
CHAPTER 

3 
INTRODUCTION TO 
POWER ELECTRONICS 

Over the last 40 years, a revolution has occurred in the application of electric 
motors. 1lle development of solid-state motor drive packages has progressed 

to the point where practically any power control problem can be solved by using 
them. With such solid-state drives, it is possible to run de motors from ac power 
supplies or ac motors from de power supplies. It is even possible to change ac 
power at one frequency to ac power at another frequency. 

Furthermore, the costs of solid-state drive systems have decreased dramati­
cally, while their reliability has increased . TIle versatility and the re lati vely low 
cost of solid-state controls and drives have resulted in many new applications for 
ac motors in which they are doing jobs formerly done by dc machines. DC motors 
have also gained fl exibility from the application of solid-state drives. 

nlis major change has resulted from the development and improvement of a 
series of high-power solid-state devices. Although the detailed study of such power 
e lectronic circuits and components would requi re a book in itself, some familiarit y 
with them is important to an understanding of modem motor applications. 

nlis chapter is a brief introduction to high-power electronic compone nt s 
and to the circuits in which they are employed. It is placed at this point in the book 
because the material contained in it is used in the discussions of both ac motor 
controllers and dc motor controllers. 

3.1 POWER ELECTRONIC COMPONENTS 

Several major types of semiconductor devices are used in motor-control circuits . 
Among the more important are 
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I. 1lle diode 

2. 1lle two-wire thyristor (or PNPN diode) 
3. 1lle three-wire thyristor [or silicon controlled rectifier (SCR)] 

4. 1lle gate turnoff (GTO) thyristor 

5. 1lle DlAC 

6. 1lle TRIAC 

7. 1lle power transistor (PTR) 

8. 1lle insulated-gate bipolar transistor (IGBT) 

Circuits containing these eight devices are studied in this chapter. Before the cir­
cuits are examined, though, it is necessary to understand what each device does. 

The Diode 

A diode is a semiconductor device designed to conduct current in one direction 
only. The symbol for this device is shown in Figure 3-1. A diode is designed to 
conduct current from its anode to its cathode, but not in the opposite direction. 

The voltage-current characteristic of a diode is shown in Figure 3- 2. When 
a voltage is applied to the diode in the forward direction, a large current flow re­
sults. When a voltage is applied to the diode in the reverse direction, the current 
flow is limited to a very small value (o n the order of microamperes or less). If a 
large enough reverse voltage is applied to the diode, eventually the diode will 
break down and allow current to flow in the reverse direction. 1llese three regions 
of diode operation are shown on the characteristic in Figure 3- 2. 

Diodes are rated by the amount of power they can safely dissipate and by the 
maximum reverse voltage that they can take before breaking down. The power 
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FIGURE 3-1 FIGURE 3-2 
The symbol of a diode. Voltage-current characteristic of a diode. 
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FIGURE 3-3 
The symbol of a two-wire thyristor or PNPN diode. 

dissipaled by a diode during forward operation is equal to the forward voltage drop 
across the diode times the current flowing through it. 1l1is power must be limited 
to protect the diode from overheating. llle maximum reverse voltage of a diode is 
known as its peak inverse voltage (PlY). It must be high enough to ensure that the 
diode does not break down in a circuit and conduct in the reverse direction. 

Diodes are also rated by their switching time, that is, by the time it takes to 
go from the off state to the on state, and vice versa. Because power diodes are 
large, high-power devices with a lot of stored charge in their junctions, they 
switch states much more slowly than the diodes found in e lectronic circuits. Es­
sentially all power diodes can switch states fast enough to be used as rectifiers in 
50- or 60-Hz circuits. However, some applications such as pulse-width modu­
lation (PWM ) can req uire power diodes to switch states at rates higher than 
10,000 Hz. For these very fast switching applicati ons, special diodes called fast­
recovery high-speed diodes are employed. 

The Two-Wire Thyristor or PNPN Diode 

Thyristor is the generic name given to a fami ly of semiconductor devices which are 
made up of four semiconductor layers. One member of this fmnily is the two-wire 
thyristor, also known as the PNPN diode or trigger diode.1l1is device's name in the 
Institute of Electrical and Electronics Engineers (IEEE) standard for graphic sym­
bols is reverse-blocking diode-f}pe thyristor. Its symbol is shown in Figure 3- 3. 

llle PNPN diode is a rectifier or diode with an unusual voltage-current 
characteristic in the forward-biased region. Its voltage-current characteristic is 
shown in Figure 3-4.llle characteristic curve consists of three regions: 

I. The reverse-blocking region 

2. The forward-blocking region 
), The conducting region 

In the reverse-blocking region, the PNPN diode behaves as an ordinary 
diode and blocks all current fl ow until the reverse breakdown voltage is reached. 
In the conducting region, the PNPN diode again behaves as an ordinary diode, al­
lowing large amounts of current to flow with very little voltage drop. It is the 
forward-bl ocking region that distinguishes a PNPN diode from an ordinary diode. 
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""GURE3-S 

""GURE 3-4 
Voltage-current characteristic of 
a PNPN diode. 

The syntbol of a three-wire thyristor or SCR. 

When a PNPN diode is forward-biased, no current flows until the forward 
voltage drop exceeds a certain value called the breakover voltage VBO. When the 
forward voltage across the PNPN diode exceeds VBO' the PNPN diode turns on 
and remnins on until the current flowing through it falls below a certain minimum 
value (typically a few milliamperes). I fthe current is reduced to a value below this 
minimum value (called the holding current lu), the PNPN diode turns off and will 
not conduct until the forward voltage drop again exceeds VBO . 

In summary, a PNPN diode 

I. Turns on when the applied voltage vD exceeds VBO 

2. Turns off when the current iD drops below lu 

3. Blocks all current fl ow in the reverse direction until the maximum reverse 
voltage is exceeded 

The Three-Wire Thyristor or SCR 

The most important member of the thyri stor frunily is the three-wire thyristor, also 
known as the silicon controlled rectifier or SCR. This device was developed 
and given the name SCR by the General Electric Company in 1958. 1lle name 
thyristor was adopted later by the Int.ernational Electrotechnical Commission 
(IEC). 1lle symbol for a three-wire thyristor or SCR is shown in Figure 3- 5. 
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""GURE 3-6 
Voltage-current characteristics of an SCR. 

As the name suggests, the SCR is a controlled rectifi er or diode. Its voltage­
current characteristic with the gate lead open is the same as that of a PNPN diode. 

What makes an SCR especially useful in motor-control applications is that 
the breakover or turn-on voltage of the device can be adjusted by a current fl ow­
ing into its gate lead. TIle largerthe gate current, the lower VBO becomes (see Fig­
ure 3--6). If an SCR is chosen so that its breakover voltage with no gate signal is 
larger than the highest voltage in the circuit, then it can only be turned on by the 
application of a gate current. Once it is on, the device stays on until its current 
falls below IH' Therefore, once an SCR is triggered, its gate current may be re­
moved without affecting the on state of the device. In the on state, the forward 
voltage drop across the SCR is about 1. 21.0 1.5 times larger than the voltage drop 
across an ordinary forward-biased diode. 

TIll"Ce-wire thyristors or SCRs are by far the most common devices used in 
power-control circuits. TIley are widely used for switching or rectification appli­
cations and are currently available in ratings ranging from a few amperes up to a 
maximum of about 3()(x) A. 

In summary, an SCR 

I. Turns on when the voltage vD applied to it exceeds VBO 

2. Has a breakover voltage VBO whose level is controlled by the amount of gate 
current io present in the SCR 
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(a) The symbol of a gate turn-off thyristor (GTO). (b) The gate current waveform required to turn a 
GTO thyristor on aod off. 

3. Turns off when the current iD flowing through it drops below IH 
4. Blocks all current fl ow in the reverse direction until the maximum reverse 

voltage is exceeded 

The Cate ThrnofT Thyristor 

Among the recent improvements to the thyristor is the gate turnoff (Cm ) thyris­
tor. A cm thyristor is an SCR that can be turned off by a large enough negative 
pulse at its gate lead even if the current iD exceeds IH. Although GTO thyristors 
have been around since the 1960s, they only became practical for motor-control 
applications in the late 1970s. Such devices are becoming more and more com­
mon in motor-control packages, since they eliminate the need for external com­
ponents to turn off SCRs in dc circuits (see Section 3.5). The symbol for a GTO 
thyristor is shown in Figure 3- 7a. 

Figure 3- 7b shows a typical gate current waveform for a high-power GTO 
thyristor. A GTO thyristor typi cally requires a larger gate current for turn-on than 
an ordinary SCR. For large high-power devices, gate currents on the order of 
\0 A or more are necessary. To turn off the device, a large negative current pulse 
of 20- to 30-iJ.s duration is required. TIle magnitude of the negative current pulse 
must be one-fourth to one-sixth that of the current flowing through the device. 
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FIGURE 3-8 
The symbol of a DIAC. 
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""GURE 3- 9 
Voltage-current characteristic of a DiAC. 

The DIA C 

A DIAC is a device containing fi ve semiconductor layers (PNPNP) that behaves 
like two PNPN diodes connected back to back. It can conduct in either direction 
once the breakover voltage is exceeded. The symbol for a DIAC is shown in Fig­
ure 3--8, and its current- voltage characteristic is shown in Figure 3- 9. It turns on 
when the applied voltage in either direction exceeds VBO . Once it is turned on, a 
DIAC remains on until its current falls below l y. 

The TRIAC 

A TRIAC is a device that behaves like two SCRs connected back to back with 
a common gate lead. It can conduct in either direction once its breakover voltage 
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""GURE 3-10 
The symbol of a lRIAC. 

FIGURE 3- 11 
Voltage-current characteristic of a lRIAC. 

is exceeded. The symbol for a TRIAC is shown in Figure 3- 10, and its current­
voltage characteristic is shown in Figure 3-11. The breakover voltage in a TRIAC 
decreases with increasing gate current in just the same manner as it does in an 
SCR, except that a TRIAC responds to either positive or negative pulses at its 
gate. Once it is turned on, a TRIAC remains on until its current fall s below [y. 

Because a single TRIAC can conduct in both directions, it can replace a 
more complex pair of back-to-back SCRs in many ac control circuits. However, 
TRIACs generall y switch more slowly than SCRs, and are available only at lower 
power ratings. As a result, their use is largely restricted to low- to medium-power 
applications in 50- or 6O- Hz circuits, such as simple lighting circuits. 
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""GURE 3-12 
(a) The symbol ofa power transistor. (b) The voltage-current characteristic of a power transistor. 

The Power Transistor 

TIle symbol for a transistor is shown in Figure 3- 12a, and the collector-to-emitter 
voltage versus co llector current characteristic for the device is shown in Figure 
3- 12b. As can be seen from the characteristic in Figure 3- 12b, the transistor is a 
device whose col lector current ie is directl y proportional 10 its base current iB over 
a very wide range of collector-to-emitter vollages (VCE) . 

