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CHAPTER 21

Fundamental Elements of Power
Electronics

21.0 Introduction

lectronic systems and controls have gained wide

acceptance in pgj_mgﬁjlﬁlogy(;_@@ sequently, it
has become - indispensable to kgok}something
\@ﬂﬂ\ﬁ\ o

about powef electronicss Nattfally, we cannot cover
all aspé“ct»;‘tif“t}r'rrbf’éﬁsubject in a single chapter.
Nevertheless, we can explain in simple terms the be-
havior of a large number of electronic power circuits,
including those most commonly used today.

As far as electzonic deyi concerned, we
will first coverdiodes an hyri.s(é . They are found
in all electronic systems that involve the conversion
of ac power to dc power and vice versa. We then go
on to discuss the application of more recent devices
such as<gate turn-off thyristors (GTOS), bipolar
junction transistors (BJTs), metal oxide semicon-
ductor field effect transistors (power MOSFETS),
and insulated gate bipolar transistors (IGBTs). Their
action on a circuit is basically no different from that

of a thyristor and its associated switching circuitry.

“~.__In power electronics all these devices act basically

as high-speed switchés;so much so, that much of
power electronics can be explained by the opening
and closing of circuits at precise instants of time.
However, we should not conclude that circuits con-
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taining these components dnd devices are simple—
they are not—but their bellavior can be understood
without having an ‘extensive background in semi-

In Chapter 2, Secti;@s 2.4%}{1«:1 25 ,@ described two
ways of representing voltages in a-Circuit. We now
introduce a third method that is particularly useful in
circuits dealing with power electronics. The method
is based upon the concept qf potential leVelsy

To understand the operation of electronic cir-
cuits, it is useful to imagine that individual terminals
have a potential level with respect to a reference ter-
minal, The reference terminal is any convenient
point chosen in a circuit; it is assumed to have zero
electric potential. The potential level of all other
points is then measured with respect to this zero ref-
erence terminal. In graphs, the reference level is
shown as a horizontal line having a potential of 0'V.

Consider, for example, the circuit of Fig. 21.1,
composed of an 80 V battery connected in series
with an ac source E having a peak voltage of 100 V.
Of the three possible terminals, let us choose termi-
nal 1 as the reference point. The potential level of




reference
potential

Figure 21.1
Potential level method of representing voltages.

-100

this terminal is therefore shown by a horizontal line,
designated 1 in Fig. 21.?.‘}'

Consider now tlie potential level of terminal 2.
The difference of potential between terminals 1 and
2 is always 80 V, and terminal 2 is positive with re-
spect to terminal 1. The level of this terminal is
therefore indicated by a second horizontal line 2
placed 80 V above line 1.

Now consider terminal 3. Voltage E between ter-
minals 1 and 3 is alternating and we assume that its
initial value is 100 V, with terminal 3 negative with
respect to terminal 1. Because E is alternating, the
potential of terminal 3 is first negative, then positive,
with respect to terminal 1. The changing level is
shown by curve 3. Thus, during the interval from 0 to

t;, the level‘df.point 3 is below the level of point 1,
which indicates that terminal 3 is negative with re-
spect to terminal 1. During the interval ¢, to #4, the po-
larity reverses, and so the level of curve 3 is now
above line 1. Terminal 1 is therefore negative with re-
spect to terminal 3, because line 1 is below curve 3.

This potential-level method now enables us to
determine the instantaneous voltages between any
two terminals in a circuit, “as well as their relative
polarities. For example, during the interval from 1,
to 14, terminal 3 is positive with respect t0 terminal
2, because curve 3 is above line 2. The voltage be-
tween these terminals reaches a maximum of 20V
during this interval. Then, from #; to g, terminal 3
is negative with respect to terminal 2 and the volt-
age between them reaches a maximum value of
180 V at instant 7s.

@
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100 V peak

Figure 21.2
Potential levels of terminals 1, 2, and 3.

We could have chosen-anether terminal as a ref-
erence terminal. Thus, iEnFig. 21 3jve chose terminal
3 and, as before, we rcp?eﬁ@enl zero potential of
this reference terminal by a horizontal line 3 (Fig.
21.4). Knowing that E is an alternating voltage and
that terminal 3 is initially 100 V negative with respect
to terminal 1 (as in Fig. 21.2), we can draw curve 1.
To determine the level of terminal 2, we know
that it is always 80 V positive with respect to termi-
nal 1. Consequently, we draw curve 2 so that itis al-
ways 80 V above curve 1. By so doing, we auto-
matically establish the level of terminal 2 with
respect to terminal 3. N

Figs. 21.27nd 21.4 do not have the same ap-
pearance; however, at every instant, the relative po-
larities and potential differences between terminals
are identical. From an electrical point of view, the
two figures are identical. We invite the reader to
check by comparing the voltages and their relative
polarities at various instants in the two figures.

2 3
1 .

80 V=

reference
potential

Figure 21.3
Changing the reference terminal.
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+100+

-1001

Figure 21.4

In analyzing electronic circuits the reference termi-
nal may be selected anywhere; it should be easy to fol-
low the voltages we are interested in.

21.2 Voltage across some
circuit elements

Let us first look at the voltage levels that appear
across some active and passive circuit elements
commonly found in electronic circuits. Specifically.
we examine sources, switches, resistors, coils, and
capacitors.

X 1. Sources. By definition, ideal ac and dc voltage
sources have zero internal impedance. Consequently,

\_ they impose rigid potential levels; nothing that hap~
"'x._‘_p(,m in a circuit can modltv these leve}s. On the othiér
hand; ac and dc current sources have infinite internal

impedance. Consqguentiy, they deliver a constant .

current, and the voltage levels in the Gircuit must

xadapt themselves accordingly.

2. Potential. Across_a Switch. When a switch is-.

/ “open (Flg 2L 5) the voltage ge across its terminals cle—

The relative potential levels are the same as in Fig. 21.2.

03 fs e Il
——s time \
|
!
1, 2 |

Figure 21.5

Potential across a switch.

must be the same. Thus, if we happen to know the
level of terminal 2, then the level of terminal 1 is
also known. This simple rule also applies to ideal-
ized thyristors and diodes, because they behave like
perfect (albeit one-way) switches.

