is 

1.2 + 20.8 • 56 • 10 - 3 =  2 .36V 

Voltage across parallel combination with series resistors is 

1.2 + 23.3 • 156 • 10 -3 = 4 .83V 

Dynamic  equalization can be achieved using coupled coils, as shown in Fig. 

8.23. 

VL1 

L1 

L2 
V~ 

Figure 8.23 

VLl = L1 3i~/3t  - M 3 i 2 / 3 t  

VL2 = L2 3i2/~t  - M 3 i l / 3 t  

Assume L1 = L2 = L, and perfect coupling, giving M = ~/Ll L2 = ~ L 2 = L; then 

VL~ = L ( 3 i l / 3 t  - 3i2/3t)  

VL2 = L (3i2 /3 t  - ~ i l /3 t )  
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If 8i l /8 t  is changing at a faster rate than 8i2/~t , then VL1 acts to reduce il, and 
VL2 reverses its polarity, acting to increase i2. Hence there is the tendency to 
dynamically balance the transient currents. 

Gating 
With series connected switches, the slowest to turn on will momentarily have 
the full voltage across it. During turn-off the fastest will have the full voltage 
across it. 

With parallel connected switches, the first to turn on will momentarily carry 
the full current. At turn-off, the last to turn off will have the full current through 
it. 

It is obviously desireable to turn on and turn off all the switches simulta- 
neously. The gate-cathode circuits will not be identical, and to compensate for 
this a series resistance can be connected in the gate circuit of each switch. This 
will have the effect of reducing the spread of the gate currents. 

Isolation of the gate circuits using pulse transformers or opto-isolators is 
necessary for series connected switches due to the very different cathode 
voltages. A simple gate circuit for series connected switches is shown in Fig. 
8.24, and for parallel switches in Fig. 8.25. 
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8.7 THE IGBT 

The insulated gate bipolar transistor (IGBT) is effectively a Mosfet cascaded 

with a BJT. A simplified view of the semiconductor arrangement is shown in 

Fig. 8.26. 

With gate and emitter at the same polarity and the collector positive, junction 

2 is reverse-biased and no current flows from emitter to collector. With the gate 

positive with respect to the emitter and greater than the threshold voltage, the 

Mosfet channel is formed for current flow. This current is the base current for a 
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pnp transistor, allowing current to flow from emitter to collector, turning the 
switch on. A simplified equivalent circuit of the IGBT is given in Fig. 8.27. 

The circuit symbol for the IGBT is usually shown as one of the alternatives 
given in Figs 8.28(a) and (b). There is no built-in parasitic diode in the IGBT for 
reverse breakdown. A separate diode is required. 

The IGBT combines the easy gating requirements of the Mosfet with its high 
input impedence, and the power handling capability of the BJT. A relatively 
high gate-emitter voltage of 15V or so will result in a forward collector-emitter 
voltage drop of around 3 V. This forward voltage drop will be higher for higher 
frequencies. 

1200V IGBTs are available with current ratings of l O--400A. These will 
switch in about 1 t~s with forward voltage drop between 2.5 and 5V. A 500V, 
5 A IGBT might typically have a forward voltage drop of 2V with a switching 
time of 250 ns. 
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C yI 

Figure 8.28 

(a) (b) 

8.8 GATE AND BASE DRIVE ISOLATION 

In circuits where a number of devices are to be switched on and off by a drive 
circuit with a number of outputs, all with a common ground, isolation is 
necessary to avoid shorting out part of the circuit. For example, in the full- 
wave single-phase bridge shown in Fig. 3.8, two of the four switches, T3 and T4, 
have a common cathode and these could be driven without the necessity for gate 
pulse isolation. However, the other two switches, T~ and T2, do not have a 
common cathode. Diagonally opposite thyristors are switched on together and 
this would result in a momentary short of the supply, as shown by the dotted 
line in Fig. 8.29, for the positive half-cycle with TI and T3 conducting. In the 
case of Mosfets, the short would exist for the duration of the on-time. 

The problem is overcome by isolation of the drive circuits using pulse 
transformers or opto-isolators. Figure 8.30 shows transformer isolation of the 
thyristor bridge. Where high frequency gate pulses are used, the isolation 
transformers are very small with very few turns. 
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With Mosfets and IGBTs, optical isolation is often used. A typical arrange- 
ment is shown in Fig. 8.31. 
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Figure 8.31 

The opto-isolator shown in the dotted box in Fig. 8.31 can have as the 
switching device a Triac, thyristor, transistor or Darlington transistor. Manu- 
facturers such as IR, Harris and Motorola supply these. Four opto-isolators are 
available in a single integrated circuit module. Complete drive circuits with 
overload protection and current and voltage sensing, the so-called 'smart ICs', 
are also available. 

The drive circuits can of course be built up using discrete components. The 
pulse generator could be based on a Schmitt-Trigger, 555-timer, or the output of 
a logic circuit via a buffer. 

8.9 SELF-ASSESSMENT TEST 

1 What type of power electronic switch would you select, and in what config- 
uration, for the following applications" 

(a) variable d.c. voltage to a load from a fixed d.c. voltage source; 

(b) variable d.c. voltage to a load from a.c. mains; 
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(c) variable a.c. voltage to a load from a.c. mains; 

(d) variable a.c. frequency to a load from a d.c. voltage source? 

2 What would be the disadvantage of using a thyristor instead of a Mosfet in a 
d.c. chopper circuit? 

3 State the conditions required for the successful turn-on of a thyristor. 

4 Explain the essential differences between the turn-on, or gating, requirements 
of thyristors and Mosfets. 

5 Sketch typical off-state characteristics of two series connected thyristors and 
show how they share the voltage. What methods can be used to force more 
equal voltage sharing? 

6 Sketch typical on-state characteristics of two parallel connected thyristors, 
and show how they share the current. What methods can be used to force 
more equal current sharing? 