Power transistors (PTRs) are commonly used in machinery-control applica­
ti ons to switch a current on or off. A tran sistor with a resistive load is shown in 
Figure 3- 13a, and its ie-VcE characteristic is shown in Figure 3- 13b with the load 
line of the resistive load . Transistors are nonnally used in machinery-control ap­
plications as switches; as such they should be either completely on or completely 
off. As shown in Figure 3- 13b, a base current of iB4 would complete ly turn on this 
transistor, and a base current of zero would complete l y turn off the transistor. 

If the base current of this transistor were equal to iB3 , then the transistor 
would be neither fully on nor fully off. This is a very undesirable condition, since 
a large collector current will fl ow across a large collector-to-emitter vollage vcr, 
dissipati ng a lot of power in the transistor. To ensure that the transistor conducts 
without wasting a lot of power, it is necessary to have a base current high enough 
to completely saturate it. 

Power transistors are most often used in inverter circuits. Their m~or draw­
back in switching applications is that large power transistors are relative ly slow in 
changing from the on to the off state and vice versa, since a relatively large base 
current has to be applied or removed when they are turned on or off. 
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(a) A transistor with a resistive load. (b) The voltage-current characteristic of this transistor and load. 
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fo'IGURE 3-14 
Emitter The symbol of an IGBT. 

The Insulated-Gate Bipolar Transistor 

The insulated-gate bipolar transistor (IGBT) is a relati vely recent development. It 
is similar to the power transistor, except that it is controlled by the voltage applied 
to a gate rather than the current fl owing into the base as in the power transistor. The 
impedance of the control gate is very high in an IGBT, so the amount of current 
fl owing in the gate is extremely small. The device is essentially equivalent to the 
combination of a rnetal-oxide-semiconductor field-effect transistor (MOSFET) and 
a power transistor. llle symbol of an IGBT is shown in Figure 3-1 4. 
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Since the IGBT is controlled by a gate voltage with very little current flow, 
it can switch much more rapidly than a conventional power transistor can. IGBTs 
are therefore being used in high-power high-frequency applications. 

Power and Speed Comparison of Power Electronic 
Components 

Figure 3- 15 shows a comparison of the relative speeds and power-handling capa­
bilities of SCRs, GTO thyristors, and power transistors. Clearly SCRs are capable 
of higher-power operation than any of the other devices. GTO thyristors can op­
erate at almost as high a power and much faste r than SCRs. Finally, power tran­
sistors can handle less power than either type of thyristor, but they can switch 
more than 10 times faster. 
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""GURE 3-15 
A comparison of the relative speeds and power-handling capabilities of SCRs. GTO thyristors. and 
power transistors. 
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3.2 BASIC RECTIFIER CIRCUITS 

A rectifier circuit is a circuit that converts ac power to dc power. There are many 
different rectifier circuits which produce varying degrees of smoothing in their dc 
output. TIle four most common rectifier circuits are 

I. TIle half-wave rectifier 

2. TIle full-wave bridge rectifier 

3. TIle three-phase half-wave rectifier 

4. TIle three-phase full-wave rectifier 

A good measure of the smoothness of the dc voltage out of a rectifier circuit 
is the ripple factor of the dc output. The percentage of ripple in a dc power sup­
ply is defined as the ratio of the nns value of the ac components in the supply's 
voltage to the dc value of the voltage 

100% I (3-1 ) 

where Vac .rTD. is the nns value of the ac components of the output voltage and Voc 
is the dc component of voltage in the output. The smaller the ripple factor in a 
power supply, the smoother the resulting dc waveform. 

The dc component of the output voltage Voc is quite easy to calculate, si nce 
it is just the average of the output voltage of the rectifier: 

(3- 2) 

The rms value of the ac part of the output voltage is harder to calculate, though, 
since the dc component of the voltage must be subtracted first. However, the ripple 
factor r can be calculated from a different but equivalent formula which does not 
require the rms value of the ac component of the voltage. This formula for ripple is 

I, ~ J(%::f - 1 x 100% 1 (3- 3) 

where VlDl• is the nns value of the total output voltage from the rectifier and Voc is 
the dc or average output voltage from the rectifier. 

In the foll owing discussion of rectifier circuits, the input ac frequency is as­
sumed to be 60 Hz. 

The Half-Wave Rectifier 

A half-wave rectifier is shown in Figure 3-1 6a, and its output is shown in Figure 
3-J 6b. TIle diode conducts on the positive half-cycle and blocks current fl ow on 
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FIGURE 3-16 
(a) A luIf-wave rectifier ci['(;uit. 
(b) The output voltage of the 
rectifier ci['(;uit. 

the negative half-cycle. A simple half-wave rectifier of this sort is an extremely 
poor approximation to a constant dc waveform- it contains ac frequency compo­
nents at 60 Hz and all its hamlOnics. A half-wave rectifier such as the one shown 
has a ripple factor r = 121 percent, which means it has more ac voltage compo­
nents in its output than dc voltage components . Clearly, the half-wave rectifier is 
a very poor way to produce a dc voltage from an ac source. 

Exam ple 3-1. Calculate the ripple factor for the half-wave rectifier shown in Fig­
ure 3- 16, both analytically and using MATLAB. 

Solutioll 
In Figure 3- 16, the ac source voltage is vjt) = VM sin wtvolts. The output voltage of the 
rectifier is 

O<wt<Tr 
Tr S wts2Tr 

80th the average voltage and the rms voltage must be calculated in order to calculate the 
ripple factor analytically. The average voltage out of the rectifier is 

W f" . =2TrO VMsinwtdt 

= ~ - ....!!! cos wt ( ~ )1"· 
2Tr W 0 
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= 

The nns value of the total voltage out of the rectifier is 

= 

cos2wt
d 2 t 

= vMJ(f; t - f,; Sin 2wt)I:/~ 

= vMJ(± - 8~ sin 2 7T) - (0 - 8~ sin o) 
VM = 
2 

Therefore, the ripple factor of this rectifier c ircuit is 

I , - 121 % I 

The ripple factor can be calculated with MATLAB by implementing the average and 
rms voltage calculations in a MATLAB function, and then calculating the ripple from 
Equation (3- 3). The first part of the fun ction shown below calculates the average of an in­
put wavefonn, while the second part of the function calculates the nns value of the input 
waveform. Finally, the ripple factor is calculated direct ly from Equation (3- 3). 

fun c tio n r = ripp l e (wave f o rm ) 
% Func tio n t o ca l c ula t e the rippl e o n a n input wavef o rm. 

% Ca l c ula t e the aver age va lu e o f the wave f o rm 
nva l s = s iz e (wave f o rm ,2); 
t e mp = 0; 
f o r ii = l:nva l s 

t e mp = t e mp + wave f o rm (ii ) ; 
e o d 
aver age = t e mp / nva l s; 

% Ca l c ula t e rms va lue o f wave f o rm 
t e mp = 0; 
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f o r ii = l:nv a l s 
t emp = t e mp + wavef o rm (ii )A 2; 

en d 
rms = sqrt (t emp / nva l s) ; 

~ Ca l c ula t e rippl e f ac t o r 
r = sqrt (( rms / aver age )A2 - 1 ) * 1 00 ; 

FlUlction ripp l e can be tested by writing an m-fil e to create a half-wave rectified wave­
fonn and supply that wavefonn to the function. The appropriate M-file is shown below: 

~ M-file: t est _ ha lfwave .m 
~ M-file t o ca l c ula t e the rippl e o n the output o f a h a lf-wave 
~ wave r ectifie r. 

~ Firs t , gene r a t e the out put o f a ha lf-wave r ectifi e r 
wave f o rm = ze r os( 1 , 1 28 ) ; 
f o r ii = 1 : 1 28 

wave f o rm (ii ) = ha lfwave (ii*pi / 64 ) ; 
en d 

~ Now ca l c ula t e the rippl e f a c t o r 
r = rippl e (wave f o rm ) ; 

~ Print out the r esult 
s tring = ['The ripp l e i s ' num2str (r ) ' %.'] ; 

d i sp(string ) ; 

The output of the half-wave rectifier is simulated by flUlction h a l f wave . 

func tio n vo lt s = ha lfwave(wt ) 
~ Func tio n t o s imula t e the output o f a ha lf-wave r ectifi e r. 
~ wt = Phase in r adi a n s (=o mega x time) 

~ Convert input t o the r a nge 0 <= wt < 2*p i 
while wt >= 2*p i 

" 0 " 2*pi ; 
en d 
while " < 0 

" 0 " • 2*pi ; 
en d 

~ S imula t e the out put o f the h a lf-wave r ectifi e r 
if wt >= 0 & wt <= p i 

vo lt s = s in (wt ) ; 
e l se 

vo lt s = 0 ; 
en d 

When t es t _ h a l f wave is executed, the results are: 

,. te s t ha1fwave 
The rippl e i s 1 21.1772% . 

This answer agrees with the analytic solution calcul ated above. 
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The Full-Wave Rectifier 

A full-wave bridge rectifier circuit is shown in Figure 3- 17a, and its output volt­
age is shown in Figure 3- 17c. In this circuit, diodes DJ and D3 conduct on the 
positive half-cycle of the ac input, and diodes Dl and D4 conduct on the negative 
half-cycle. TIle output voltage from this circuit is smoother than the output volt­
age from the half-wave rectifier, but it still contains ac frequency components at 
120 Hz and its hannonics. The ripple factor of a fu II-wave rectifier of this sort is 
r = 48.2 percent- it is clearly much better than that of a half-wave circuit. 
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(a) A full-wave bridge rectifier circuit. (bl The output voltage of the rectifier circuit. (el An 
alternative full-wave rectifier circuit using two diodes and a center-tapped transfonner. 
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HGURE 3- 18 
(a) A three-phase half-wave rectifier cin:uit. (b) The three-phase input voltages to the rectifier cin:uit. 
(c) The output voltage of the rectifier cin:uit. 

Another possible full-wave rectifier circuit is shown in Figure 3- l7b. In this 
circuit, diode D t conducts on the positive half-cycle of the ac input with the cur­
rent returning through the center tap of the transfonner, and diode Dl conducts on 
the negati ve half-cycle of the ac input with the current returning through the cen­
ter tap of the transfonner. The output waveform is identical to the one shown in 
Figure 3- 17c. 

The Three-Phase Half-Wave Rectifier 

A three-phase half-wave rectifier is shown in Figure 3- 18a. The effect of having 
three diodes with their cathodes connected to a common point is that at any in­
stant the diode with the largest voltage applied to it will conduct, and the other 
two diodes will be reverse-biased. 1lle three phase voltages applied to the rectifier 
circuit are shown in Figure 3- 18b, and the resulting output voltage is shown in 
Figure 3- 18c . Notice that the voltage at the output of the rectifier at any time is 
just the highest of the three input voltages at that moment. 
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"" GURE3-19 
(a) A three-phase full-wave rectifier circuit. 
(b) This circuit places the lowes/ of its three 
input voltages at its output. 