3. Potential Across a Resistor. 1f no current flows
in a resistor, its terminals 3, 4 must be at the same
potential, because the IR drop is zero (Fig. 21.6).
Consequently, if we happen to know the potential
level of one of the terminals, the level of the other
is also known. On the other hand, if the resistor car-
ries a current I, the IR drop produces a correspond-
ing potential difference between the terminals. For
example, if current actually flows in the direction

Figure 21.6
Potential across a resistor.
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shown in Fig. 21.6, the potential of terminal 3 is THE DIODE AND DIODE CIRCUITS

above that of terminal 4, by an amount equal to IR.

4. Potential Across a Coil or Inductance: “The ter- % 21.3 The diode

minals of a coil are _qt_th_gﬁme potential only during /
' ('_';hﬁéi’:"mé‘fﬁéht_sfwhen the current is not changing: if

the current varies, the potential difference is given by

A diode is an electronic device possessing two ter-
minals, respectively called anode (A) and cathode
(K) (Fig. 21.9). Although it ha@m a
E = L (Al/AY) (2.27) diode acts like a high-speed switch Whose contacts
open and close according to the following rules:

Rule 1. When no voltage is applied across a diode,
it acts like an open switch. The circuit is therefore

Thus, if the current in Fig. 21.7 is increasing while
flowing in the direction shown, the potential level
of terminal 5 is above that of terminal 6-by an : -
amount equal to L_A_H&L——Cvemelscly—,/if I ik .de. \\ open between termmalszandK(Flg. 21.9a). _
ffrf?:ééﬁé?ﬁé"\? ile flowing in the direction shown, the la! R_u‘e 2. If we apply an inverse vglrage Epacross the
| diode so that the anode is negative with respect to

-\fotcnnal OREHAIE ‘5 * be{owilj_at Ofi'%?l nfl 6 / the cathode, the diode continues to act as an Open \'}'-;,
T i T S switch (Fig. 21.9b). We say that the diode is reverse .-| "
5 Y8 s biased.
e L i Rule 3. If a momentary forward voltage E, of 0.7V

) N = A Tl or more is applied across the terminals so that anode
Figure 21.7 ) ’ £ Adis slightly positive with respect to the cathode, the
PoEniisl acrassian induclof e — terminals become short-circuited. The diode acts
5. Potential Across a Capaciter.”fhc terminals of ,\ like a closed switch and a current I immediately be-

i acapacitor are at the : satne potential only when the  gins to flow from anode to cathode (Fig. 21.9¢c). We

| capacitor-is—completely discharged. Furthermore, say that the diode is forward biased.
the potential difference between the terminals re-
mains unchanged during those intervals when the

current [ is zero (Fig. 21.8).  —™ E=Q "
TN @ A A —K

rule 1

- —/

-_ﬁﬂlé_ K A o— K rule 2
Figure 21.8

Potential across a capacitor. /E 1 _.)@\
A Tfp: K A el
Eﬂ
OHp
I

s

) A

6. Initial Potential Level. A final rule regarding

: 5 . {c) ule 3
potential levels is worth remembering. Unless we '
know otherwise, we assume the following initial
conditions: A i A== &
a. All currents in the circuit are zero and none are \

in the process of changing. %
b. All capacitors are discharged. (@ A—P—K A“/{'_ K niled

I=0

These assumed starting conditions enable us to an-
alyze the behavior of any circuit from the moment Figure 21.9
power is applied. Basic rules governing diode behavior.
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In practice, while the diode conducts, a small
voltage drop" appears across its terminals.

_tgonlc__gixpu_g;s It is precisely because the vo]tage
drop is small with respect to other circuit voltages
that we can assume the diode is essentially a closed
switch when it conducts.

 likea c]osed switch. However, it stops ﬂoﬁfuﬁ;ﬁa}"
-/ evenas llttle as 10 s, the ideal diode 1mmedlatciy

becomes slightly posmve with respect to the cath-
ode (Rule 3).

In conclusion, a perfect diode behaves like a nor-
mally open switch whose contacts close as soon as
the anode volrage becomes 5hghlly posmve w1th rc—

smlple rule is crucially 1mpomnt to an underqtand~
ing of circuits involving diodes and thyristors.

Symbol For a Diode. The symbol for a diode (Fig.
21.9) bears an arrow that indicates the direction of
conventional current flow when the diode conducts.

21.4 Main characteristics of a diode

Peak Inverse Voltage. A diode can withstand only
so much inverse voltage-before it breaks down. The
peak inverse vo!ragé (PIV) _;anges from 50 V to
4000 V, depending on the construction. If the rated
PIV is exceeded, the diode begins to conduct in re-
verse and, in many cases, is immediately destroyed.

Maximum Average Current. There is also a limit
to the average current a diode can carry. The maxi-
mum current may’ range ﬁ‘om a few hundred mil-
liamperes to over 4000 A, ﬂepcndmg on the con-
struction and size of the.dr({de. The nominal current
rating depends upon the temperature of the diode,
which, in turn, depends upon the way it is mounted
and how it is cooled.

Maximum Temperature. The voltage across a
diode times the current it carries is equal to a power

loss which is entirely converted into heat. The re-
sulting temperature rise of the diode must never ex-
ceed the permissible limits, otherwise the diode will

be destroyed. Mogt/sﬂn,on diodes can operate satis-

factorily previded their internal al temperature lies be-
tween £50°C and +200° C. The temperature of a
diode can chanae very quickly, due to its small size
and small mass. To improve heat transfer, diodes
are usually mounted on thick metallic supports,
called heat sinks. Furthermore, in large installa-
tions, the diodes may be cooled by fans, by oil, or
by a continuous flow of deionized water. Table 21A
gives the specifications of some typical diodes. Fig.
21.10 shows a range of low power to very high
power diodes.