8.10 PROBLEMS 

1 The on-state characteristic of a thyristor to be used in a d.c. chopper circuit is 
given by VT(on) -- 1.1 + 0.02 I (V), where I is the anode current in amperes. 
Calculate the average power dissipation in the thyristor when the anode 
current is 100A and the chopper duty-cycle is 0.5. 

2 In the gate pulse firing circuit shown in Fig. 8.6, the gate pulse magnitude is 
15 V. A 1" 1 isolating transformer is used. The limiting resistors are R~ - 15 
and R2 = 30~.  If the linearized thyristor gate characteristic has a resistance of 
20~,  determine the gate current and voltage. 

3 A thyristor has a latching current of 20mA. It supplies current to a coil of 
100~ resistance and 1.0H inductance from a 24V d.c. supply. Calculate the 
value of the minimum duration of the gate pulse to ensure that the thyristor 
remains on when the gate pulse is removed. 

4 A 2N6755 Harris n-channel Mosfet has a d.c. supply voltage of 60V, and a 
load resistance of 6ff~. With a gate-source voltage of 10V, the on-state 
resistance is 0.2ft. 

(a) Assuming that the Mosfet is acting as a simple on-off switch, determine 
the load current and efficiency. 

(b) The Mosfet above is now used in a 20kHz chopper circuit. Assuming the 
parameters remain unchanged, calculate the load power and efficiency at 
a chopper duty cycle of 0.4. 
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5 A resistive load is to be supplied at 3 kV and 1100A. The thyristors available 
are rated at 800V, 200A. Calculate the number of series and parallel con- 
nected thyristors required, allowing one extra series and parallel thyristor as a 
safety factor. 

Determine suitable values for the series static and dynamic equalizing com- 
ponents, when the maximum leakage current is 6 mA, the maximum difference 
in recovery charge is 20tzC, and the maximum rate of change of voltage is 
200V/tzs. 



Answers to self-assessment 
tests and problems 

Chapter 2 

S e l f - a s s e s s m e n t  t e s t  

Refer to text as outlined below for these answers. 

1. Fig. 2.3, Fig. 2.5, equation (2.1). 2. Fig. 2.11. 3. Fig. 2.15, Fig. 2.16. 4. Equations (2.8)-  
(2.13). 

Problems 

1. (a) Vav = Vb tn f  = 6 0  X 0.2 X 10 -3 X 1 0 3 = 1 2 V  

l~v = Vav/R = 1 2 / 1 2  = 1A 

Vrms = Vb t'(tnnf = 60 ~ = 26.83 V 

Inns = Vrm~/R = 26.83/12 = 2.24 A 
P = l r m s  1 R = ( 2 . 2 4 )  z X 1 2 = 6 0 W  

(b) Vav = Vbtnf  = 60 • 0.6 X 10 -3 X 103 = 36V 

lav= Vav / R = 36 / l Z = 3 A 
Vrms = Vb t~r~nf = 60 ~ = 46.5 V 

Irms = Vrm~/R = 46.5/12 = 3.87 A 
P = Irms 2 R = (3.87) 2 X 12 = 180W 

2 . (a )  Vav = V b t n f  = 2 4 •  8 • 10 -3 X 1 0 0 = 1 9 . 2 V  

During turn-on, 

i(t) = (Vb/R) (1 - e x p ( - R t / L ) )  + Io e x p ( - R t / L )  
Vb/R = 24/1 = 24 
Rt/L = 1 • 8 • 10 -3 / 10 - z =  0.8 

At end of turn-on period, l(t) = I~. Therefore 

Ii = 24( 1 - exp ( -0 .8 ) )  + Io e x p ( - 0 . 8 )  

Ii = 13.22 - 0.449 Io 

During turn-off, fit) = ll e xp ( -R t /L ) .  

tn = 8ms, T =  1/ f= 1/100  = 10ms, t f=  T -  tn = 2ms 
Rt/L = 1 x 2 x 10 -3 / 1 0 - 2 =  0.2 

At the end of turn-off period, I(t) = Io. Therefore 

Io = Ii e x p ( - 0 . 2 )  = 0.819 II 

Equation (2) substituted in (1) gives 

It = 13.22 - 0.449(0.819)I~ 

(1) 

(2) 
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1~ (1 - 0.368) = 13.22 

11 = 20.9 A 

Io = 0.819 Ii = 17 .1A 

(b) Fo l low the procedure  above  to obtain: 

Vav = 4.8 V, I1 = 6.88 A, Io = 3.09 A 

3. R = Ra + Rf = (0.2 + 0.2) = OAf)  

E =  V -  l a R = 4 8 - ( 8  X 0 . 4 ) = 4 4 . 8 V  

kv = E /w  I~ = 44 .8 / (3000 X 2zr/60) 8 = 0.0178 V/A-rad/s  

With  Io = 80A:  