Thi s output voltage is even smoother than that of a fuJI-wave bridge recti­
fier circuit. It contains ac voltage component s at 180 Hz and its harmonics. The 
ripple factor for a rectifier of this sort is 18.3 percent. 

The Three-Phase Full-Wave Rectifier 

A three-phase full-wave rectifier is shown in Figure 3- 19a. Basically, a circuit of 
this sort can be divided into two component parts. One part of the circuit looks 
just like the three-phase half-wave rectifier in Figure 3- 18, and it serves to con­
nect the highest of the three phase voltages at any given instant to the load. 

The other part of the circuit consists of three diodes oriented with their an­
odes connected to the load and their cathodes connected to the supply voltages 
(Figure 3- I 9b). This arrangement connects the lowest of the three supply voltages 
to the load at any given time. 

Therefore, the three-phase fuJI-wave rectifier at aJl times connects the high­
est of the three voltages to one end of the load and always connects the lowest of 
the three voltages to the other end of the load . The result of such a connection is 
shown in Figure 3- 20. 
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""GURE 3-10 
(a) The highest and lowest voltages in the three-phase full-wave rectifier. (b) The resulting output 
voltage. 

TIle output of a three-phase fuJi-wave rectifier is even smoother than the 
output of a three-phase half-wave rectifier. The lowest ac frequency component 
present in it is 360 Hz, and the ripple factor is only 4.2 percent. 

Filtering Rectifier Output 

The output of any of these rectifier circuits may be further smoothed by the use of 
low-pass filte rs to remove more of the ac frequency components from the output. 
Two types of elements are commonly used to smooth the rectifier 's output: 

I. Capacitors connected across the lines to smooth ac voltage changes 

2. Inductors connected in series with the line to smooth ac current changes 

A common filter in rectifier circuits used with machines is a single series induc­
tor, or choke. A three-phase fuJi-wave rectifier with a choke filter is shown in Fig­
ure 3- 2 1. 
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FIGURE 3-21 
A three-phase full-wave bridge circuit with an inductive filter for reducing output ripple. 

3.3 PULSE CIRCUITS 

The SCRs, GTO thyristors, and TRIACs described in Section 3.1 are turned on by 
the application of a pulse of current to their gating circuits. To build power con­
trollers, it is necessary to provide some methoo of producing and applying pulses 
to the gates of these devices at the proper time to turn them on. (In addition, it is 
necessary to provide some methoo of producing and applying negative pulses to 
the gates of GTO thyristors at the proper time to turn them off.) 

Many techniques are available to produce voltage and current pulses. They 
may be divided into two broad categories : analog and digital. Anal og pulse gen­
eration circuits have been used since the earliest days of solid-state machinery 
controls. They typically re ly on devices such as PNPN diodes that have voltage­
current characteristics with discrete nonconducting and conducting regions. The 
transition from the nonconducting to the conducting region of the device (or vice 
versa) is used to generate a voltage and current pulse. Some simple analog pulse 
generation circuits are described in this section. These circuits are collective ly 
known as relaxation oscillators. 

Digital pulse generation circuits are becoming very common in modern 
solid-state motor drives. They typically contain a microcomputer that executes a 
program stored in read-only memory (ROM). The computer progrrun may consider 
many different inputs in deciding the proper time to generate firing pulses. For ex­
ample, it may considerthe desired speed of the motor, the actual speed of the mo­
tor, the rate at which it is accelerating or decelerating, and any specified voltage or 
current limits in detennining the time to generate the firing pu lses. The inputs that 
it considers and the relative weighting applied to those inputs can usually be 
changed by setting switches on the microcomputer's circuit board, making solid­
state motor drives with digital pulse generation circuits very flexible. A typical dig­
ital pulse generation circuit board from a pulse-width-modulated induction motor 
drive is shown in Figure 3- 22. Examples of solid-state ac and dc motor drives con­
taining such digital firing circuits are described in Chapters 7 and 9, respectively. 

The production of pulses for triggering SCRs, GTOs, and TRIACs is one of 
the most complex aspects of solid-state power control. The simple analog circuits 
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""GURE 3-23 

""GURE 3-22 
A typical digital pulse generation circuit board from a pulse-width­
modulated (PWM) induction motor drive. (Courtesy of MagneTek 
Drives and Systems.) 

A relaxation oscillator (or pulse generator) using a PNPN diode. 

shown here are examples of only the most primitive lypes of pulse-producing cir­
cuits-more advanced ones are beyond the scope of this book. 

A Relaxation Oscillator Using a PNPN Diode 

Figure 3- 23 shows a relaxation oscillator or pulse-generating circuit built with a 
PNPN diode. In order for this circuit to work, the following conditions must be true: 

I. The power supply voltage Voc must exceed VBO for the PNPN diode. 

2. VodRI must be less than /H for the PNPN diode. 

3. RI must be much larger than R2 . 

When the switch in the circuit is first closed, capacitor C will charge 
through resistor RI with time constant 7" = RIC. As the voltage on the capacitor 
builds up, it will eventually exceed VBO and the PNPN diode will turn on. Once 
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""GURE 3-14 
(a) The voltage across the capacitor in the relaxation oscillator. (b) The output voltage of the 
relaxation oscillator. (c) The output voltage of the oscillator after R[ is decreased. 

the PNPN diode turns on, the capacitor will discharge through it. 1lle discharge 
will be very rapid because R2 is very small compared to RI . Once the capacitor is 
discharged, the PNPN diode will turn off, since the steady-state current corning 
through RI is less than the current /y of the PNPN diode. 

The voltage across the capacitor and the resu Iting output voltage and current 
are shown in Figure 3- 24a and b, respectively. 

The timing of these pulses can be changed by varying R I . Suppose that re­
sistor RI is decreased. Then the capacitor will charge more quickly, and the PNPN 
diode wi ll be triggered sooner. 1lle pulses wi ll thu s occur closer together (see 
Figure 3- 24c) . 
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""GURE J-15 
(a) Using a pulse generator to directly trigger an SCR. (b) Coupling a pulse generator to an SCR 
through a transformer. (c) Connecting a pulse generntor to an SCR through a transistor amplifier to 
increase the strength of the pulse. 

nlis circuit can be used to trigger an SCR directly by removing R2 and con­
necting the SCR gate lead in its place (see Figure 3- 25a). A lternative ly, the pulse 
circuit can be coupled to the SCR through a transfonner, as shown in Figure 
3- 25b. If more gate current is needed to drive the SCR or TRIAC, then the pulse 
can be amplified by an extra transistor stage, as shown in Figure 3- 25c . 

1lle same basic circuit can also be bui lt by using a DIAC in place of the 
PNPN diode (see Figure 3- 26). It will function in exactly the same fashion as pre­
viously described. 

In general, the quantitative analysis of pulse generation circuits is very com­
plex and beyond the scope of this book. However, one simple example using a re­
laxation oscill ator follows. It may be skipped with no loss of continuity, if desired. 
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FIGURE 3-26 
A relaxation oscillator using a DIAC instead of a PNPN diode. 
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FIGURE 3-27 
The relaxation oscillator of ExampJe 3- 2. 

Exam ple 3-2. Figure 3- 27 shows a simple relaxation oscillator using a PNPN 
diode. In this circuit , 

Voc = 120 V RI = 100 ill 

C = I J.tF R2 = I kO 

VBO = 75 V IH = \0 rnA 

(a) Delennine the firing frequency of this circuit. 

(b) Detennine the firing frequency of this circuit if RI is increased to 150 ill. 

Solutioll 
(a) When the PNPN diode is turned off, capacitor C charges through resistor RI 

with a time constant T = RI C, and when the PNPN diode turns on, capacitor C 
discharges through resistor R2 with time constant T = R2C. (Actually, the dis­
charge rate is controlled by the parallel combination of RI and R2, b ul since 
RI » R2' the parallel combinatio n is essentially the same as R2 itself. ) From 
elementary circuit theory, the equation for the voltage on the capacitor as a 
function of time during the charging portion of the cycle is 

vc(t) = A + B e- ·IR,C 
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where A and B are constants depending on the initial conditions in the circuit. 
Since vC<O) = 0 V and vC<D<» = Yoc, it is possible to solve for A and B: 

A = vc(D<» = Yoc 

A + B = vdO) = 0 => B = - Yoc 
Therefore, 

(3--4) 

The time at which the capacitor will reach the breakover voltage is found by 
solving for time t in Equation (3--4) : 

(3- 5) 

In this case, 

120V-75V 
tl = - (1ookOXI/.!F)ln 120V 

= 98ms 

Similarly, the equation for the voltage on the capacitor as a flUlction of time dur­
ing the discharge portion of the cycle turns out to be 

vc(t) = VBQe- ·,R,C 

so the current flow through the PNPN diode becomes 

V,a 
i(t) = -- e- tlR,c 

R, 

(3-6) 

(3-7) 

If we ignore the continued trickle of current through R ], the time at which i(t) 
reaches IH and the PNPN diode turns off is 

Therefore, the total period of the relaxation oscillator is 

T = tl + tl = 98 ms + 2 ms = lOOms 

and the frequency of the relaxation oscillator is 

/= 1 = 10Hz 
T 

(b) If R] is increased to 150 kO, the capacitor charging time becomes 

Yoc - ¥ BO 
t] = - RIC in V 

oc 

= -(150 kO)( 1 F) I 120 V - 75 V 
/.! n 120V 

= 147 ms 

(3-8) 
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The capacitor discharging time remains unchanged at 

1,/1, 
t2 = - RlC ln -V = 2 ms 

'0 
Therefore, the total period of the relaxation oscillator is 

T = t] + t2 = 147ms + 2ms = 149ms 

and the frequency of the relaxation oscillator is 

1 
f= 0.149 s = 6.71 Hz 

Pulse Synchronization 

In ac applications, it is important that the triggering pulse be applied to the con­
trolling SCRs at the same point in each ac cycle. TIle way this is nonnally done is 
to synchronize the pulse circuit to the ac power line supplying power to the SCRs. 
This can easily be accomplished by making the power supply to the triggering cir­
cuit the same as the power supply to the SCRs. 

If the triggering circuit is supplied from a half-cycle of the ac power line, the 
RC circuit will always begin to charge at exactly the beginning of the cycle, so the 
pulse wi ll always occur at a fIXed time with respect to the beginning of the cycle. 

Pul se synchronization in three-phase circuits and inverters is much more 
complex and is beyond the scope of this book. 

3.4 VOLTAGE VARIATION BY 
AC PHASE CONTROL 

The level of voltage applied to a motor is one of the most common variables in 
motor-control applications. The SCR and the TRIAC provide a convenient tech­
nique for controlling the average voltage applied to a load by changing the phase 
angle at which the source voltage is applied to it. 