Diodes have many applications, some of which
are found again and again, in one form or another,
in electronic _power mrcmts,ln th(, %ectmnq that

only ¢ dmde@ They will illustrate the methodoiogy
of‘powel circuit analysis while revealing some ba-

sic principles common to many industrial applica-
tions. Sections 21.5 to 21.14 cover the following
topics:

21.5 Battery charger with series resistor

21.6 Battery charger with series inductor

21.7 Single-phase bridge rectifier

21.8 Filters

21.9 Three-phase, 3-pulse diode rectifier

21.10 Three-phase, 6-pulse diode rectifier

21.11 Effective line current; fundamental line
current

21.12 Distortion power factor
21.13 Displacement power factor

21.14 Harmonic content

21.5 Battery charger
with series resistor

The circuit of Fig. 21.11a represents a simplified
battery charger. Transformer T, connected to a 120
V ac supply, furnishes a sinusoidal secondary volt-
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TABLE21A  PROPERTIES OF SOME TYPICAL DIODES

Relative power Ip [A] E, V] I, [A] E; [V] I, [mA] Ti[°Cl d [mm)] { mm

low 1 0.8 30 1000 0.05 175 38 4.6
medium 12 0.6 240 1000 0.6 200 11 32
high 100 0.6 1 600 1000 4.5 200 25 54
very high 1000 1.1 10 000 2000 50 200 47 26

I, — average dc current
E___~ voltage drop corresponding to In Fovi o

f p&l]\ value of surge current for one cycle
— pealtinverse voltage
12 —reverse leakage current corresponding to E;
T; -~ maximum junction temperature (inside the diode)
d = diameter
I —length

...aae‘-.

(©)

(d)

Figure 21.10
a. Average current: Q,A,_PIV 400V body Iength 10 mm; dlameter 5.6 mm.

C: Average current: 500 A F'W 2000V length 1ess thread: 244 mm; chameter 40 mm.
d. Average current: 2600 A; PIV: 2500 V; Hockey Puk; distance between pole-faces: 35 mm; diameter: 98 mm.

(Photos courtesy of International Rectifier)

age having a peak of 100 V. A 60 V battery, a 1 ()
resistor, and an ideal diode D are connected in se-
ries across the secondary.

To explain the operation of the circuit, let us
choose point 1 as the reference terminal. The po-
tential of this terminal is, therefore, a straight hori-

zontal line. The potential of terminal 2 swings sinu-
soidally above and below point 1, according to
whether 2 is positive or negative with respect to 1.
The level of terminal 3 is always 60 V above
terminal 1, because the battery voltage is constant.
The potential levels are shown in Fig. 21.11b.
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Figure 21.11
a. Simple battery charger circuit.
b. Corresponding voltage and current waveforms.

Circuit analysis

a. Prior to t = 0, we assume that all currents are
zero. The potential of point 4 is, therefore, at
the same level as point 3, and 2 is at the level of
point 1.

b. During the interval from 0 to ¢,, anode 2 is neg-
ative with respect to cathode 4; consequently,
the diode cannot conduct (Rule 2).

c. Atinstant £}, terminal 2 becomes positive with
respect to 4, and the diode begins to conduct
(Rule 3). From this moment on, the ideal diode
acts like a closed switch.

Consequently, point 4 must now be at the same
level as point 2. The voltage E,; across the re-
sistor gradually builds up, reaching a maximum
of 40 V before it falls to zero at instant z,.

d. From ¢ to 5, the current in the circuit is given by

\\r__ E A8

The current reaches a peak of 40 A when E;; =
+40 V. As long as current flows, the diode be-
haves like a closed switch;

e. Atinstant t,-the-current s zero, and the diode

fmjmedxate]y opens the circuit (Rule 4)/ From
this moment on, point 4 must follow point 3.

f. From ¢, to t,, point 2 is negative with respect to
point 3. Because point 4 follows point 3 (no IR

drop in the rcs.lslor) 1he PIV 4ACTross the dwdu
reaches a rqjlmum;;f_lé() V at instant r}.

g. Finally, at instant ¢, the cycle (a to f abovc) re-
peats itself. The resulting current is a trunr,ated
sine wave having a peak value of 40 A. Its c,c'i-ii',u— -
laféff".f\"émw mlup ‘during-ome Lycfe is 7.75 A.

““'p‘"fs'ltmg current always flows into the

positive terminal of the battery. Consequently,

the latter receives energy and progressively

charges up.

21.6 Battery charger
with series inductor

The current flow in the battery_chzg_gcr of Fig, 21.11
is iqmmd_hn_galstor r RJ Unfortunately, this pro-
rduces I°R losses and a_corresponding poor effi-
ciency-We can get around the problem by replacing
the resistor by an inductor, as shown in Fig. 21.12a.
Let us analyze the operation of this circuit, bearing
in mind the. behavm—nf‘a)n inductor, previously ex-
plained mx&sct:on 2. 11

a. Asinthe exwmpfe of Fig. 21.11, the ideal diode
begins to coqlduct at instant ¢, when anode 2 be-
comes positive with respect to cathode 4. From
this moment on, point 4 follows point 2, and
voltage E43 jappears across the inductor (Fig.

1

\_ ';_,- I . ¥
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T
120V
60 Hz
Figure 21.12

a. Battery charger using a series mductor
b. Corresponding voltage and current waveforms.

21.12b). The latter begins to accﬁmuiate volt-
seconds, and the current increases gradually un-
til it reaches a maximum given by

Inx = Ayl | (2.28)

where

e — T

A(_” = do[tad area between r, and 1, [ V s\

Example 21-1
The coil in Fig. 21.12 has an inductance of 3.3 mH
and the battery voltage is 60 V. Calculate th€ pe’xk

Note that the current reaches its peak at instant
15, whereas it was zero at this moment-when a

£

point 2 to the level of point 3. It stays at this
level until instant 7,, whereupon the whole cy-
cle repeats.

This is an interesting example of the use of
an inductor to store and release electrical en-
ergy. During the interval from 1, to #,, the in-
ductor stores energy and, from 1, to t3, it returns
it again to the circuit (see Section 2.13).

resistor was used. This is consistent with the @m if the line frequency is 60 Hz.

fact that ¢ current throu gh an inductor is no r

longer changing (has reached a maximum) be- Solution

cause the voltage E,3 across it is zero. a. To calculate the peak current, we must find the

b. After 1, the voltage E44 across the inductor
becomes negative and so the inductor dis-
charges volt-seconds. Consequently, the cur-
rent decreases between t, and 75, becoming
zero at t; when dotted area A_, is equal to
dotted area A .

¢. As soon as the current is zero, the diode opens
the circuit, whereupon point 4 must jump from

value of area A,.,. This can be done by integral

calc%lu/s‘_hwill employ a mueﬁ'simpléf
€ graphical method. Thus, referring to Fig.