Vav = Vtnf  = 48 X 3.5 • 10 -3 • 250 = 4 2 V  

E =  V a v -  l a R - 4 2 - ( 8 0  X 0 . 4 ) =  10V 

oJ = E / k J a  = 10/0.0178 X 80 = 7.022 rad/s 

N = co X 60/2zr - 67 rev/min 

T =  kvla 2 = 0.0178 X 802 = l 1 3 . 9 N m  

4. (a) T = 5 N m, N = 1500rev/min ,  kv = 10 -2  V/A-rad/s  

T =  kvla 2 �9 la = T q ~ v  = 4 5 / 1 0  -2  = 2 2 . 3 6 A  

oJ = N X 2rd60 = 1500 • 2 #/60 = 157.1 rad/s 

E = oJ kvla = 157.1 X 10 - z  X 22.36 = 35 .1V  

Vav = E + laR = 35.1 + ( 22.36 • 0.1) = 37 .4V 

Vav = V t n f  " tn = V~v/  V f =  37.4/  96 X 1 2 5 = 3 . 1 1 m s  

(b) T = 20 N m, N = 1500rev /min  

& = rd-f~v = 4 2 0 / 1 0  -2  = 4 4 . 7 A  

E = oJ kvla = 157.1 X 10 -2  X 44.7 = 70 .3V 

Vav = E + laR = 70.3 + ( 44.7 X 0.1) = 74 .8V  

Vav = V t n f  " tn = Vav/Vf  = 74.8/96 X 125 = 6.23 ms 

5. Load  vol tage,  Vo = Vt, (1 - D). Therefore  

(1 - D ) =  V b /  Vo = 12/48 = 0.25 

Hence  duty cycle ,  D = 0.75 

Load  current ,  le = Vo/RL = 48/12 = 4 A  

Bat te ry  current ,  Ib = le/(1 -- D) = 4/0.25 = 16 A 

T =  l / f =  1 /105=  10-Ss 

AI  = Vbtn/L = lib DT/L  = 12 X 0.75 • 10 - 5 / 1 0  -5  = 9 A  

M a x i m u m  bat tery current ,  I~ = lb + AI/2 = 16 + 4.5 = 20.5 A 

M i n i m u m  bat tery current ,  1o = lb -- AI/2 = 16 - 4.5 = 11.5 A 

Chapter 3 

Self-assessment test 

1. (a) Hal f -con t ro l led  bridge; (b) fu l ly-control led  bridge; (c) inverse-paral le l  ful ly cont ro l led  

bridge.  

2. See Fig. 3.11. 

3. See Fig. 3.12. 

4. Vav- (2Em/rr) cosa  (V), E = kv o., (V); Iav = (Vav -- E)/Ra (A); T = k,, lav (Nm) .  

Ave rage  a rmature  vol tage must  exceed genera ted  vol tage in order  for the thyris tor  to turn on. 
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5. Vav = (Em/rr)(1 + cosa) (V); E = kv ~o (V); lav = (Vav - E)/Ra (A);T = kv lav (Nm).  
Firing angle delay range is limited as in the case of the fully controlled bridge. 

6. Em = ~ X 250 = 354V 

P = 2, Fav= (2Em/rr)cosa = (2 X 354/rr)cos 0 ~ = 225 V 

P = 3, l/'av = (3"V-3 Epm/rr)cosa = (5.2 X 354/2rr)cos0 ~ = 293 V 

P = 6, Fay = (3q-3" Epm/rr)cosa = (5.2 X 354/rr)cos0 ~ = 586V 

P - 12, Vav = (6~/-3 Epm/rr)Cosa = (10.4 X 354/rr)Cos0 ~ = 1172V 

7. A three-phase, full-wave converter with an armature contactor, or two anti-parallel bridges. 

Assume the use of  an armature contactor. Firing angle is increased to bring armature current to 

zero, contactor is operated and firing angle increased, converter voltage is reversed, armature 

voltage exceeds converter voltage and energy is returned to the supply. Speed falls to zero as 

motor brakes. Firing angle is now reduced to below 90 ~ for rectifier operation, and speed 

builds up in the reverse direction. 

Problems 

1. For circuit see Fig. 3.6; for waveform see Fig. 3.11. 

(a) Vrms = Es ~/1 - (a/r) + (sin 2a)/2rr 
= 110 q l  - (45~ ~ + (sin90~ = 104.9V 

Inns = Vrms/R = 104.9/100 = 1.049A 
P = Irms 2 X R = 1.0492 X 100 = I 1 0 W  

(b) Follow procedure above with a - 135 ~ to obtain P - 11W. 

2. (a) Resistive load. Use equations (3.5) to (3.9) with power, P = Irms 2 • R, and power-factor,  

cos~ - P/Erms • Irms. Solutions tabulated below: 

a ~ Va,, (V) Iav (A) l/'rms (W) /'rms (A) P (W) cos 

30 202 0.81 237 0.95 225 0.99 

60 162 0.65 227 0.91 207 0.95 

(b) Highly inductive load. Use procedures outlined from equations (3.11) to (3.12). Solutions 

tabulated below: 

a ~ Vav (V) Iav (A) Vrrns (V) itrm s (A) P (W) cos 

30 132 0.53 250 0.53 70 0.53 

60 76.4 0.31 250 0.31 24 0.33 

3. (a) 

(b) 

The resistive load values are the same as for the fully controlled resistive load case in 

2(a) above. 

Highly inductive load. Apply the expressions used in Example 3.4 (p. 38) to obtain the 

answers given below: 

a ~ //'av (V) Iav (A) l/'rms (V) Irms (A) P (W) cos 

30 202 0.81 237 0.74 164 0.92 

60 162 0.65 227 0.53 106 0.83 

4. (a) a = 30~ 

Vav = (2Em/rr) cosa = ( 2 ~  X 250/rr)cos 30 ~ = 195V 
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E = k , c w = 0 . 9  x 1200 X 2r r /60=  113V 

lay - (Vav - E)/Ra - (195 - 113)/0.75 = 109A 

T = k,, l av= 0.9 • 109 = 9 8 N m  

(b) a = 70~ E = 113.1 V, Va,, = 117V, lav = 5.2A, T = 4 .7Nm.  

5. For the half-controlled bridge, Va~ = (,~r~ Es/rr) (1+ cosa), then follow the pattern of calcula- 

tions outlined in 4(a) above, to obtain: 

(a) a = 30~ E = 113.1 V, Vav = 210V, lav = 59.1 A, T = 53.2Nm; 

(b) a=70~  l13.1V, Vav=151V, Iav=50.5A, T=45.5Nm. 

6. The armature voltage for each bridge is given by 

(a) Vav = (2Em/rr)cosa 

(b) Vav = (Em/rr)cosa 

(c) Vav = (3{3 Epm/2rr)cosa 

(d) Vav = (3~3 Epm/rr)COSa. 