AC Phase Control for a DC Load Driven from an 
AC Source 

Figure 3- 28 illu strates the concept of phase angle power control. The fi gure 
shows a voltage-phase-control circuit with a resistive dc load supplied by an ac 
source. TIle SCR in the circuit has a breakover voltage for iG = 0 A that is greater 
than the highest voltage in the circuit, whi le the PNPN diode has a very low 
breakover voltage, perhaps 10 V or so. The full-wave bridge circuit ensures that 
the voltage applied to the SCR and the load will always be dc. 

If the switch SI in the picture is open, then the voltage VI at the tenninals of 
the rectifier will just be a full-wave rectified version of the input voltage (see Fig­
ure 3- 29). 

If switch SI is shut but switch S2 is left open, then the SCR will always be 
off. TIlis is true because the voltage out of the rectifier will never exceed VBO for 
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""GURE 3-18 
A circuit controlling the voltage to a dc load by phase angle control. 

""GURE 3-29 
The voltage at the output of the 
bridge circuit with switch S[ open. 

the SCR. Since the SCR is always an open circuit, the current through it and the 
load, and hence the voltage on the load, will still be zero. 

Now suppose that switch S2 is closed.1llen, at the beginning of the first half­
cycle after the switch is closed, a voltage builds up across the RC network, and the 
capacitor begins to charge. During the time the capacitor is charging, the SCR is 
off, since the voltage applied to it has not exceeded VBO' As time passes, the ca­
pacitor charges up to the breakover voltage of the PNPN diode, and the PNPN 
diode conducts. 1lle current fl ow from the capacitor and the PNPN diode flows 
through the gate of the SCR, lowering VBO for the SCR and turning it on. When the 
SCR turns on, current fl ows through it and the 10ad.1llis current flow continues for 
the rest of the half-cycle, even after the capacitor has discharged, since the SCR 
turns off only when its current falls below the holding current (since IH is a few 
milliamperes, this does not occur until the extreme end of the half-cycle). 

At the beginning of the next half-cycle, the SCR is again off. The RC circuit 
again charges up over a finite period and triggers the PNPN diode. The PNPN 
diode once more sends a current to the gate of the SCR, turning it on. Once on, the 
SCR remains on for the rest of the cycle again. The voltage and current wave­
forms for this circuit are shown in Figure 3- 30. 

Now for the critical question: How can the power supplied to this load be 
changed? Suppose the value of R is decreased. Then at the beginning of each half-
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FIGURE 3-30 
The voltages across the capacitor. 
SCR. and load. and the current 

f---'L--''---"---'-...L--'---- t through the load. when switches 

51 and 51 are closed. 

fo'lGURE 3-31 
The effect of decreasing R on the 
output voltage applied to the load in 
the cin:uit of Figure 3-28. 

cycle, the capacitor will charge more quickly, and the SCR will fire sooner. Since 
the SCR will be on for longer in the half-cycle, more power will be supplied to the 
load (see Figure 3- 3 1). The resistor R in this circuit control s the power fl ow to the 
load in the circuit. 

The power supplied to the load is a function of the time that the SCR fires; 
the earlier that it fires, the more power will be supplied . The firing time of the 
SCR is customarily expressed as a firing angle, where the firing angle is the angle 
of the applied sinusoidal voltage at the time of firing. The relationship between 
the firing angle and the supplied power wi ll be derived in Example 3- 3. 
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""GURE 3-32 
(a) A circuit controlling the ... oltage to an ac load by phase angle control. (b) Voltages on the source, 
the load, and the SCR in this controller. 

AC Phase Angle Control for an AC Load 

II is possible to modify the circuit in Figure 3- 28 to control an ac load simply by 
moving the load from the dc side of the circuit to a point before the rectifiers. The 
resulting circuit is shown in Figure 3- 32a, and its voltage and circuit wavefonns 
are shown in Figure 3- 32b. 

However, there is a much easier way to make an ac power controller. If the 
same basic circuit is used with a DIAC in place of the PNPN diode and a TRIAC 
in place of the SCR, then the diode bridge circuit can be complete ly taken out of 
the circuit. Because both the DIAC and the TRIAC are two-way devices, they op-
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FIGURE 3-33 
An ac phase angle controller using 
a DIAC and lRIAC. 

FIGURE 3-34 
An ac phase angle controller using a TRIAC 
triggered by a digital pulse circuit. 

erate eq uall y well on either half-cycle of the ac source . An ac phase power con­
troller with a DIAC and a TRIAC is shown in Figure 3- 33. 

Example 3-3. Figure 3- 34 shows an ac phase angle controller supplying power to 
a resistive load. The circuit uses a TRIAC triggered by a digital pulse circuit that can pro­
vide firing pulses at any point in each half-cycle of the applied voltage vit) . Assume that 
the supply voltage is 120 V nns at 60 Hz. 

(a) Determine the rms voltage applied to the load as a function of the firing angle of 
the pulse circuit . and plot the relationship between firing angle and the supplied 
voltage. 

(b) What firing angle would be required to supply a voltage of 75 V rms to the load? 

Solutioll 
(a) This problem is ideally suited to solution using MATLAB because it involves a 

repetitive calculation of the rms voltage applied to the load at many different fir­
ing angles. We will solve the problem by calculating the waveform produced by 
firing the TRIAC at each angle from 10 to 1790

• and calculating the rms voltage 
of the resulting waveform. (Note that only the positive half cycle is considered. 
since the negative half cycle is symmetrical. ) 

The first step in the solution process is to produce a MATLAB function 
that mimics the load voltage for any given wt and firing angle. Function 
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ac_ p h ase_ contro ll e r does this. It accepts two input arguments, a nor­
malized time wt in radians and a firing angle in degrees. If the time wt is earlier 
than the firing angle, the load voltage at that time will be 0 V. If the time wt is 
after the firing angle, the load voltage will be the same as the source voltage for 
that time. 

fun c tio n volt s = ac_phase_controll e r (wt ,deg) 
% Func tio n t o s imula t e the output o f the pos itive h a lf 
% cycl e o f a n ac p hase a n g l e controll e r with a peak 
% voltage o f 1 2 0 .. SQRT (2 ) = 1 70 V. 

% wt = Phase in r adi a n s (=o mega x time) 
% deg = Firing a n g l e in degr ees 

% Degr ees t o r adi a n s conver s i o n f ac t o r 
deg2 r ad = p i / 1 80 ; 

% Simula t e the output o f the p h ase a ng l e controll e r. 
if wt > deg .. deg2 r ad; 

vo lt s = 1 70 .. s in (wt ) ; 

e l se 
vo lt s = 0; 

on d 

The next step is to write an m-file that creates the load waveform for each pos­
sible firing angle, and calculates and plots the resulting nns voltage. The m-file 
shown below uses ftmction aC....Jlh ase_ con tro ll e r to calculate the load 
voltage waveform for each firing angle, and then calculates the nns voltage of 
that waveform. 

% M-fi1 e, vo1ts_vs-ph ase_ a n g l e .m 

% M-fi1 e t o cal cul a t e the rms vo lt age app lied t o a l oad as 
% a fun c ti o n o f the p h ase a n g l e firin g c irc uit , a n d t o 
% p l o t the r esulting r e l a tio n ship . 

% Loop over a ll firing a n g l es ( 1 t o 179 degr ees ) 
deg = zer os( 1 , 1 79 ) ; 
rms = zer os( 1 , 1 79 ) ; 
f o r ii = 1 , 1 79 

ond 

% Save firing a n g l e 
deg (ii ) = ii ; 

% Firs t , gen e r a t e the wavef o rm t o a n a l yze . 
wavef o rm = z e r os (1 , 1 80); 
f o r jj = 1 , 1 80 

wavef o rm ( j j ) = ac-ph as e_contro11 e r (j j "pi / 1 8 0, ii ) ; 
en d 

% Now ca l cula t e the rms volt age o f the wave f o rm 
t e mp = s um (wavef o rm. " 2 ) ; 
rms (ii ) = sqrt ( t e mp / 1 80) ; 
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% Pl o t rms vol t age o f the l oad as a fun c t i o n o f f i r i ng a ng l e 
p l o t (deg, rms); 
t i t l e( ' Load Vo lt age vs . Fi r i ng Ang l e ' ) ; 
x l abel ( ' Fir i ng a ng l e (deg ) ' ) ; 
y l abel ( 'RMS vo lt age (V) ' ) ; 
g r i d o n ; 

Two examples of the waveform generated by this fun ction are shown in 
Figure 3- 35 . 
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FIGURE 3-35 
Waveform produced by vo l t s _ vs...Jlh ase_ a n g 1 e for a firing angle of (a) 45°; (b) 90°. 
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""GURE 3-36 
Plot of rms load voltage versus TRIAC firing angle. 

When this m-fIle is executed, the plot shown in Figure 3- 36 results. Note 
that the earlier the firing angle, the greater the rms voltage supplied to the load. 
However, the relationship between firing angle and the resulting voltage is not 
linear, so it is not easy to predict the required firing angle to achieve a given load 
voltage. 

(b) The firing angle required to supply 75 V to the load can be fOlUld from Figure 
3- 36. It is about 99°. 

The Effect of Inductive Loads on Phase 
Angle Control 

I f the load attached to a phase angle controller is inductive (as real machines are), 
then new compli cations are introduced to the operation of the controlle r. By the 
nature of inductance, the current in an inductive load cannot change instanta­
neously. nlis means that the current to the load will not rise immediately on firing 
the SCR (or TRIAC) and that the current will not stop fl owing at exactly the end 
of the half-cycle. At the end of the half-cycle, the indu ctive voltage on the load 
will keep the device turned on for some time into the next half-cycle, until the cur­
re nt fl owing through the load and the SCR finall y fall s below ly. Fig ure 3- 37 
shows the effect of this delay in the voltage and current wavefonns for the circuit 
in Fig ure 3- 32. 

A large inductance in the load can cause two potentially serio us proble ms 
with a phase controller: 

I. The inductance can cause the current bui ldup to be so s low when the SCR is 
switched on that it does not exceed the holding current before the gate current 
disappears. If this happens, the SCR will not remain on, because its current is 
less than [y. 
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The elTect of an inductive load on the current and voltage waveforms of the cin:uit shown in 

Figure 3- 32. 

2. If the current continues long enough before decaying to IH after the end of a 
given cycle, the applied voltage could build up high enough in the next cycle 
to keep the current going, and the SCR wi II never switch off. 

The nonnal solution to the first problem is to use a special circuit to provide 
a longer gating current pulse to the SCR. nli s longer pulse allows plenty of tirne 
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""GURE 3-38 
A phase angle controller illustrating the use of a free-wheeling diode with an inductive load. 

for the current through the SCR to rise above IH, pennitting the device to remain 
on for the rest of the half-cycle . 