21.12¢, we have redrawn the voltage levels us-
ing graph paper. The 60 Hz voltage cycle is di-
vided into 24 equal parts, each representing
time interval Az equal to

At = (1/24) X (1/60) = 1/1440 s
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Figure 21.12¢
See Example 21-1.

Similarly, the ordinates are scaled off in 10 V
intervals. Consequently, each small square rep-
resents an area of (1/1440s) x 10V =
0.006944 V-s = 6.944 mV's,

b. By counting squares, we find that A+, contains
approximately 19 squares; consequently, its area
corresponds to

A+)=19 X 6944 = 132 mV-s = 0.132 V-5

i ,—‘f" T ——
~The peak cufrent 1s, therefore, i

e = Ac/L = 0.1320.0033 = 40A )

Thus, the current reaches the same peak with an in-
ductor of 3.3 mH as it did with a resistor of 1 (),

e —

has essentially~ao losse

g -

21.7 Single-phage bridge recti“f'ie'r "

The circuit of Fig. 21. 32 enables us to rectify both
the positive and negative half-cycles of an ac source,
to supply dc power to a load R. The four diodes to-
gether make up what is called a sin gle-phase bridge
_rectifier-Itis“available in a single-package >

The circuit operates as follows: When source
voltage E|, is positive, terminal 1 is positive with
respect to terminal 2 and current i, flows throu gh
R by way of diodes Al and A2. Consequently,
point 3 follows point 1, and point 4 follows point

However, the ig-advantage of the inductor is that it

,EE\ e conversion of ac power
to dc power is thereforé muc ¢ efficient! ~ é 0,1
{ '%’ N

2 during this conduction interval. Conduction
ceases when i, falls to zero at instant 1, (Fig.
21.13b). The polarity then reverses and E,, be-
comes positive, meaning that terminal 2 is positive
with respect to terminal 1. Current i, now flows
through R in the same direction as before, but this
time by way of diodes B1 and B2. Consequently,
point 3 now follows point 2 while point 4 follows
point 1. Voltage Es, across the load is, therefore,
composed of a series of half-cycle sine waves that
are always positive (Fig. 21.13c). The voltage pul-
sates between zero and a maximum value E,, equal
to the peak voltage of the source. The average
value of this rectified voltage is given by

o

-~ - R
¢ Eyg=090F \ 7~ T y

where N

E¢ = dc voltage of a single-phase bridge recti-
fier [V] TS

E= ei&qﬁf@iﬁl&g of the ac line voltage [V]

{ 0.90 = constant [exact value = (2V2)/ ] ;\

Referring to Fig. 21.13b, in addition to drawing the
curve Ey; for the source voltage, we have also drawn
curve £,. This enables us to use the potential levels
of either terminals 1 or 2 as zero reference potentials.
Thus, we can select as reference level terminal 2 dur-
ing the first half-cycle, terminal 1 during the second
half-cycle, terminal 2 during the third half-cycle, and
so forth, on alternate half-cycles. By using this tech-
nique, terminal 4 always remains at zero potential
while terminal 3 follows the positive portion of the
sine waves. It then becomes evident that E5, across
the load is a pulsating de voltage. Figure 21.13¢ shows
the rectified voltage and current of the load.

In addition to its dc value, load voltage E;, con-
tains an ac component whose fundamental fre-
quency is twice the line frequency. In effect, the
voltage across the load pulsates between zero and
+E,,, twice per cycle. Consequently, the peak-to-
peak ripple is equal to E,,.

In the case of a resistive load, the current has the
same waveshape as the voltage; its average, or dc
value, is given by

Iy = EJR
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(a)

Figure 21.13
a. Single-phase bridge rectifier.
b. Voltage levels.

Figure 21.13c
Voltage and current waveforms in load A.

Example 21-2 b. The dc current in the load is known to be 20 A,
The ac source in Fig. 21-13a has an effective voltage but the diodes only carry the current on alter-
of 120 V, 60 Hz. The load draws a dc current of 20 A. nate half-cycles. Consequently, the average de

current in each diode is: . i

Calculate
a. The dc voltage across the load I=142=202=10A

b. The average dc current in each diode

21.8 Filters

Solution
a. The dc voltage across the load is given by Eq. The rectifier circuits we have studied so far produce
21.1: pulsating voltages and currents. In some types of
E. = 090E T }‘\-&5 loads, we cannot tolerate such pulsations, and filters
g {( must be used to smooth out the valleys and peaks. The
=0.90: . basic purpose of a dc filter is to produce a smooth

(—“/ 108V power flow into a load. Consequently, a filter must
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peak voltage = Em

peak voltage = Em

fig
5
n

B, @ A By @ Ay
(a) (b)
‘E _.' i . Figure 21.14 RS sy

a. Rectifier with inductive filter.
b. Rectifier with capacitive filter.

"

{ absorb energy whenever the dc_voltage or current
tends to rise, and it musi-_ﬁj"éigase,energy whenever
the voltage or current tends to fall. In this way the
filter tends to maintain a constant voltage and cur-
rent in the load.

: | The most common filters are inductors and ca-
e i pacitors. Inductors store energy in their magnetic
e | | field. They tend to maintain a constant current; con-
sequently, they are placed in series with the load
(Fig. 21.14a). Capacitors store energy in their elec-
tric field. They tend to maintain a constant voltage;
consequently, they are placed in parallel with the
load (Fig. 21.14b).

The greater the amount of energy stored in the
filter, the better is the filtering action. In the case of
4_bridge Tectifier uslﬁ?’arn inductor;>the peak-to-

peak npple in percent 1s given by

E npple =5 }’\\
A w

where R 1

(21.2)

il ripple = peak—to-peak current 5:5 a percent of
N the dc current [%] T
wof Wy = dc energy stored in the smoothing

: __nductorJ] o —
P = dc power drawn by the load {W] £\
f = frequency of the source [Hz] / ' %

5.5 = coefficient to take care of units —+

inductor absorbs energy

A+
—5

inductor _ T

releases “(— Egiﬂ%ﬂf”t

energy Ey=08E
0 A b TH lia
Figure 21.15

Current and voltage waveforms with inductive filter.