Again calculations follow the pattern of problem 4(a) above to yield the answers below: 

(a) lay = 12.4A, T = 9 .9Nm 

(b) lay = 43A, T = 34 .4Nm 

(c) la,, = 56.1 A, T = 44.9 N m  

(d) l~v = 246A, T = 197Nm 

7. Vav = (3"q"3" Epm/2rr)cosa = (3"q~ X 415/2rr)cosa = 280.1 cosa 

la~ = T/kv = 400/0.8 = 500 A 

E = kv a, = 0.8 x 1000 x 2rr/60 = 83.8V 

Vav = E + IavR, i.e. 280.1 cosa = 83.8 + (500 X 0.02) = 93.8 

.'. cosa = 93.8/280.1 = 0.335 

a = 70.4 ~ 

C h a p t e r  4 

Sel f -assessment  test 

1. Inverter frequency is controlled by the rate at which the semiconductor switches are turned on 

and off, i.e. by the periodic time of the base drive pulses. Output voltage is controlled by the 

on-time of each switch, i.e. by the width of the switch on-time compared with the half-periodic 

time. 

....... 
ton 

Vrm s -" 4 ( 2 / T )  j~ (Vb) 2 ~ t -  V b ~ ( 2 / T ) t o n  

Maximum time-on,/on = T/2. 

2. See Figs 4.4 and 4.5. 

Vcl(max) "- Vb/(l + e x p ( -  T/2CR)) 
Vcl(min ) -" Vcl(max ) e x p ( -  T/2CR) 

3. See Figs 4.6 and 4.7. 

Io = Vb/4fL = Vb T/4L 



4. See Fig. 4.11. 

QI on: i(t) = (Vb/R)  ( 1 - e x p ( - R t / L ) )  - Io e x p ( - R t / L )  

Q2 on: i(t) = Io e x p ( - R t / L )  - ( Vb/R)( 1 - e x p ( - R t / 2 L ) )  

lo = ( Vb/R)((1 - e xp ( -R t /ZL) ) / (1  + e x p ( - R t / L ) )  

Problems 

1. T =  l / f =  1/1000 = l ms 

CR = 100 x 10 -6 • 5 = 0.5ms 

Vcl(max) = Vb/(1 + e x p ( - T / 2 C R ) ) =  50/(1 - e x p ( - l ) ) =  36.6V 

Vcl(min ) = V b e x p ( -  T/2CR) = 50 e x p ( -  1) = 18.4 V 

Load current waveform: 

7.32 

i(A) l 0 

-7.32 

Figure P4/1 

0 0.5 1.0 1.5 2.0 

f f 

3.68 

t(ms) 
3.68 

2. T= l m s  

Io = Vb T/4L = 50 • 10-3/4 x 10 -3 = 12.5A 

Load current waveform: 

12.5 

-12.5 

Figure P4/2 

3. T= lms 
L =  l mH, R = 5 0  

T 0 0 

/ 

/ 
/ 

0.5 1.0 

V 
1.5 2.0 

From equation (4.6), 

Io = ( Vb/R)((I - - e x p ( - R T / Z L ) ) / ( 1  + e x p ( - R T / Z L ) ) )  

= (50/5)((1 - exp ( -2 .5 ) ) / ( l  + exp( -2 .5 ) ) )  = 8.48A 

Load current waveform: 

8.48 I 

§ 
/ 0 0 

-8.48 V 
Figure P4/3 

/ 
/ \ 

0.5 1.0 1.5 2.0 
\ I 
x4 
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4. o~o 2 = 1 / L C  

.'. L = 1/o9o2C = l/(2rr • 103) 2 X 10 -4 = 253ffH 

5. ic = Imsin oJt 

At t = t', 20 = 30 sin oJot. Therefore 0.667 = sin oJot'. 

coot' = sin - I  0.667 = 41.84 ~ = 0.73 rad 

cootoff = 1 8 0 -  2oJot' = 96.32 ~  1.682 rad 

oJo = 1.682/toff = 1.682/40 x 10 -6 = 42050 rad/s 
�9 fo = 6692 Hz 

Equating energy storage: 0.5 LI  2 =  0.5 C V  2. From this 

L = C V 2 / I  2 = C (96)2/(30) 2 = 10.24 C 

Now 

2 oJo = I / L C  = 1/10.24 C 2 

C = 1/(~/10.24 X 42050) = 7.43tzF 

L = 10.24 X 7.43 X 1 0 - 6 =  76tzH 

Chapter 5 

Self-assessment test 

1. Phase control driver requires a zero crossing detector and time delay circuit to vary the firing 

angle delay. Burst-firing driver also requires a zero crossing detector in combination with a 

pulse-width modulator and logic circuitry to control the number of  cycles passed to, and the 

number  of  cycles blocked from, the load. 

2. (a) Vrms = (Es) ~/(1-  a/rr + (sin 2a)(/2rr) 

(b) Vrm s = E s ~[tn/(tn + re) 

(c) 400 v 

200 v 

o v  

-200 v 

-400 v . . . . . . . . . . . . . . . . . . . . . . . . .  
Os 10 ms 20 ms 30 ms 40 ms 
V (R1=2) 

(d) 

A 

U 

Figure P5.2 
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3. i = (Em/IZl) { sin (~t  + a - r + sin (~b - a) exp( -Rt /L)}  

(a) a = r i = (Em/lZl) (sin (~ot); waveform as Fig. 5.4. 

(b) a > r waveform as Fig. 5.5. 

4. (a) See Fig. 5.12; (b) see Fig. 5.13. 

5. The advantage of burst-firing is that the load voltage waveform has a much lower harmonic 

content and therefore less generation of interference. The disadvantage is that the method is 

only suitable for loads with long thermal time constants. 

Problems 

1. ( a )  Vrm s - 246 V, Irms = 1.971 A, P = 486 W, cosr = 0.985 

(b) Vrms = 43, Irms = 0.341 A, P = 14.5 W, cosr = 0.17 

2. (a) Vrms = 53.7 V, Irms = 1.074 A, P = 57.7 W, cosr = 0.448 

(b) Vrm~ = 107.3,/,-ms = 0.215A, it*P = 230W, cosff = 0.89 

3. 2083 W in each case. Burst-firing produces fewer harmonics and is the preferred method. 