A solution to the second problem is to add afree-wheeling diode. A free­
wheeling diode is a diode placed across a load and oriented so that it does not con­
duct during nonnal current fl ow. Such a diode is shown in Figure 3- 38. At the end 
ofa half-cycle, the current in the inductive load will attempt to kccp fl owing in the 
same direction as it was going. A voltage will be built up on the load with the po­
larity required to keep the current fl owing. This voltage will forward-bias the free­
wheeling diode, and it will supply a path for the discharge current from the load. 
In that manner, the SCR can turn off without requiring the current of the inductor 
to instantly drop to zero. 

3.5 DC-TO-DC POWER CONTROL­
CHOPPERS 

Sometimes it is desirable to vary the voltage available from a dc source before ap­
plying it to a load. TIle circuits which vary the voltage of a dc source are called de­
to-de conveners or choppers. In a chopper circuit, the input voltage is a constant 
dc voltage source, and the output voltage is varied by varying thefmerion of the 
time that the dc source is connected to its load. Figure 3- 39 shows the basic prin­
ciple of a chopper circuit. When the SCR is triggered, it turns on and power is sup­
plied to the load . When it turns off, the dc source is disconnected from the load. 

In the circuit shown in Figure 3- 39, the load is a resistor, and the voltage on 
the load is either Voc or O. Similarly, the current in the load is either VoclR or O. lt 
is possible to smooth out the load voltage and current by adding a series inductor 
to filter out some of the ac components in the waveform. Figure 3-40 shows a 
chopper circuit with an inductive filter. The current through the inductor increases 
exponentially when the SCR is on and decreases exponentially when the SCR is 
off. If the inductor is large, the time constant of the current changes (T = LIR) will 
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FIGURE 3-39 
(a) The basic principte of a chopper circuit. (b) The input voltage to the circuit. (c) The resulting 
voltage on the load. 

be long relati ve to the on/off cycle of the SCR and the load voltage and current 
will be almost constant at some average value. 

In the case of ac phase controllers, the SCRs automatically turn off at the end 
of each half-cycle when their currents go to 7..ero. For dc circuits, there is no point 
at which the current naturally falls below IH, so once an SCR is turned on, it never 
turns off. To turn the SCR off again at the end of a pulse, it is necessary to apply a 
reverse voltage to it for a short time. TIlis reverse voltage stops the current flow and 
turns off the SCR. Once it is off, it will not turn on again until another pulse enters 
the gate of the SCR. TIle process of forcing an SCR to turn off at a desired time is 
known as forced commutation. 

GTO thyristors are ideally suited for use in chopper circuits, since they are 
self-commutating. In contrast to SCRs, GTOs can be turned off by a negative cur­
rent pulse applied to the ir gates. Therefore, the extra circuitry needed in an SCR 
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""GURE 3-40 
A chopper circuit with an inductive filter 10 smooth oUllhe load voltage and current. 

chopper circuit to turn off the SCR can be e liminated from a GTO thyristor chop­
per circuit (Figure 3---4 1 a). Power transistors are also self-commutating and are 
used in chopper circuits that fall within their power limits (Figure 3---4 1 b). 

Chopper circuits are used with dc power syste ms to vary the speed of dc 
motors. TIleir greatest advantage for dc speed control compared to conventional 
methods is that they are more efficient than the systems (such as the Ward­
Leonard syste m described in Chapter 6) that they replace. 

Forced Commutation in Chopper Circuits 

Whe n SCRs are used in choppers, a forced-commutation circuit must be included 
to turn off the SCRs at the desired time. M ost such forced-commutation circuits 
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(a) A chopper cin:uit made with a GTO thyristor. (b) A chopper cin:uit made with a transistor. 
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depend for their turnoff voltage on a charged capacitor. Two basic versions of ca­
pacitor commutation are examined in this brief overview: 

I . Series-capacitor commutation circuits 

2. Paralle l-capacitor commulalion circuits 

Series-Capacitor Commutation Circuits 

Figure 3-42 shows a simple dc chopper circuit with series-capacitor commuta­
lion. Ii consists of an SCR, a capacitor, and a load, all in seri es with each other. 
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""GURE 3-43 
The capacitor and load voltages in the series chopper circuit. 

TIle capacitor has a shunt discharging res istor across it, and the load has a free­
wheeling diode across it. 

TIle SCR is initially turned on by a pulse applied to its gate. When the SCR 
turns on, a voltage is applied to the load and a current starts flowing through it. 
But this current flows through the series capacitor on the way to the load, and the 
capacitor gradually charges up. When the capacitor's voltage nearly reaches Voc. 

the current through the SCR drops below iH and the SCR turns off. 
Once the capacitor has turned off the SCR, it gradually discharges through 

resistor R. When it is totally discharged, the SCR is ready to be fired by another 
pulse at its gate. The voltage and current wavefonns for this circuit are shown in 
Figure 3-43. 

Unfortunately, this type of circuit is limited in tenns of duty cycle, since the 
SCR cannot be fired again until the capac itor has discharged. The discharge time 
depends on the time constant 1" = RC, and C mu st be made large in order to let a 
lot of current flow to the load before it turns off the SCR. But R must be large, 
since the current leaking through the resistor has to be less than the holding cur­
rent of the SCR. These two facts taken together mean that the SCR cannot be re­
fired quickly after it turns off. It has a long recovery time. 

An improved series-capacitor commutation circuit with a shortened recov­
ery time is shown in Figure 3-44. TIlis circuit is similar to the previous one except 
that the resistor has been replaced by an inductor and SCR in series. When SCR is 
fired, current will fl ow to the load and the capacitor will charge up, cutting off 
SCRI. Once it is cut off, SCR2 can be fired , discharging the capacitor much more 
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FIGURE 3-44 
(a) A series-capacitor forced-commutation chopper cin:uit with improved capacitor recovery time. 
(b) The resulting capacitor and load voltage waveforms. Note that the capacitor discharges much 
more rapidly, so SCR[ could be refired sooner than before. 

quickly than the resistor would. TIle inductor in series with SCR1 protects SCR1 

from instantaneous current surges that exceed its ratings. Once the capacitor dis­
charges, SCR1 turns off and SCR] is ready to fi re again. 

Parallel-Capacitor Commutation Circuits 

The other common way to achieve forced commutation is via the parallel­
capacitor commutation scheme. A simple example of the parallel-capacitor 
scheme is shown in Figure 3-45. In this scheme, SCR] is the main SCR, supply­
ing power to the load, and SCR2 controls the operation of the commutating capac­
itor. To apply power to the load, SCR I is fired. When this occurs, a current flows 
through the SCR to the load, supplying power to it. Also, capacitor C charges up 
through resistor R to a voltage equal to the supply voltage Voc. 

When the time comes to turn off the power to the load, SCR2 is fired. When 
SCR1 is fired, the voltage across it drops to zero. Since the voltage across a 
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A parallel-<:apacitor forced-commuta.tion chopper circuit . 
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""GURE 3-46 
A parallel-<:apacitor forced-commuta.tion chopper circuit with improved capacitor charging time. 
SCRJ permits the load power to be turned off more quickly thaD it could be with the basic parallel­
capacitor circu it. 

capacitor cannot change instantaneously, the voltage on the left side of the capaci­
tor must instantly drop to -Voc volts. This turns off SCRb and the capacitor 
charges through the load and SCR2 to a vol tage of Voc volts positive on its left side. 
Once capacitor C is charged, SCRl turns off, and the cycle is ready to begin again. 

Again, resistor R] must be large in order for the current through it to be less 
than the holding current of SCR2 . But a large resistor Rt means that the capacitor 
will charge only slowly after SCR] fi res. This limits how soon SCR] can be turned 
off after it fires, setting a lower limit on the on time of the chopped waveform. 

A circuit with a reduced capacitor charging time is shown in Figure 3-46. In 
this circuit SCR1 is triggered at the same time as SCR] is, and the capacitor can 
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charge much more rapidly. This allows the current to be turned off much more 
rapidly if it is desired to do so. 

In any circuit of this sort, the free-wheeling diode is extremely important. 
When SCR[ is forced off, the current through the inductive load must have an­
other path available to it, or it could possibly damage the SCR. 

3.6 INVERTERS 

Perhaps the most rapidly growing area in modern power e lectronics is static fre­
quency conversi on, the conversion of ac power at one frequency to ac power at 
another frequency by means of solid-state e lectronics. Traditionally there have 
been two approaches to static ac frequency conversion: the cycloconverter and the 
rectifier-inverter. The cycJoconverter is a device for directly converting ac power 
at one frequency to ac power at another frequency, while the rectifier-inverter first 
converts ac power to dc power and then converts the dc power to ac power again 
at a different frequency. lllis section deals with the operation of rectifier-inverter 
circuits, and Section 3.7 deals with the cycJoconverter. 

A rectifier-inverter is divided into two parts: 

I. A rectifier to produce dc power 

2. An inveT1er to produce ac power from the dc power. 

Each part is treated separate ly. 

The Rectifier 

The basic rectifier circuits for converting ac power to dc power are described in 
Section 3.2. These circuits have one problem from a motor-control point of 
view-their output voltage is fixed for a given input voltage. This problem can be 
overcome by replacing the diodes in these circuits with SCRs. 

Figure 3-47 shows a three-phase full-wave rectifier circuit with the diodes 
in the circuits replaced by SCRs. The average dc output voltage from thi s circuit 
depends on when the SCRs are triggered during their positive half-cycles. If they 
are triggered at the beginning of the half-cycle, this circuit will be the same as that 
of a three-phase full-wave rectifier with diodes. Ifthe SCRs are never triggered, 
the output voltage wi ll be 0 V. For any other firing angle between 0° and 180 0 on 
the wavefonn, the dc output voltage will be somewhere between the maximum 
value and 0 V. 

When SCRs are used instead of diodes in the rectifier circuit to get control 
of the dc voltage output , this output volt age wi ll have more harmonic content than 
a simple rectifier would, and some fonn of filter on its output is important. Figure 
3-47 shows an inductor and capacitor filter placed at the output of the rectifier to 
he lp smooth the dc output. 
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""GURE 3-47 
A three-phase rectifier circuit using SCRs to provide control of the dc output voltage level. 
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""GURE 3-48 
An external commutation inverter. 

External Commutation Inverters 

Inverters are classified into two basic types by the commutation technique used: 
external commutation and self-commutati on. Extenwl commutation inverters are 
inverters in which the energy required to turn off the SCRs is provided by an ex­
ternal motor or power supply. An example of an external commutation inverter is 
shown in Figure 3-48. The inverter is connected to a three-phase synchronous 
motor, which provides the countervoltage necessary to turn off one SCR when its 
companion is fired. 

llle SCRs in this circuit are triggered in the foll owing order: SCRj, SC~, 
SCR2, SCR4, SCR1, SCR5. When SCR t fi res, the internal generated voltage in the 
synchronous motor provides the voltage necessary to turn off SCRJ . Note that if 
the load were not connected to the inverte r, the SCRs would never be turned off 
and after ~ cycle a short circuit would develop through SCR t and SC~. 

lllis inverter is also called a load-commutated inverter. 
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Self-Commutation Inverters 

Ifit is not possible to guarantee that a load will always provide the proper coun­
tervoltage for commutation, then a self-commutati on inverter must be used . A 
self-commutation inverter is an inverter in which the active SCRs are turned off 
by energy stored in a capacitor when another SCR is switched on. It is also possi­
ble to design self-commutation inverte rs using GTOs or power transistors, in 
which case commutation capacitors are not required. 