: |

The load current in Fig. 21.14a is much more con-
stant than in Fig. 21.13a. The voltage between ter-
minals 3 and 4 pulsates between zero and £, as be-
fore, but the voltage. Es4 across. the. load i§ very
smooth (Fig. 21.15). The dc voltage across the load
is still given by Eq. 21.1. This is to be expected be-
cause the dc IR drop across the inductor is negligi-
bly small.

Bridge rectifiers are used to provide dc current for
relays, electromagnets, motors, and many other mag-
netic devices. In most cases the self—mductance of the:
c01l is sufficient to provide good filtering. Thus, al-
though the voltage across a coil may pulsate very
strongly, the dc current can be smooth. Consequently,
the magnetic field pulsates very little.

Example 21-3
We wish to build a 135 V, 20 A dc power supply us-
ing a single-phase bridge rectifier and an mdua.twu

(filigr. The peak-to-peak current ripple should be
about 10%. If a 60 Hz ac source is available, calcu-
late the following:

a. The effective value of the ac voltage
b. The energy stored in the inductor

¢. The inductance of the inductor

d. The peak-to-peak current ripple

Solution
a. The effective ac voltage E can be derived from

=09E
135=09E ¥ W
E=150V —




3

z'-l:";._?"l } 4

b. The dc power output of the rectifier is
P = E;ly
=135 X 20 =2700 W

The energy to be stored in the inductor or “choke”
is given by :
55°

~ f ripple &L

L

Consequently, to obtain a pgak-te—-peék current Tip-
ple of 10 ) percent, the inductor must store 24.75 J
in its magnetic field.

c. The inductance of the choke can be calculated

from

1,
WL = EIJE . /(28)

24.75 = ';-L(2Q_ji

L& 0.124 1y

d. The peak-to-peak ripple is about 10 percent of
the dc current:

=01x20=2A

1 peak-lo-peak )
The dc output current therefore pulsates between
19 Aand 21 A.

21.9 Three-phase, 3-pulse
diode rectifier

The simplest 3-phase rectifier is composed of three
diodes connected in series with the secondary wind-
ings of a 3-phase,{'\delta:wyg__gr_qnsfggmat (Fig.
21.16). The line-to-neuitral voltage has a peak value
E,,. Alarge filter inductance L is connected in series
with the load, so that current I, remains essentially
ripple-free. Although the load is represented by a
resistance R, in reality it is always a useful energy-
consuming device an_c_idnot,a.heat;_dl_issipating resis-

tor. Thus, thé Toad may be a dc motor, a large mag-
net, or an electroplating bath. This simple rectifier
has some serious drawbacks, but it provides a go?d

A
{1

b
N pres
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Figure 21.16 T~
Three-phase, §-pulse rectifier with inductive filter fed 7

by a 3-phase transformer. i

introduction to 3-phase rectifiers in general. We
now analyze its behavior.
1. Voltage Across the Load. By choosing the
transformer neutral as the zero potential reference
point, thesecondary terminals follow the voltage
levels 1, 2, 3 shown in Fig. 21.17. These potential
levels are rigidly fixed by the ac source and they
successively reach a peak value Ep,.

Before the transformer is energized, points K, 4,
N are at the same level because I, is zero. However,
the moment we apply power, voltages Ein, Ean,
E; appear. Consequently, at 1 = 0 the potential of
point 1 suddenly becomes positive with respect to _ L
K. This immediately initiates conduetion-in-diode &~ [
DI_(Section-21.3, Rule 3)Current iy increasesy
rapidly, attaining a final val _F-which=depends’

\.upon load R” During this_interval K is at the same

level as point 1 because the diode is conducting.
U = Qyasens FImY
~ P GO S o

~ \ Ay .0 _ e LaANE
E AW 1WOhe L& TA-WEEY
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17 1
Voltage an\r}current waveforms in a S-pﬁas_e_, 3-pulse rectifier. 4
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As points K d 1 move together in time, ﬁicy §

eventually reach a- itical moment, corresponding
to an angle 8, of 60° (Fig. 21.17). The moment is
critical because immediately later, terminal 2 be-
comes positive with respect to K and 1. According
to Rule 3, this initiates conduction in diode D2, so
that it begins to carry current 1. At the same time
that conduction starts in diode D2, it ceases indiode
D1. Consequently, beyond 60°, point K follows the
level of point 2. :

The sudden switchover from one diode to an-
other is called commumri:én. When the switchover
takes place automatically (as it does in our exam-
ple), it is called wataral comniutation;ordifie com-

Smutation:-In this book we prefer the term line com-
mutation, because it is the line voltage that forces
the transfer of current from one diode to the next.

Commutation from one diode to another does not
really take place instantaneously, as we have indi-

cated. Owing to transformer leakage reactance, the .,
~Current gradually increases in diode D2 while it de-

~ creases in diode D1. This gradual transition contin-
_ues until all the load current is carried by diode D2.

However, the commutation period is very SROTE(typ-
fically less than 2 ﬁ;’is‘ on a 60 Hz system) and, for our/
purposes, we will assume it occurs instantaneously.

Py o
1 e

i 2 Sy

TG LU e

ey AR

.

/

D e

]

N,

supply frequency, which makes it easier to achieve

| good filtering. The dc voltage across the load is

I| gi\ren b}r, S \ % P {_’Jz‘:-c\ f"—’_:

i L~/ v ol 3

| E = 0.6751-{ e
\L where NS

1 ,,

£ Y E, = average or dc voltage of a 3-pulse rec- /
peRe, tifier [V] /

~ E = effective ac line voltage-f¥}--.

W -

7

! ' m—e Lk e £

The next critical moment occp’rs at 180°, because

" terminal 3 then becomes positive with respect to

point-2 (and point K). Commutation again takes
place as the-load current switches from diode D2 to
diode D3. Point K _therefore follows the positive
peaks of waves 1, 2, and3, and€ach diode carrics the
‘fﬁl{-}oad current fo;__g@_ﬁ_l_ intervals of time (120°))
The diode Curtents iy, iy, i3 have rectangular-wave-
shapes composed of ‘positive current intervals of
120° followed by zero.cusrent intervals of 240°.