Phase control would give a finer adjustment of load power. 

4. / 3=171 .7  ~ . 

5. lav = 2.86 A, Tav = 1.72 Nm. 

Chapter 6 

Self-assessment test 

1. See Fig. 6.8. 

2. (a) n~ = f / p  = 50/6 = 8.33 rev/s. Ns = 60ns = 500rev/min. 

(b) n~ =f /p  = 50/3 = 16.67rev/s. Ns = 60n~ = 1000rev/min. 

(c) ns = f / p  = 50/1 = 50rev/s. Ns = 60ns = 3000rev/min. 

3. nr = ns (1 - s). 

(a) nr = (50/1) (1 - 0.02) = 49rev/s, N~ = 60 ns = 2940rev/min. 

(b) nr = (50/1)(1 - 0.05) = 47.5rev/s, Nr = 60ns = 2850rev/min. 

(c) nr = (50/1) (1 - 0.03) - 48.5rev/s, Nr = 60ns = 2910rev/min. 

At 80 Hz, all rotor speeds are increased by a factor (8/5). 

4. r = Es/kf = Vs/kf 

(a) If V~ is constant and frequency is decreased then flux, q~, will tend to saturate, distorting 

current waveforms and altering motor parameters. If Vs is constant and frequency is 

increased, flux will be reduced, motor reactances will be reduced, and current will 

increase beyond rated value. 

(b) The stator voltage drop at low frequencies becomes more significant compared to the 

reduced stator applied voltage. A boost in applied voltage is necessary to hold the flux 

constant. 
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Q T (N m) 

T ma, 

0 20 40 60 80 100 n, (rev/s) 
Figure P6.5 

P r o b l e m s  

1. Nr = 380 rev/min, Is = 31.31 / -  47.2 ~ (A), Ir = 2 1 . 5 / - 3 . 9  ~ (A) 
T = 132.4Nm. 

2. Line voltage = 495 V, Nr = 1151 rev/min. 

Chapter 7 

S e l f - a s s e s s m e n t  t es t  

1. Smaller size of inductors and transformers. Higher efficiency. 

2. (a) Isolation between input and output is achieved. 

(b) To prevent the build-up of d.c. magnetization of the transformer saturating the core. 

3. (a) See Fig. 7.8. 

(b) Vo = V~ (Ns/Np) (D/1 -  D). 

(c) See Figs 7.1 and 7.2, and the following explanation. 

4. Push-pull, Vo = V~ (N~/Np) 2 D; half-bridge, Vo = V~ (N~ / N o) D; full-bridge, Vo = V~ (N~/Np) 2D 

5. See Fig. 7.14. 

6. The forward converter transfers power to the load during the on-time of the power electronic 
switch. Output voltage is less than the input voltage. 

The flyback converter transfers power to the load during the off-time of the power electronic 
switch. Output voltage is more than the input voltage. 

P r o b l e m s  

1. (a) P=  125w, It. =25A,D=0.4 .  

(b) t n = 10/~s, tf = 15 i~s, (Ii - Io) = 2.5A, 

iL(min) = 23.75 A, current is continuous. 

2. (a) D = 0 . 6 7 ,  R = 4 . 6 1 f ) .  

(b) IL = 10.4 A, iL(max) = 14.42 A, iL(min) -- 6.38 A. 

3. (a) L = 30 t~H, (~ = 470 tzF. 
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(b) I L = 20 A, iL(max) = 45 A, iL(min) = 5 A. 

(c) V~ = 150V, AVo/Vo = 1.3%. 

Chapter 8 

S e l f - a s s e s s m e n t  tes t  

1. (a) A Mosfet if the rating is available, otherwise a BJT. The power swtich would operate as a 

chopper. 

(b) Thyristors in a full-wave, half-controlled or fully controlled circuit depending on circuit 

requirements. 

(c) A Triac as an a.c. controller. 

(d) Mosfets in an inverter bridge configuration. 

2. Thyristors require forced commutation circuits when the supply is d.c. 

3. Manufacturer's data sheets must be consulted to ascertain anode and gate rated values. Anode 
polarity must be positive with respect to the cathode. Gate pulse duration must be long enough 
for the anode current to exceed the latching current. The higher the gate current, the faster the 
turn-on. Gate power must not exceed the rated maximum value. 

4. Thyristor gates are current-driven, Mosfet gates are voltage driven. Once the thyristor is on, 
the gate pulse can be removed. The Mosfet requires a continuous gate voltage for the duration 
of the on-time; however, apart from the initial charge at swtich-on, the gate current is 

negligible. 

5. See Fig. 8.18. Parallel resistors for static voltage equalization. Parallel R-C network for 

dynamic voltage equalization. 

6. See Fig. 8.21. Series resistors for static current equalization. Coupled coils for dynamic 

current equalization. 

Problems 

1. V T o  n "" 1.1 + 0.03 I = 1.1 + 0.02 • 100 = 3.1V 
Pmax = VT(on) • I = 3.1 X 100 = 310 W 
Pav= Pmax tn/T = 310 X 0.5 = 155 W 

2. The Thevinin equivalent circuit of the gate firing circuit is shown below: 

~nt /g 

v~ 

Eoc = Vc • R2/(RI + R2) = 15 • 30/(15 + 30) = 10V 

Rint = R! R2/(R] + R2) = 15 • 30/(15 + 30)= I 0 ~  

IG = Eoc/(Rint + Rg) = 10/(10 + 20) = 0.33 A 

V g = I g R g = 0 . 3 3  X 2 0 = 6 . 7 V  
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3. The anode current will increase exponential ly,  i.e. 

i =/max (1 - e x p ( - R t / L )  

where/max = V/R = 24/100 = 0.24 A. 