There are three m~or types of self-commutation inverters: current source in­
verters (CS ls), voltage source inverters (VSls), and pulse-width modulation 
(PWM) inverters. Current source inverters and voltage source inverters are simpler 
than PWM inverters and have been used for a longer time. PWM inverters require 
more complex control circuitry and faster switching components than CSls and 
VS ls. CS ls and VSls are discussed first. Current source inverters and voltage 
source inverters are compared in Figure 3-49. 

In the current source inverter, a rectifier is connected to an inverter through 
a large series inductor Ls. The inductance of Ls is sufficiently large that the direct 
current is constrained to be almost constant. TIle SCR current output waveform 
will be roughly a square wave, since the current flow Is is constrained to be nearly 
constant. The line-to-Iine voltage wi ll be approximately triangular. It is easy to 
limit overcurrent conditions in thi s design, but the output voltage can swing 
widely in response to changes in load. 

In the voltage source inverter, a rectifier is connected to an inverter through 
a series inductor Ls and a parallel capacitor C. The capacitance of C is suffi ciently 
large that the voltage is constrained to be almost constant. The SCR line-to- line 
voltage output wavefonn wi ll be roughly a sq uare wave, since the voltage Vc is 
constrained to be nearly constant. TIle output current now wi ll be approximately 
triangular. Voltage variations are small in this circuit, but currents can vary wildly 
with variations in load, and overcurrent protection is difficult to implement. 

TIle frequency of both current and voltage source inverters can be easily 
changed by changing the firing pulses on the gates of the SCRs, so both inverters 
can be used to drive ac motors at variable speeds (see Chapter 10). 

A Single-Phase Current Source Inverter 

A single-phase current source inverter circuit with capacitor commutation is 
shown in Figure 3- 50. It contains two SCRs, a capacit or, and an output trans­
former. To understand the operation of this circuit, assume initially that both SCRs 
are off. If SCR[ is now turned on by a gate current, voltage Voc will be applied to 
the upper half of the transfonner in the c ircuit. This voltage induces a voltage Voc 
in the lower half of the transfonner as well, causing a voltage of 2 Voc to be built 
up across the capacit or. The voltages and currents in the circuit at thi s time are 
shown in Figure 3- 50b. 

Now SCRl is turned on. When SCR2 is turned on, the voltage at the cathode 
of the SCR wi ll be Voc. Since the voltage across a capacitor cannot change 
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""GURE 3-49 
Comparison of current source inveners and voltage source inverters. 

instantaneously, this forces the voltage at the top of the capacitor to instantly be­
come 3 Voc, turning off SCR t . At this point, the voltage on the bottom half of the 
transfonner is built up positive at the bottom to negative at the top of the winding, 
and its magnitude is Voc. The voltage in the bottom half induces a voltage Voc in 
the upper half of the transformer, charging the capacitor C up to a voltage of 2Voc, 
oriented positive at the bottom with respect to the top of the capacitor. The condi­
tion of the circuit at this time is shown in Figure 3- 5Oc. 

When SCR] is fired again, the capacit or voltage cuts off SCR2 , and thi s 
process repeats indefinitely. The resulting voltage and current wavefonns are 
shown in Figure 3- 5 1. 
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(a) A simple single-phase inverter circuit. (b) The voltages and currems in the circuil when SCR[ is 
triggered. (c) The voltages and currents in the circuit when SCR1 is lriggered. 

A Three-Phase Current Source In verter 

Figure 3- 52 shows a three-phase c urrent source inverter. In thi s circ uit , the six 
SCRs fire in the order SCR], SC~, SCR2, SC~, SCR1, SCR5. Capacit ors C l 

through C6 provide the commutation required by the SCRs. 
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To understand the operation of this circuit, examine Figure 3- 53. Assume 
that initially SCR[ and SCR~ are conducting, as shown in Figure 3- 53a. Then a 
voltage will build up across capacitors Ct , C3, C4 , and Cs as shown on the dia­
gram. Now assume that SCR6 is gated on. When SC~ is turned on, the voltage at 
point 6 drops to zero (see Figure 3- 53b) . Since the voltage across capacitor Cs 
cannot change instantaneously, the anode of SCRs is biased negati ve, and SCRs is 
turned off. Once SC~ is on, all the capacitors charge up as shown in Figure 
3- 53c, and the circuit is ready to turn off SCR6 whenever SCR4 is turned on. This 
same commutation process applies to the upper SCR bank as well. 

The output phase and line current from this circuit are shown in Figure 3- 53d. 

A Three-Phase Voltage Source In verter 

Figure 3- 54 shows a three-phase voltage source inverte r using power transistors 
as the active elements. Since power transistors are self-commutating, no special 
commutation components are included in this circuit. 
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I n this circuit, the transistors are made to conduct in the order Tb T6 , T2, T4 , 

T1, T5. The output phase and line voltage from thi s circuit are shown in Fig­
ure 3- 54b. 

Pulse-Width Modulation Inverters 

Pulse-width modulation is the process of modifying the width of the pulses in a 
pulse train in direct proportion to a small control signal ; the greater the control 
voltage, the wider the resulting pulses become. By using a sinusoid of the desired 
frequency as the control voltage for a PWM circuit, it is possible to produce a 
high-power wavefonn whose average voltage varies sinu soidally in a manner 
suitable for driving ac motors. 

1lle basic concepts of pulse-width modulation are illustrated in Figure 3- 55. 
Figure 3- 55a shows a single-phase PWM inverter circuit using IGBTs. The states 
of IGST t through IGBT4 in this circuit are controlled by the two comparators 
shown in Figure 3- 55b. 

A comparator is a device that compares the input voltage Vinet) to a refer­
ence signal and turns transistors on or off depending on the results of the test. 
Comparator A compares VinCt) to the reference voltage v..(t) and controls IGBTs T t 

and Tl based on the results of the comparison. Comparator B compares Vinet) to the 
reference voltage v,(t) and controls IGBTs Tl and T4 based on the results of the 
comparison. If VinCt) is greater than v..(t) at any given time t, then comparator A 
will turn on Tt and turn off Tl . Otherwise, it will turn off Tt and turn on T2 . Simi­
larly, if Vinet) is greater than vy(t) at any gi ven time t, then comparator B will turn 

b , 
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The basic concepts of pulse-width modulation. (a) A single-phase PWM cin:uil using IGBTs. 

off TJ and tum on T4 . Otherwise, it will turn on T) and turn off T4 . The reference 
voltages vit) and vy(!) are shown in Figure 3-55c. 

To understand the overall operation of this PWM inverter circuit, see what 
happens when different control voltages are applied to it. First, assume that the 
control voltage is a v. 1llen voltages vit) and v.(t) are identical, and the load volt­
age out of the circuit V1oad(t) is zero (see Figure 3- 56). 

Next, assume that a constant positive control voltage equal to one-half of 
the peak reference voltage is applied to the circuit. 1lle resulting output voltage is 
a train of pulses with a 50 percent duty cycle, as shown in Figure 3- 57. 

Finally, assume that a sinusoidal control voltage is applied to the circuit as 
shown in Figure 3- 58. 1lle width of the resulting pulse train varies sinusoidally 
with the control voltage. 1lle result is a high-power output wavefonn whose aver­
age voltage over any small region is directly proportional to the average voltage 
of the control signal in that region. 1lle fundamental frequency of the output 
waveform is the same as the frequency of the input control voltage. Of course, 
there are hannonic components in the output voltage, but they are not usuall y a 
concern in motor-control applications. 1lle hannonic components may cause ad­
ditional heating in the motor being driven by the inverter, but the extra heating can 
be compensated for either by buying a specially designed motor or by derating an 
ordinary motor (running it at less than its full rated power). 

A complete three-phase PWM inverter would consist of three of the single­
phase inverters described above with co ntrol voltages consisting of sinusoids 
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shifted by 1200 between phases. Frequency control in a PWM inverter of this sort 
is accomplished by changing the frequency of the input control voltage. 

A PWM inverter switches states many times during a single cycle of the re­
sulting output voltage. At the time ofthis writing, reference voltages with frequen­
cies as high as 12 kHz are used in PWM inverter designs, so the components in a 
PWM inverter must change states up to 24,(X)Q times per second. This rapid switch­
ing means that PWM inverters require faster components than CSls or YSls. PWM 
inverters need high-power high-frequency components such as GTO thyristors, 
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The output of the PWM circuit with an input voltage equal to one-half of the peak comparator 
voltage. 
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IGBTs, and/or power transistors for proper operation. (At the time of this writing, 
IGBTs have the advantage for high-speed, high-power switching, so they are the 
preferred component for building PWM inverters.) The control voltage fed to the 
comparator circuits is usually implemented digitally by means of a microcomputer 
mounted on a circuit board within the PWM motor controller. The control voltage 
(and therefore the output pulse width) can be controlled by the microcomputer in 
a manner much more sophisticated than that described here. It is possible for the 
microcomputer to vary the control voltage to achieve different frequencies and 
voltage levels in any desired manner. For example, the microcomputer could im­
plement various acceleration and deceleration ramps, current limits, and voltage­
versus-frequency curves by simply changing options in software. 

A real PWM-bascd induction motor drive circuit is described in Section 7.10. 

3.7 CYCLOCONVERTERS 

The cyc1oconverter is a device for directly converting ac power at one frequency 
to ac power at another frequency. Compared to rectifier-inverter schemes, cyc1o­
converters have many more SCRs and much more complex gating circuitry. De­
spite these disadvantages, cyc1oconverters can be less expensive than rectifier­
inverters at higher power ratings. 

Cyc1oconverters are now avai lable in constant-frequency and variable­
frequency versions. A constant-frequency cyc1oconverter is used to supply power 
at one frequency from a source at another frequency (e .g., to supply 50-Hz loads 
from a 6O- Hz source). Variable-frequency cyc1oconverters are used to provide a 
variable output voltage and frequency from a constant-voltage and constant­
frequency source. They are often used as ac inducti on motor drives. 

Although the details of a cyc1oconverter can become very complex, the ba­
sic idea behind the device is simple. TIle input to a cyc1oconverter is a three-phase 
source which consists of three voltages equal in magnitude and phase-shifted from 
each other by 120°. TIle desired output voltage is some specified wavefonn, usu­
ally a sinu soid at a different frequency. The cycloconverter generates its desired 
output waveform by selecting the combination of the three input phases which 
most closely approximates the desired output voltage at each instant of time. 