Voltage Exp across the load and inductor in Fig.

| 21.17 pulsates between 0.5 E,,, and E,,~The ripple

| voltage is therefore smaller than that produced by a
| single-phase bridge rectifier (Fig. 21.15). Moreover,
| the fundamental ripple frequency is three times the

J—

Q675 =2 constant [exact value = 3/(m V)l

i/
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Note that if we reverse the diodes in Fig. 21 16, the
rectifier operates the same way, except that tEle load
current reverses. Voltage Eyy becomes neganve
and point K follows the negative peaks of wa%veﬂ 1,
2,and 3. ; \

2. Line Currents Currents i, i, i that flow in the
diodes also flow in the secondary windings of the
Lransformer As we have eecmeﬂe currents b_gve

e e

di‘ w1th Fur!hermore the currenls ﬂow for only
one-third of the time in a given winding. Due to
this 1nterm1ttcnt flow, the mammum p0551b]c de

transformer. Fof exarﬁple if the tramformer in Hg\_

21.16 has a rafmg of 100 kVA, we can show that it
can only delwer\?él kW
heating. ' -

The choppcd seconclary currents are reflected

very abruptly.. The sudden jumps-in-eirrents 1, [b,
and I, produce rapid fluctuations in the magnetic
field surrounding the feeder. These fluctuations can
induce substantial voltages and noise in nearby tele-
phone lines.

Because of these drawbacks, we try to de*«ugg
rectifiers so that the transformer windings carry

~urrent for more than one-third of the time. This is

ichieved by _usmg 3-phase, 6-pulse rectifier,

of dc power wzthout oV cr- a8

\

\

" current in the neutral becomes 7ero Consequently,

\21.10 Three-phase, G-pulse rectlfler

formerT(ldenuca} to 1hq one shown in Fig. 21.16), .
supplies power o 6 diodeés and their associated dc

“loads R, and R,-T he upper set of diodes together

‘with inductor Ll and load R, are identical to the
3-phase, 3-pulse rectifier we have just studied.
Thus, load current I, flows in the neutral line, as
shown. Th_g ]ong_:tgt_ of chocles tggether,w@ R,

Ioad current Iﬂ flows in the neutral as shown. The
two 3-phase rectifiers operate quite independently
of each other, K following the positive peaks of
points 1, 2, 3 while A follows the negative peaks.
All diodes conduct during 120° intervals.

If we make R, = R,, then Iy, = I, and the dc

we.can remove the neutral conductor, yielding the
circuit of Fig. 21.19. The two loads and the two in-
ductors are simply combined into one, shown as R
and L, respectively. The 6 diodes constitute what is
called a 3-phase, 6-pulse rectifier. It is called
6-pulse because the currents flowing in the 6 diodes
start at 6 different moments during each cycle of the
line frequency. However each diode still conducts
for only 120°. : Wi

* Also called a 3-phase bridge rectifier.

] .’ '-4"_!".4% W

&

3-phase

* K

source T

©®|e

L

‘igure 21.18
Jual 3-phase, 3-pulse rectifier.
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Il Figure 21.19 !{<€_\{ 77 / b 8
- Three-phase, 6-pulse rectifier with inductive filter. / ; §
The line currents I, I, /. supplied by the trans- z}ges, Eya Eas, Es (and By, Ex, E,5) rather than ‘
former are given by Kirchhoff’s law: . the line-to-neutral voltages used in Fig. 21.20, The 3
bl . . S /1evel of K follows the tops of the successive sine
i IL=10 — i o 4/, waves wj}]‘}i wgﬁg}r_}_s_g._t__z_(;gg__lz_?};?_fltiz_il. The%' out-. :

i _ I =i iy (-"ﬁﬁt—”\iﬁltagc fluctuates between 1.414 E and
T ' 1.225 E, where E is the effective value of the line ] _
; -y “._voltage. The average value of Exp is 1.35 E, as’
b They consist of three identical rectangular waves “given by Eq. 21.4._~~ el f
Hi that are out of phase by 120° (Fig. 21.20). The cur- The peak-to-peak ripple is only (1.414 — 1225 E
[ ‘ents now flow for two-thirds of the time’in the sec- =0.189 E and the fundamental ripple frequency is '

| ondary windings. As a result, it can be shown that a six times the line frequency. Consequently, the rip-
5 100 kVA transformer can deliver 95 kW of dc ple is much easier to filter. The approximate peak-
~power without overheating. to-peak current ripple in percentis given by
e Figs. 21.18 and 21.19 reveal that the average dc el s S AN
IR ogtput—velt;age_is/{wice that of a 3-phase, 3-pulse L U / ripple = 0.17 W 215§
S regtiﬁer. Its value is given by //,}_ X ! sitiie N ) o

) e Ea=13E - (21.4) ripple = peak-to-peak current as a percent of
i the dc current [%]
where W, = dc energy stored in the inductor (7]

P=dc powér drawn by the load [W]
E = effective line voltage [V] = iﬁ?rznfé Zc]af thei3-phiase. Gpules

E, = dc voltage of a 6-pulse rectifier [V]

1,35~ aiqonstunt [exact value:= 3 V2/m] Fig. 21.21 shows that the inductor stores €nergy

whenever the rectifier voltage exceeds the average

value E,. This energy is then released during the brief
interval when the ili'ectiﬁer voltage is less than Eq- .
The peak inverse voltage across each diode is
equal to the peak value of the line voltage, o V2E Kr;’ :

The instantaneous output voltage is equal to the in-
tercept between levels K and A in Fig. 21.20.
Y o . e e

However,-it'is much easier to visualize the waves,
[ shape of Exa by P,Si_EgT;tEIInirLalAgg_fi__miqrgggg}
\_point. Thus, in Eig. 21.24, we show the line volt- -
N {\‘y.'-l { o } %

& A d 1 b, s L




FUNDAMENTAL ELEMENTS OF POWER ELECTRONICS 487

Eq= 1654 E,,

Figure 21.20
Voltage and current waveforms in Fig. 21.19.

The 3-phase, 6-pulse rectifier is a big improve-
ment over the 3-phase, 3-pulse rectifier. It consti-
tutes the basic building block of most large rectifier
installations.