R/L = 100/1 = 100 

To reach latching current 

i =/max ( 1 -  e x p ( - R t / L ) )  or 0.02 = 0.24(1 - e x p ( - 1 0 0 t ) )  
0.0833 = 1 - e x p ( - 1 0 0 t )  

e x p ( -  100t) = 1 - 0.0833 = 0.9167 

- 100t = In (0.9167) = - 0 . 0 8 7  

t = 870tzs 

4. (a) Io = VDD/(RDS(on) + RL) = 60/(6 + 0.2) = 9 .68A 
Load power  = (ID) 2 RL - (9.68) 2 • 6 = 562 W 

Power dissipated in Mosfet  = (ID) 2 RDS(on) = (9.68) 2 • 0.2 = 18.7W 

Efficiency, ~ = 562/(562 + 18.7) = 97% 

(b) From equation (2.3), Vrms = VDD ~/tn X f 

tn = D T  = D / f  = 0.4/(20 • 103) = 20t~s 

Vrms "- VDD ~tn  X f =  60 ~/20 x 10 - 6  x 20 • 10 3 = 37 .9V 

Irms = Vrms/RL = 37.9/(6 + 0.2) = 6 .12A 

Load power  = (Irms) 2 RL = (6.12) 2 • 6 = 225 W 

Input power  - (6.12) 2 X (6 + 0.2) = 232.2 W 

Efficiency g = 225/(232.2) = 97% 

Alternat ively,  using an averaging technique load power,  

Pay = Pmax t n f  = 562 • 0.4 = 225 W 

6. For series connect ion 

ns = ( V s / V D )  + | = ( 3 0 0 0 / 8 0 0 )  + 1 = 5 

For parallel  connect ion 

n p =  (Is / Ip)  + 1 = (1 100 /200)  + 1 = 7 

From equation (8.6) 

R I = (n V D - -  V s)/(n - 1)Io 

= ((5 • 8 0 0 ) -  3000)/(5 - 1) • 6 • 10 - 3 =  42k.Q 

From equation (8.7) 

C = ( n - - I ) A Q / n V D  -- V~ 

= (5 - 1) • 20 • 10-6/(5 x 8 0 0 ) - 3 0 0 0  = 0.08t~F 

Choose C = 0.1 t~F. 

A value o f  Rz = 20f~ will give an initial maximum discharge current o f  about  800/20 = 40 A, 

with a max imum rate of  change o f  vol tage (Sv/3t)max = - V / C R 2  = -800 /0 .1  • 10 -6  X 20 = 

- 4 0 0  V/t~s. 
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burst-firing 95, 105 
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phase control 95 
resistive load 96-7 
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52 
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converters 27-65 
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Alternators 27 
Anode 

latching, current 156 
polarity, thyristors 149 

Applications 5 
Armature 

inductance 44 
speed 16 
voltage constant 14 

Auxiliary impulse inverter 75-83 
Average load voltage 29-30 

a.c.-d.c, converters 52 
bridges 36-7 
d.c.-d.c, choppers 8 
half-controlled bridge 38 
three-phase full-wave 57 

Average resistive load voltage 48 

Battery 
centre-tapped 68 
current 17 

Bipolar junction transistor, see BJT 
BJT 3 

choppers 1 4-16 
inverter 67 

Boost converters 129 

circuit 129 
Braking 61-3 

regenerative 62 
SEDC motors 61-3 

Break-over voltage, Diac 32-3 
Bridges 

anti-parallel 61 
average load voltage 36-7 
full-wave, resistive load 36-8 
rms load voltage 37-8 

Buck converter 125 
Buck-boost converters 129-31 
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isolated 132 

Burst-firing 95, 105-9 
harmonic distortion 108 
and phase control 108-9 
rms values 105-6 
voltage waveforms 107-8 

Capacitive elements, half-bridge inverters 
68-70 

Capacitors 68-70 
commutating 77 
current 79 
ripple voltage 137 
size 25 
values 136-7 
voltage 33, 68 

series loaded resonant inverters 141 
waveform 24 

Carrier wave 92 
Choppers 6 

BJT 14-16 
d.c.-d.c. 3-4, 6-26 
drive 14-16 
inductive loads 9-13 
off-period 10-11 
on-period 10 
pulse-width-modulated 7 
with R - L  load 12-13 
resistive loads 6-9 
step-down 6, 20 
step-up 1 6-21 

circuit 16 
waveforms 11 
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Circuits 
boost converters 129 
buck-boost converters 129 
control 1 
firing 32, 36, 55 
flyback converters 129 
full-bridge converters 134 
gate firing 154 
half-bridge inverters 73 
inductive loads 9 
isolation 127 
Mosfets 159 
oscillatory 79 
parallel loaded resonant inverters 144 
s-domain 73 
simulation 13 
switching devices 34-5 
symbol, IGBT 170 

Commutation 22 
interval 77, 79 

waveforms 80, 81 
pulse 80, 81 

Conducting 
sequence 86 
three devices 89--90 
three switches 87-8 
two switches 85-6 

Control, circuit 1 
Controllers, a.c_a.c. 3--4 
Converters 

see also power conditioners 
a.c.-d.c, thyristor 27-65 
boost 129 
buck 125--8 

circuits 126 
buck-boost 129-31 
flyback 129 
forward 125-8 

circuits 126 
full wave 

fully-controlled 40 
half-controlled 36 

full-bridge 134 
half-bridge 133 
p-pulse 59 
power 4-5 

factor 54 
push--pull 132-3 
in series 60 
single-phase 59 

full-wave 34 
half-wave 28 

three-phase full-wave 55-8, 59 
three-phase half-wave 59 
twelve-pulse 60 
voltage reverses 126 

Core saturation 127 
Current 

anode latching 156 

equalization 167 
and line voltage 86-7 
ratings, IGBT 170 
ripple frequency, inductors 136 