There are two major categories of cycloconverters, noncirculating current 
cycloconverters and circulating current cycloconverters. These types are distin­
guished by whether or not a current c irculates internally within the cyclocon­
verter; they have different characte risti cs. The two types of cycloconverters are 
described fo llowing an introduction to basic cycloconverter concepts. 

Basic Concepts 

A good way to begin the study of cycloconverters is to take a closer look at the 
three-phase fu ll-wave bridge rectifier ci rcuit described in Section 3.2. TIlis circuit 
is shown in Figure 3- 59 attached to a resistive load. In that fi gure, the diodes are 
divided into two halves, a positive half and a negative half. In the positive half, the 
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D, 

D, 

VA(I) '" V Msin WI V 

VB(I) '" VMsin (ro/- 120") V 

Vc(l) '" VMsin (&1- 240°) V 

fo'IGURE 3-59 

D, D, 

Lo.d 

D, D, 

+ 

}~(') 
-

A three-phase full-wave diode bridge ci['(;uit connected to a resistive load. 

diode with the highest voltage applied to it at any given time will conduct, and it 
will reverse-bias the other two diodes in the section. In the negative half, the diode 
with the lowest voltage applied to it at any give n time will conduct, and it will 
reverse-bias the other two diodes in the section. TIle resulting output voltage is 
shown in Figure 3--60. 

Now suppose that the six diodes in the bridge circuit are replaced by six 
SCRs as shown in Figure 3--61. Assume that initially SCR] is conducting as shown 
in Figure 3--61 b. nlis SCR will continue to conduct until the current through it falls 
below IH. Ifno other SCR in the positive halfis triggered, then SCR[ will be turned 
ofT when voltage VA goes to 7..ero and reverses polarity at point 2. However, if SCRl 

is triggered at any time after point I, then SCR[ will be instantly reverse-biased and 
turned off. TIle process in which SCR2 forces SCR[ to turn off is calJed/orced com­
mutation; it can be seen that forced commutation is possible only for the phase an­
g les between points I and 2. 1lle SCRs in the negative half behave in a similar 
manner, as shown in Figure 3--6 1 c. Note that if each of the SCRs is fired as soon as 
commutation is possible, then the output of this bridge circuit will be the same as 
the output of the full-wave diode bridge rectifier shown in Figure 3- 59. 

Now suppose that it is desired to produce a linearly decreasing output volt­
age with this circuit, as shown in Figure 3--62. To produce such an output, the con­
ducting SCR in the positive half of the bridge circuit must be turned off whenever 
its voltage falls too far below the desired value. 1llis is done by triggering another 
SCR voltage above the desired value. Similarly, the conducting SCR in the nega­
tive half of the bridge circuit must be turned ofT whenever its voltage rises too far 
above the desired value. By triggering the SCRs in the positive and negative 
halves at the right time, it is possible to produce an output voltage which de­
creases in a manner roughly corresponding to the desired wavefonn. It is obvious 
from examining Figure 3--62 that many harmonic components are present in the 
resulting output voltage. 
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""GURE 3-61 
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(a) A three-phase full-wave SCR bridge cirwit connected to a resistive load. (b) The operation of the 
positive half of the SCRs. Assume that initially SCRI is conducting. If SCR1 is triggered at any time 
after point I. then SCRI will be reverse-biased and shut off. (c) The operation of the negative half of 
the SCRs. Assume that initially SC~ is conducting. If SCR! is triggered at any time after point I. 
then SC~ will be reverse-biased and shut off. 
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FIGURE 3-62 
Approximating a linearly decreasing voltage with the three-phase full-wave SCR bridge circuit. 
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Positive group Negative group j ;;<) , 

SCRI r SCR2 r SCR1 r SCR7 SCR, SCR, 
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,,(') ( Lood 

-

SCR4 r SCR~ r SC~ r SCRIO SCRll SCRl2 
J J J 

""GURE 3-63 
One phase of a noncin:ulating current cycloconvener cin:ui1. 

I f two of these SCR bridge circuits are connected in parallel with opposite 
polarities, the result is a noncirculating current cycloconverter. 

Noncirculating Current Cycloconverters 

One phase of a typical noncirculating current cycJoconverter is shown in Figure 
3--63. A fuJi three-phase cycloconverter consists of three identical units of this 
type. Each unit consists of two three-phase full-wave SCR bridge circuits, one 
conducting current in the positive direction (the positive group) and one conduct­
ing current in the negative direction (the negative group).llle SCRs in these cir­
cuits are triggered so as to approximate a sinusoidal output voltage, with the SCRs 
in the positive group being triggered when the current fl ow is in the positive di­
rection and the SCRs in the negative group being triggered when the current fl ow 
is in the negati ve direction. The resulting output voltage is shown in Figure 3--64. 

As can be seen from Figure 3--64, noncirculating current cycJoconverters 
produce an output voltage with a fairly large harmonic component. TIlese high 
harmonics limit the output frequency of the cycloconverter to a value less than 
about one-third of the input frequency. 

In addition, note that current fl ow must switch from the positive group to 
the negati ve group or vice versa as the load current reverses direction. The cycJo­
converter pulse-control circuits must detect this current transiti on with a current 
polarity detector and switch from triggering one group of SCRs to triggering the 
other group. There is generally a brief period during the transition in which nei­
ther the positive nor the negative group is conducting. This current pause causes 
additional glitches in the output waveform. 

TIle high harmonic content, low maximum frequency, and current glitches 
associated with noncirculating current cycloconverters combine to limit their use . 
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c--- Negative + Positive -------------------
group group 

FIGURE 3-64 
The output voltage and current from a noncin:ulating current cycJoconvener connected to an 
inductive load. Note the switch from the operation of the negative group to the operation of the 
positive group at the time the current changes direction. 

In any practical noncircu lating current cyc1oconverter, a fi Iter (usually a series in­
ductor or a transformer) is placed between the output of the cyc1oconverter and 
the load, to suppress some of the output hannonics. 

Circulating Current Cyclocoll ver ters 

One phase of a typical circulating current cyc1oconverter is shown in Figure 3- 65. 
It differs from the noncirculating current cyc1oconverter in that the positive and 
negative groups are connected through two large inductors, and the load is sup­
plied from center taps on the two inductors. Unlike the noncirculating current cy­
c1oconverter, both the positive and the negative groups are conducting at the same 
time, and a circulating current fl ows around the loop fonned by the two groups 
and the series inductors. The series inductors must be quite large in a circuit ofthis 
sort to limit the circulating current to a safe value. 

The output voltage from the circulating current cyc1oconverter has a smaller 
hannonic content than the output voltage from the noncirculating current cyc1o­
converter, and its maximum frequency can be much higher. It has a low power 
factor due to the large series inductors, so a capacitor is often used for power­
factor compensation. 

The reason that the circulating current cyc1oconverter has a lower hannonic 
content is shown in Figure 3--66. Figure 3--66a shows the output voltage of the 
positive group, and Figure 3--66b shows the output voltage of the negative group. 
The output voltage V1oad(t) across the center taps of the inductors is 

_ vpo,(t) - vrw:s(t) 
Vtoait) - 2 (3- 9) 
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Many of the high-frequency harmonic components which appear when the posi­
ti ve and negative groups are examined separate ly are common to both groups. As 
such, they cancel during the subtraction and do not appear at the tenninals of the 
cycloconverter. 

Some recirculating current cycloconverters are more complex than the one 
shown in Figure 3- 65. With more sophisticated designs, it is possib le to make 
cycloconverters whose maximum output frequency can be even higher than their 
input frequency. These more complex devices are beyond the scope of this book. 
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Voltages in the six-pulse circulating current cycloconverter. (a) The voltage out of the positive group; 
(b) the voltage out of the negative group. 
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HGURE 3--66 (concluded) 
(e) the resu lting load voltage . 

3.8 HARMONIC PROBLEMS 

" ) 

Power e lectronic components and circui ts are so flexible and useful that equip­
menl control led by them now makes up 50 to 60 percent of the total load on most 
power systems in the developed world. As a result , the behavior of these power 
e lectronic circuits strongly inn uences the overall operation of the power systems 
that they are connected to. 

TIle principal problem associated with power electronics is the harmonic 
components of voltage and current induced in the power system by the switching 
transients in power e lectronic controllers. TIlese hannonics increase the total cur­
rent fl ows in the lines (especially in the neutral of a three-phase power system). 
The extra currents cause increased losses and increased heating in power system 
components, requiring larger components to supply the same total load. In addi­
tion, the high neutral currents can trip protecti ve relays, shutting down portions of 
a power system. 

As an example of this problem, consider a bal anced three-phase motor with 
a wye connection that draws 10 A at full load. When this motor is connected to a 
power system, the currents flowing in each phase will be equal in magnitude and 
1200 out of phase with each other, and the return current in the neutral will be 0 
(see Figure 3--67) . Now consider the same motor supplied with the same total 
power through a rectifier-inverter that pn:x:luces pulses of current. TIle currents in 
the power line now are shown in Figure 3--68. Note that the nns current of each 
line is still lOA, but the neutral also has an rms current of 15 A! The current in the 
neutral consists entirely of hannonic components. 
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Jo'IG URE 3-68 
Current flow for a balanced three­

phase. wye<onnected mOlOr 
connected to the power line through 
a power electronic controller that 
produces current pulses: (a) phase a; 
(b) phaseb; (e) phasec; (d) neutral 
The nlls current flow in phases a. b, 

and c is \0 A. wh.ile the nns current 
flow in the neutral is 15 A. 
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The spectra of the currents in the three phases and in the neutral are shown 
in Figure 3--69. For the motor connected directly to the line, only the fundamen­
tal frequency is present in the phases, and nothing at all is present in the neutral. 
For the motor connected through the power controller, the current in the phases in­
cludes both the fundamental frequency and all of the odd hannonics . TIle current 
in the neutral consists principally of the third, ninth, and fifteenth harmonics. 

Since power electronic circuits are such a large fraction of the total load on 
a modern power system, their high hannonic content causes significant problems 
for the power system as a whole. New standards* have been created to limit the 
amount of harmonics produced by power e lectronic circuits, and new controllers 
are designed to minimize the hannonics that they produce. 

3.9 SUMMARY 

Power e lectronic components and circui ts have produced a m~or revolution in the 
area of motor controls during the last 35 years or so. Power e lectronics provide a 
convenient way to convert ac power to dc power, to change the average voltage 
level of a dc power system, to convert dc power to ac power, and to change the 
frequency of an ac power system. 

The conversion of ac to dc power is accomplished by rectifier circuits, and 
the resulting dc output voltage level can be controlled by changing the firing times 
of the devices (SCRs, TRIACs, GTO thyristors, etc.) in the rectifier circuit. 

Adju stment of the average dc voltage level on a load is accomplished by 
chopper circuits, which control the fraction of time for which a fixed dc voltage is 
applied to a load . 