Another way of looking at the 3-phase bridge rec-
tifier is to imagine the diodes to be in a box (Fig.
21.22). The box is fed by three ac lines and it has two
output terminals K and A. The diodes act like

automatic_switches that successively connect these
L Hchies hat SUCCESSIVETY. COnnect

_terminals to the ac lines. The/connections can be L

.'\A]\}: ~— }-);{’:_._ -.;_. 1! . .K:H

made ir(six distinct wﬁﬁasz{hown in Fig. 21.22. It
follows that the output vo]tage Ex 4 is composed of
'sqg_nlg:gts of the ac ﬁﬁ?\:atacq\@ That is why we draw
line voltages in Flcr 21.21 instead of line-to-neutral
voltages.

Each dotted connection in Fig. 21.22 represents
a diode that is conducting. The successive 60-de-

gree intervals correspond to those in Fig. 21.20. For
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L stores energy
L releases energy

v \:n__‘r.'_
NN e P P — /_\_1 R
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P 13 ) (y
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PET A 1.414F
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s
/ N
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i | 60 120 180 240 300 360 420
1 4 A % [
IR AR .V i
| \'"" L. 1 2% < J;f‘_/,/' &

Figure 21.21

g_ther way of showing Ex, using line voltage potentials. Note also the position of Exy with respect to the line volt-

- age e
P i..".;.- ) i fd
B ——= C__ﬂ__
. LT
Y 0 60° —2) ‘fdl
o-50 ——@) 2 e
ot I = 3 A
¢ . g : i & (a)
J (a}
—a@ P
: —-—@ A " I ///
Iy i 60° - 120° ——(2X *’dl
60° - 120° :_@-/ !dl L
. = G
: & e (b)
(b)
i) g
3 O~
- D 2 A v
Is \\(// 120° . 180° T —— @) N *’dl
+ — -~ I
120° - 180° ———2)~ \ dl \
L \\ __@ '
i .
' @ & (c)
(e}

Figure 21.22
Successive diode connections between the 3

-phase input and dc output terminals of a 3-phase, 6-pulse rectifier.
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le, from 300° to 36{)°, because i; and is are

| flowing, diodes D1 and D5 are conducting. It fol-

| lows from Fig.21.19 t}ﬁu K is effectively connected

| toline 1 while Ais effectively connected to line 2.

| Recause the diode yoltage drop is small, we can
assume that each doltfgd line.represents-a-toss-free
connection. The dc power absorbed by the load
must therefore be equal to the active power drawn -
\from the 3-phase source.

| examp

Example 21-4
A 3-phase bridge rectifier has to supply power to &
360 KW, 240 V dc load. If a 600 V, 3-phase, 60 Hz
feeder is available, calculate the following:

a. Voltage rating of the 3-phase transformer

b. DC current per diode

¢. PIV across each diode

d. Peak-to-peak ripple in the output voltage and

its frequency b f 3§
(Vescl £<7ms

words, the voltage fluctuates between
Egq = 1225 X 177 =217 Vand
E,, = 1414 X 177=250V
The peak-to-peak ripple is, therefore, _
250 — 217 %33 '

Epeak—lo-pcak e

I
T |

FUNDAMENTAL ELEMENTS OF POWER ELECTRONICS

Fundamental ripple frequency _ il

Example 21-5 "
o Calculate the inductance of the smoothifig choke A

b. Doss the presence of the choke modify the

3 o ; 3
Solution e BT 1 ok M
a. Secondary.line voltage is ( Wy = ELId p
A S i o i __’r_;‘/ ,_..-r;-._i/ }} oy : :)_:
E=Eg 35 =240n35 o MO 1 . L
: /". 204 = i [4 (]S(}{))‘- r ;\\
1 =177V - 2 Pe
F - -4 P
Thus, a 3-phase transformer having a line volt- L=18Xx10 ;
age ratio of 600 V/L7TV would be satisfactory. P = 0.18mH "
The primary an¢s econdary windings may be b. The presence of the choke does not affect the QY = * 7
connectedeitherjin wye Or i delta. voltage ripple between K and A. It remains at ’
b, dcload current Iy = 360 KW/240 = 1500 A 33 V peak-to-peak.
¢_do current per diode = 1500(3:= 500 A — <P |
(el Cme:&ggh Gode = 1500A =24 Y5, 21.11 Effective line current, N
’l L o=t T L4 | fundamental line current : by €
c. PIV across each diode B N o e
o il5 s 2 17T T concy [We saw.inFig. 21.20 that the’ac line currents con- ~_
V2 E=141 OXHI.: " /_q'__g,;z! V= 7 dist of 120-degree rectangular waves having anam-
=250V G plitude I, where I is the de current flowing in the -~ +
d. The output voltage Exa fluctuates between - Joad.- L&t us direct our attention to the current I, 1:""“-‘\',\;_"
1225 E and 1.414 E (Fig. 21.21). In other flowing in line 2 and to the correspogdingI line-to- e
neutral voltage E,n. They are shown in Fig. 21.23 /
s Mot 4o i

7

~
3

489

=6 X 60 Hz = 360 Hz

rqu_rgd..mi_xamplgzl,-_é. if the’peak-to-peak
(fipple in the current is not o exceed 5 percept

peak-to-peak ripple in the output voltage Ex Al

Solution
a. Using Eq. 21.5, we have
fWy : i fi;-
_ 01:"_2(%69.990 R
60 X WL e
W, = 2041

Consequently, the inductor must store 204 Jinits 4 £~
magnetic field. The inductance is found from i

and it can be.seen thatthe rectangular current wav

Weally focated with_respect to the sinu- 7
soidal vo;t_age-m_qxi_gyfrfn_ﬂh other words, the center

itive current pulse coincides with the peak

of the posi
of the positive voltage wave. Thus, I, can be con- *,

sidered to be “in phase” with En.
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Figure 21.23
i Line-to-neutral voltage and line current |n phase 2 of ~
A ), Fg2r20. ,graﬂi A 2 D
. \:”r e 1 .»-LJ\M B
The effective val’ue I of the rectangular line cur-
rent can be deduced from the relauonshlp

T— .-|‘--\
i

\,

. therefore ) Pl

Loz I it v 2 Al Y

i"S - ._‘: &) ._r-_.~=f I“ I_}= :\,’(120/180 ld’,""‘”. {_ b .|
i 0.8]6;?;/ (21.6);"?'

paki=

P x 180° = Id X 120°

W g

Xy} v "

This effective current is composed of a fundamen-
tal rms component I plus all the harmonic compo-
nents. As we have seen, I is in phase with the line-
to-neutral voltage—_

What is /
as follows: ™

The dc power to the load is

P — EdId

To calculate it we reason

(‘;?_-, ” 144
l\.-‘(l.