Cycle syncopation, see burst firing 

Darlington, transistors 21, 149, 172 
D.c. levels 27 
D.c. link inverters 111-24 

equivalent circuit 118-23 
D.c. motors 13-14 

with regeneration 20 
separately excited 44-5 
series 13 

D.c.-a.c. inverters 66-94, 111 
D.c.-d.c. choppers 6 

average load voltage 8 
rms load voltage 8 

Delay angles 28 
Demagnetization, transformer core 126-7 
Diac, break-over voltage 32-3 
Diodes 

feedback 149 
inverse-parallel 149 
power 149 

Drive 
a.c. 14, 44-5 
d.c. 44-5, 112 
performance 46 

Duty cycle 17, 127 
chopper 125 

Dynamic equalization 164-5 

Effective turns ratio 115 
Electronics Workbench 4, 22 
Equalization 

currents 167 
networks 164 
static 167 
temperature 166 

Equivalent circuit 
chopper, R - L  loads 10 
d.c. link inverters 118-23 
induction motor 115, 123 
thyristor commutation 24 

Extension of power switch ratings 
parallel connection 166 
series connection 162 

Field, inductance 44 
Filter 1 
Firing angle delay 28 

limits of 47 
Firing circuits 153 
Fly-wheel diode 40 
Flyback 

converters 129 
circuit 129 

Forced commutation 22, 75, 77 



Forward 
blocking, thyristors 152 
conducting, thyristors 152 
converter 125-8 

Four-quadrant operation 36 
Fourier analysis 90 
Fractional slips 116 
Free wheel diode 9 
Frequency 

a.c. motors 118 
modulation ratio 92 
of rotor current, SCIM 114 

Full-bridge 
converters 134 

circuit 134 
inverters 66 

Full-wave 
bridge, inverters 75 
fully-controlled bridge 40-4 
thyristor, inverters 111 

Fully-controlled bridge 
full-wave 40--4 
inductive load 40-4 
motor load 46-8 
resistive load 36-8 
SEDC motor 46-8 

Gate 
and base drive, isolation 171-2 
circuit 

operating point 154 
thyristors 153-5 

drivers 109 
firing, circuit 154 
power 154 
pulses 77, 78 

duration 152, 157 
source voltage 159 

Gating 32, 36, 169 
circuits 169 

Generators 27 
Graphical analysis 153 
Grid switching 27 
GTO 3 

Half-bridge 
converters 133 

free-wheel diode 38 
inductive load 38 
resistive load 36 
SEDC motor load 48 

inverters 66 
capacitive elements 68-70 
circuit 73 
inductive load 70-2 
R - L  load 73-5 
resistive load 66-8 
rms load voltage 67 

resonant load 83--4 
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Half-controlled bridge 
average load voltage 38 
fly-wheel diode 40 
inductive load 38-40 
SEDC motor 48-50 

Half-wave converter, three-phase 50-5 
Harmonics 

distortion factor 91 
inverters 90-2 
reducing low frequency 92 

Heat-sinking 166 
Holding current 152 

IGBT 150, 169-71 
circuit symbol 170 
current ratings 170 
driving requirements 3 
equivalent circuit 170 
reverse breakdown 170 
semiconductor arrangement 179 

Impulse commutated inverters 75-83 
Incoming, thyristors 40 
Inductance 

armature 44 
field 44 
SEDC motors 61 

Induction motor 
equivalent circuit 115 
speed control 118 
variable frequency 118 

Inductive 
load 

a.c.-a.c, regulators 97-102 
choppers 9-13 
circuits 9 
fully-controlled bridge 40-4 
half-bridge inverters 70-2 
half-controlled bridge 38-40 
reversal 70 
three-phase bridge 84--5 

surge 70 
voltage 70 

Inductor 
current 

ripple frequency 136 
waveforms 127-8 

values 136-7 
voltage 

push~ull converters 135 
series loaded resonant inverters 141 

Insulated gate bipolar transistor, s e e  IGBT 
Integral-cycle control, s e e  burst firing 
Internal impedance 143 
Inverters 

a.c. load voltage 66 
auxiliary impulse 75, 75-83 
d.c. link 111-24 
d.c.--a.c. 3-4, 66-94, 117 
frequency 67, 77, 78 
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full-bridge 66 
full-wave bridge 75 
full-wave thyristor 111 
half-bridge 66 
harmonics 90-2 
impulse commutated 75-83 
isolated 139 
Mosfets 111 
output frequency 66 
parallel loaded resonant 143-4 
R - L - C  load 83 
resonant 139 

series loaded 140-2 
single-phase 66 
three-phase 

BJT 84, 85 
bridge 84-90 

very high power 66 
voltage waveform 90-1 

Isolated 
buck-boost converters 132 

output voltages 132 
inverters 139 

Isolating transformer 78 
Isolation 6, 132 

circuit 1.27 
gate and base drive 171-2 
optical 172 
transformers 171 

Kirchhoff's law 2 

Laplace transformation 9 
Latching current 152, 156--8 
Leakage current 151, 164-5 

thyristors 151 
Limits, firing angle delay 47, 48 
Line 

currents, rms 89 
voltage, and current 86-7 

Load 
impedance 91 
line 2, 154, 159, 160 
voltage, rms value 99 

Loaded inverter 140 

Manufacturers, switches 150 
MICROCAP, software 4 
Mosfets 21, 111, 158-61 

circuit 159 
driving requirements 3 
switch-on speed 150 

Motor 
control, induction 123 
load, fully-controlled bridge 46-8 
reactances 118 
SCIM 112-15 
SEDC 45 
series 13 

torque 46 
constant 45 

Newton-Raphson 98 
Norton's theorem 143 

Off-line, UPS 146 
Off-period, choppers 10-11 
Ohmic region 160 
On-line, UPS 146 
On-off control, see burst firing 
On-period, choppers 10 
On-state, resistance 160 
One-quadrant operation 35, 48 
Opto-isolator 6, 171, 172 
Outgoing, thyristors 40 
Output frequency, inverters 66 

p-pulse 
converters 59 

average load voltage 59 
Parallel 

capacitor, turning off 22 
connected, thyristors 162, 166-7 
loaded resonant inverters 143-4 

circuit 144 
Parasitic diodes 133 
Phase control 

and burst-firing 108-9 
Triacs 95-6 

Polarity, normal forward 158 
Power 

conditioners 1, 3-4 
converters 4-5 
diode 149 
dissipation 91 
electronics 1 
factor 31, 42 

converters 54 
generation 27 
Mosfet 21, 111, 158-61 
source 1 
stations 27 
supplies, uninterruptible 146 
switched-mode 125--48 
switches 2-3 

choice of 2-3 
turning on 21-2 .. 