Static frequency conversion is accomplished by either rectifier-inverters or 
cycloconverters. Inverters are of two basic types: externall y cornrnutated and self­
commutated. Externally commutated inverters re ly on the attached load for com­
mutation voltages; self-commutated inverters either use capacitors to produce the 
required commutation voltages or use self-commutating devices such as GTO 
thyristors. Self-commutated inverters include current source inverters, voltage 
source inverters, and pulse-width modu lation inverters. 

Cycloconverters are used to direct ly convert ac power at one frequency to 
ac power at another frequency. There are two basic types of cycloconverters: non­
circulating current and circulating current. Noncirculating current cycloconverters 
have large harmonic components and are restricted to relatively low frequencies. 
In addition, they can suffer from glitches during current direction changes. Circu­
lating current cycloconverters have lower hannonic components and are capable 
of operating at higher frequencies. TIley require large series inductors to limit the 
circulating current to a safe value, and so they are bulkier than noncirculating cur­
rent cycloconverters of the same rating. 

*See IEC l00Q.3-2. EMC: Part 3. Section 2. "Limits for harmonic current emission (equipment input 
current s 16 A per phase)," and ANSI/IEEE Standard 519-1992, "IEEE recommended practices and 
requiremems for harmonic control in power systems." 
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(a) The spectrum of the phase current in the balanced three-phase. 
wye-connected motor connected directly to the power line. Only the 
fundamental frequency is present. (b) The spectrum of the phase 
current in the balanced three-phase. wye-<:onnected motor connected 
through a power electronic controller that produces current pulses. 
T he fundamental frequency and all odd harmonics are pre.-;ent. 
(c) The neutral current for the motor connected through a electronic 
power controller. The third. ninth. and fifteenth harmonics are 
present in the current 
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QUESTIONS 

3-1. Explain the operation and sketch the output characteristic of a diode. 
3-2. Explain the operation and sketch the output characteristic of a PNPN diode. 
3-3. How does an SCR differ from a PNPN diode? When does an SCR conduct? 
3-4. What is a GTO thyristor? How does it differ from an ordinary three-wire thyristor 

(SCR)? 
3-5. What is an IG8T? What are its advantages compared to other power electronic 

devices? 
3-6. What is a DIAC? A TRIAC? 

3-7. Does a single-phase full -wave rectifier produce a better or worse dc output than a 
three-phase half-wave rectifier? Why? 

3-8. Why are pulse-generating circuits needed in motor controllers? 
3-9. What are the advantages of digital pulse-generating circuits compared to analog 

pUlse-generating circuits? 
3-10. What is the effect of changing resistor R in Figure 3- 32? Explain why this effect 

occurs. 
3-11. What is forced conunutation? Why is it necessary in dc-to-dc power-control 

circuits? 
3-12. What device(s) could be used to build dc-to-dc power-control circuits without 

forced conunutation? 
3-13. What is the purpose of a free-wheeling diode in a cont rol circuit with an inductive 

load? 
3-14. What is the effect of an inductive load on the operation of a phase angle controller? 

3-15. Can the on time of a chopper with series-capacitor commutation be made arbitrarily 
long? Why or why not? 

3-16. Can the on time of a chopper with parallel-capacitor conunutation be made arbitrar-
ily long? Why or why not? 

3-17. What is a rect ifier-inverter? What is it used for? 
3-18. What is a current-source inverter? 
3-19. What is a voltage-source inverter? Contrast the characteristics of a VSI with those 

of a CSI. 
3-20. What is pulse-width modulation? How do PWM inverters compare to CSI and VSI 

inverters? 
3-21. Are power transistors more likely to be used in PWM inverters or in CSI inverters? 

Why? 

PROBLEMS 

3-1. Calculate the ripple factor of a three-phase half-wave rectifier circuit . both analyti­
cally and using MATLAB. 

3-2. Calculate the ripple factor of a three-phase full-wave rectifier circuit. both analyti­
cally and using MATLAB. 

3-3. Explain the operation of the circuit shown in Figure P3-1. What would happen in 
this circuit if switch S, were closed? 
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FlGURE P3-1 
The cin:uit of Problems 3- 3 through 3--6. 

3-4. What would the nns voltage on the load in the circuit in Figure P3-1 be if the firing 
angle of the SCR were (a) 0°, (b) 30°, (c) 90°? 

'3-5. For the circuit in Figure P3-1 , assume that VBO for the DlAC is 30 V, Ct is I p.F, R 
is adjustable in the range I to 20 ill, and switch SI is open. What is the firing angle 
of the circuit when R is 10 kO? What is the rillS voltage on the load lUlder these con­
ditions? (Cau tion: This problem is hard to solve analytically because the voltage 
charging the capacitor varies as a function of time .) 

3-6. One problem with the circuit shown in Figure P3-1 is that it is very sensitive to vari­
ations in the inp ut voltage v.At) . For example, suppose the peak. value of the inp ut 
voltage were to decrease. Then the time that it takes capacitor C] to charge up to the 
breakover voltage of the DIAC will increase, and the SCR will be triggered later in 
each half-cycle. Therefore, the rillS voltage supplied to the load will be reduced both 
by the lower peak voltage and by the later firing . This same effect happens in the 
opposite direction if voc(t) increases. How could this circuit be modi fied to reduce its 
sensitivity to variations in input voltage? 

3-7. Explain the operation of the circuit shown in Figure P3- 2, and sketch the outp ut 
voltage from the circuit. 

3-8. Figure P3- 3 shows a re laxation oscillator with the following parameters: 

R] = variable 
C= IJ.tF 

VBO = 30V 

R2 = 1500 0 
Voc = 100 V 

lH = 0.5 mA 

(a) Sketch the voltages vc(t), vo(t), and rrJt) for this circuit. 
(b) If R, is currently set to 500 kO, calculate the period of this relaxation oscillator. 

3-9. In the circuit in Figure P3-4, T] is an a utotransformer with the tap exactly in the 
center of its winding . Explain the operation of this circuit. Assruning that the load is 
inductive, sketch the voltage and current applied to the load. What is the purpose of 
SCR2? What is the purpose of D2? (This chopper circuit arrangement is known as a 
Jones circuit.) 

*The asterisk in front of a problem number indicates that it is a more difficult problem. 



INTRODUCTION TO POWER ELECTRONICS 225 

• "~---T 

~ 
• 

• 

c, Lood 

--

.,'----.L T, 

T, 

FIGURE 1'3-2 
The inverter circuit of Problem 3- 7. 
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FIGURE 1'3-3 
The relaxation oscillator circuit of Problem 3--8. 
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FlGURE P3-4 
The chopper ci["(;uit of Problem 3- 9. 
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3-10. A series-capacitor forced commutation chopper circuit supplying a purely resistive 
load is shown in Figure P3- 5. 

Voc = 120 V 
lH = 8 rnA 

VBO = 200 V 

R l =20 kll 
Rlood = 250 0 

C = 150 /lF 

(a) When SCR l is turned on. how long will it remain on? What causes it to tum off? 
(b) When SCR l turns off. how long will it be until the SCR can be turned on again? 

(Assume that 3 time constants must pass before the capacitor is discharged.) 
(c) What problem or problems do these calculations reveal about this simple series­

capacitor forced-commutation chopper circuit ? 
(d) How can the problem(s) described in part c be eliminated? 

+ 

SCR 
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+ 

R\ C ) " 
-
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D ,~ 

~ Rwm Lo,' 

\ 

""GURE 1'3-5 
The simple series-capacitor forced-commulation cin:uit of Problem 3-10. 

3-11. A parallel-capacitor forced-conunutation chopper circuit supplying a purely resis­
tive load is shown in Figure P3-6. 

Voc = 120 V 
lH = 5 rnA 

VBO = 250V 

R] =20kfi 
Rlood = 250 0 

C= 15 /lF 

(a) When SCR] is turned on, how long will it remain on? What causes it to IlUll off? 
(b) What is the earliest time that SCR] can be turned off aft er it is turned on? 

(Assume that 3 time constants must pass before the capacitor is charged.) 
(c) When SCR] turns off, how long will it be until the SCR can be tlUlled on again? 
(d) What problem or problems do these calculations reveal about this simple parallel­

capacitor forced-commutation chopper circuit? 
(e) How can the problem(s) described in part d be eliminated? 

3-12. Figure P3- 7 shows a single-phase rectifier-inverter circuit. Explain how this circuit 
ftmctions. What are the purposes of C] and C2? What controls the output frequ ency 
of the inverter? 
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FIGURE P3-6 
The simple paralle l-capacitor forced commutation circuit of Problem 3- 11. 

FIGURE P3-7 
The single-phase rectifier-inverter circuil o f Problem 3- 12. 

'3- 13. A simple full-wave ac phase angle voltage controller is shown in Figure P3-8. The 
compone nt values in this circuit are 

R = 20 to 300 kf.! . currently set to 80 kf.! 

C = 0.1 5 p.,F 
VBO = 40 V (for PNPN diode DJ) 

VBO = 250 V (for SCR l ) 

rs(t) = VM sin wt V where VM = 169.7 V and w = 377 radls 

(a) At what phase angle do the PNPN diode and the SCR tum on? 
(b) What is the rms voltage supplied to the load under these circwnstances? 

' 3- 14. Figure P3-9 shows a three-phase full -wave rectifier circuit supplying power to a dc 
load. The circuit uses SCRs instead of diodes as the rectifying elements. 
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""GURE I' J-S 
The full-wave phase angle voltage controller of Problem 3- t3. 
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""GURE PJ-9 
The lhree-phase full-wave reclifier circuit of Problem 3- t4. 

(a) What will the nns load voltage and ripple be if each SCR is triggered as soon as 
it becomes forward-biased? At what phase angle should the SCRs be triggered 
in order to operate this way? Sketch or plot the output voltage for this case. 

(b) What will the rms load voltage and ripple be if each SCR is triggered at a phase 
angle of 90° (that is, halfway through the half-cycle in which it is forward bi­
ased)? Sketch or plot the output voltage for this case. 

' 3-15. Write a MATLAB program that imitates the operation of the pulse-width modula­
tion circuit shown in Fig ure 3-55, and answer the following questions. 
(a) Assume that the comparison voltages vjt) and vI') have peak amplitudes of 

10 V and a frequency of 500 Hz. Plot the output voltage when the input voltage 
is Vinet) = 10 sin 2'lT ft V, andf = 60 Hz . 

(b) What does the spectrwn of the outp ut voltage look like? What could be done to 
reduce the hannonic content of the output voltage? 

(c) Now assume that the frequency o f the comparison voltages is increased to 
1000 Hz. Plot the output voltage when the input voltage is Vinet) = 10 sin 2'lT ft V 
and/ = 60 Hz. 

(d) What does the spectrum of the output voltage in c look like? 
(e) What is the advantage of using a higher comparison frequency and more rapid 

switching in a PWM modulator? 
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