W |

—
| oA
The(active ac power supplied to the rectlfler (and its'

| '~ load) is N \T
N T T R=vim ) 9

\ * Because no power is lost or stored in our ideal recti-
---ﬂer it fo]lows that Pai. P4. We can therefore write

| a\gu K"\ ”/ ;Z Py = Py T
:I VX - g £ = EclId _“ 40
/ =135Ely ~ /

; .f_..ﬁ'\,‘ L=078 Id/ 217)
e o R NG ¥
> ‘Combining Egs. 21.6 and 21.7 we find
\ ” .
L)) I = 09551,

(21.8)

\\‘

.
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Thus, owing to thei‘epresence of harmonics,* the
fundamental component I is slightly less than the
effective value of the line current 1.

21.12 Distortion ﬁower factor

We have just seen that thé:.\ fundamental component
I is in phase with the corresponding line-to-neutral
voltage (Fig. 21.23). Consequently, we would be in-
clined to say that the power factor of the 3-phase,
6-pulse rectifier is 100 percent. However, by defin-
ition, powar factor is given by the expression

~.

w;

,f' ,factwe pOWLr
power - fattor = PR
- /  apparent power

active poWer

efieetwe voltage X effective current X \(3
_ p, ey E N

EIN3  EIV3 B,
But according to Eq. 21. 8, ls=10; 955 1. As aresult,

3,

"\

i
™

8

(h’\éf*

power factor = 0.955
kS

Thus, the actual power factor is not 100% but only
95.5%. The reason is that the line current is rectan-

_.gular-and not sinusoidal. Thus, the power factor of
95 S% is due to dlStOI’th]:l in the current

than I(}O%, the Tundamenﬁraﬁpomnt nf Sl

is nevertheless in phase with_the line-to-neutral

voltage/ Consequently, this ddeal recafier ‘absorbs
no reactive power from the line. ~

I T_. .,_ K‘y‘rﬁi .
21.13 Dlsplacement power factor
total power factor

4 }1 ‘!? .1\ LA
\ R s

In Fig. 21.23, the fundamental component of cur-
rent is in phase with the line-to-neutral voltage.
However m later czr(.uus we wrll di\(,{)\"cr that the\
{ hmd the line-to-neutral voltage ,Thls causes tﬁe“
fund:ﬂnentair -eomponent T (0 ~shift along with it.

{
{

* Harmonicsflarq discu_sscd i_n detail in Chapter 30.
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This angular shift of mfffundamental componem of
current with respect 16 the line-to-neutral Yoltage is

called displacement, and the cosine of thc\anglle is
lisplace-

called{dnpich_me}i? power fac mr\T

ment power factor in Fig. 21723 is unity. The total
power factor of 7 Toad or clectrical installation is,
given by the expression: A 1)(1&4

Total power factor = — =< 3’21 9a)
0]

The dlsplacemcnt power factor is given by F v }

P
Dmplacemem power factor = Efuj/ (21.9b)

W ¥

~
-

In these equations, fl, 558)

P = active power!ﬁer Ehasc W]

= effective value of “voltage per phase [V]
= effective value “of line current 1nclud1ng “,’
the fundamental and harmonics [Al -

f . = effective value of fundamental
component of line current [A] 3

21. 14 Harmonlc content and THD

The rectanguiar current wa\;c)of Fig. 21.23 occurs
very frequently in powcr electromcs It is there-

fore worthwhile to_exa ami osely, par-
ticularly as regdrds its harmomc content, JFirst, any

periodic current in a line can be éxpressed by the
equation

P=I+I4 (21.10)

in which
I = rms value of the line current

I = rms value of the fundamental com-

ponent of line currc;n_l‘_‘__,d——w---mh,_\

T = ms PRt .
% rms value of all the harmonic com-
_ponents combined "

1t can also be shown that the total harmonic content
I% s equal to the sum of the squares of the individ-
ual harmonics. Thus, we can write

Iy =y + B + Tige + Thp + (21.11a)

; Voot i
1 =k %M b A Ao oo

@f 3. Th@remarkﬁble feature of these armonic com-

;.\\

L{f should rcfer to Chapter 3

b A
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in which Iy s, Iyp. Iucs €tc., arethe rms values of the
harmonic components in th_e'lme._mgr_gnt

The rectangular wave in Fig. 2‘1 23 contains the

5th, 7th, 11th, 13th, i—’r’eh,_halfmemcs—amlso forth iy
other words.4ll odd harmonics that are not mulnples >

ponents is that their respective amplitudes are equal
to the amplitude of the | fundamental /z divided by the
order of the harmonic. For example, if the funda- -
mental component has an rms value of 1500 A, the
17th harmonic has an rms value of 1500/17 = 88 A.
The degree of distortion of an ac voltage or cur-
rent is defined as the ratio of the rms value of all the
harmonics divided by the rms j_gl_ueoft_____llgﬁlggla-
mental component. }fhm total harmonic distortion '
(THD} is given by the formula ;

Iy

THD = ~(21.11b)

where [ and Iy are deﬁncd as before.
For more information on harmonics, the reader

L% b
P e B

\/:I O+ ,n-r':! ‘J\J CoXYEs i
Example 21-6
The 3-phase, 6-pulse rectifier in Fig. 21. 19 furnishes
a d current of 400 A to the load. Estimate, for line I:

a. The effective value of thf line curreng mea-
sured by an rms hook-on ammeter

b. The effective value of thehfundmgn_tz_i_lﬂ_vc_pﬂr_n_plo—

nent of line current
c. The peak value “of the 7th harmonic
d. The rms value of the 7th and 11th harmonics

combined P T » S
3 Libeed 1L
/ 'c.x{q

Solution - L
a. The effcctnp op’ rm«. \ealu:e of the ! lme LunTent is

| (2] .6)

I= 0811, = 0.816 X 400 = 326 A

b. The rms value of the fundamental is
=0.9551 = 0.955 X 326 =311 A I_\‘—’
c. The rms value of the 7th harmonic is {i’
IHT—I,J“?-—’%IU’?‘MA —

" i,f pjj_\.t.‘ o