transmission 27 
PSPICE 4, 18, 92 
Pulse generators 66, 78 
Pulse-width-modulation 21 

choppers 7 
Push-pull converters 132-3, 134--6 

circuit 133, 134 
inductor voltage 135 
output voltage 132-3 

R - L  load, half-bridge inverters 73-5 
R-L---C load, inverters 83 



Rating 3, 162 
Rectifier-inverter system 146 
Rectifiers 27-65 

a.c.-d.c, controlled 3-4 
bridge, thyristor-controlled 44 
single-phase 

full-wave 34-5 
half-wave 28-31 

three-phase 50 
Regeneration 48 
Regenerative, braking 61-2 
Regulators 

a.c.-a.c. 95-110 
analysis 99 

Resistance, on-state 160 
Resistive load 

a.c.-a.c, regulators 96-7 
choppers 6-9 
fully-controlled bridge 36-8 
half-bridge inverters 66-8 

Resonant 
inverters 139 

switching 139 
load, half-bridge 83--4 

Reverse breakdown, IGBT 170 
Reverse-bias 77 
Ripple voltage, capacitor 137 
Rms load 

voltage 31 
bridges 37-8 
d.c.-d.c, choppers 8 
half-bridge inverters 67 

Root-mean-square, s e e  r m s  

Rotor 
circuit reactance, SCIM 11 4-15 
speed 116 
winding, SCIM 112 

SABRE, software 4 
Saturated operations 104 
SCIM 112-15 

construction 113 
frequency of rotor current 114 
phase equivalent circuit 115-18 
rotating field 113 
rotor 

circuit 115 
reactance 11 4-15, 115 
winding resistance 115 

winding 112 
rotor-induced voltage 113, 114 
stator 

circuit 
reactance 115 
winding resistance 115 

winding 112 
three-phase 112-15 

Secondary windings 60 
SEDC motors 44, 45 
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braking 61-3 
inductance 61 
speed reversal 61-3 

Selection of L and C values 136 
Semiconductor 

arrangement, IGBT 179 
switches 66 

Separately excited d.c. motor, s e e  SEDC 
Series 

connected, thyristors 162, 164 
d.c. motor drive 14 
loaded resonant inverters 140-2 

capacitor voltage 141 
circuit 140 
inductor voltage 141 
Laplace transformation 140 

universal motor 103-5 
applications 103 
circuit 103 
performance 103 
waveforms 103, 104 

Simulation packages 4 
Single-phase 

a.c-d.c, drives 44-5 
converters 59 
full-wave, rectifiers 34-5 
inverters 66 

Sinusoidal pulse-width-modulation 92-3, 
123 

Smart ICs 172 
Software 

Electronics Workbench 4, 22 
MICROCAP 4 
PSPICE 4, 18, 92 
SABRE 4 

Speed reversal 61-3 
SEDC motors 61-3 

Squirrel-cage induction motor, s e e  SCIM 
Standards 

international 1 
national 1 

Static, equalization 167 
Stator 

voltage 117 
winding, SCIM 112 

Step-down, choppers 6, 20 
Step-up, choppers 16-21 
Supply, sinusoidal 157 
Switched-mode power supplies (SMPSs) 

125--48 
types of 125 

Switches 149-74 
choice of 66 
manufacturers 150, 161 
power 2-3 
ratings 162 
semiconductor 66 

Switching 1-2 
devices, circuits 34-5 
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Temperature equalization 166 
Thevenin's theorem 154 
Three devices, conducting 89-90 
Three switches 

conducting 87-8 
waveforms 88 

Three-phase 
bridge 

inductive load 84-5 
inverters 50, 84-90 

full-wave 
average load voltage 57 
converters 55-8, 59 

half-wave, converters 50-5, 59 
rectifiers 50 
SCIM 112-15 

Thyristor-controlled, rectifier bridge 44 
Thyristors 151-2 

anode polarity 149 
auxiliary commutating 77 
bridge 40, 46 
characteristics 152-3 
current in 79 
diagonally opposite 171 
forward blocking 152 
forward conducting 152 
gate circuit 153-5 
incoming 40 
inverse-parallel 95 
leakage current 151 
main power controlling 77 
outgoing 40 
in parallel 162, 166-7 
in series 162, 164 
as switches 75 
turn-on 22,32-3, 153--8 
turning off 22-5, 82 

Timer, programming 21-2 
Transformers 

core, demagnetization 126-7 
isolation 132, 171 
primary voltage, waveforms 127-8 

Transients 140 
Transistors 

Darlington 21, 149, 172 
large power 149 
n-p-n 149 
Triac 172 

Triacs 149, 172 
a.c.-a.c, regulators 95 
burst-firing controller 105-9 
phase controller 95-6 
uses of 95 

Turn-off time, thyristors 82 
Turn-on, thyristors 32-3, 153--8 
Turning off 

parallel capacitor 22 
thyristors 22-5 

Twelve-pulse, converters 60 
Two switches, conducting 85-6 
Two-quadrant operation 35, 40 

Uninterruptible power supplies 
off-line 146 
on-line 146 

Universal motor 103-5 

Variable speed drive 
a.c. 112 
d.c. 44 

Voltage 
break-over 32 
capacitors 33, 68 
curve 29 
phase 51 
regulator 95 
root mean square load 31 
waveform 28 

Waveforms 51 
capacitor voltage 24 
choppers 11 
inductor current 127-8 
load voltage 7, 68, 69 
series universal motor 103, 104 
symmetrical 71 
transformer primary voltage 127-8 
voltage 28 


