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Pow ronics deals with the applications of solid-state electronics for the control
and con¥ersion of electric power. Conversion techniques require the switching on
and off’of power se ctor devices. Low-level electronics circuits, which
normally consist of integra ircuits and discrete components, generate the re-
quired gating signals for the power devices. Integrated circuits and discrete com-
nents are being replaced by OpProcessors.

An ideal power device sh have no switching-on and -off limitations in
rn-on time, turn-off ffime, current, and voltage handling capabilities.
rapidly developing fast switching power devices
limits. Power switching devices such as power
Ts, SCRs, TRIACS, GTOs, and other semicon-

e

rs in synthesizing the control strategy for gating power devices to meet the
ersion specifications are widening the scope of power electronics. The po-
tial applications of power electronics is yet to be fully explored.

The time allocated to a course on power electronics in a typical undergraduate
curriculum is normally only one semester. Power electronics has already advanced
to the point where it is difficult to cover the entire subject in a one-semester course.
The fundamentals of power electronics are well established and they do not change

xvii
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rapidly. However, the device characteristics are changing continuously. Power
Electronics, which employs the top-down approach, covers conversion techniques
first, and then applications and device characteristics. It emphasizes the funda-
mental principles of power conversions. The book is divided into five parts:

1. Introduction—Chapter 1

2. Commutation techniques of SCRs and power con
Chapters 2, 3, 4, 6, 7, and 8

3. Applications—Chapters 5, 9, 10, and 11

4. Devices—Chapters 12, 13, and 14

5. Protections—Chapter 15

Topics like three-phase circuits, magnetic circuits, swi chmg functions of co
dc transient analys1s and Fourler analysis are

static power converters’ for junior or senior undergraduate stue
and electronic engineering. It could also be use
students and could be ar nce book for prac
design and applications of er electromcs The preree
on basic electronics and ical circuits. The co
is beyond the scope of & one-seme C
Chapters 1 to 9 should be adequa
electronics. Chapters 9 to 15 co
graduate course.

s would be courses
of Power Electronics
undergraduate course,

bagkground on power
or included in a

Muhammad H. Rashid
Munster, Indiana

floppy disk has been enclosed\with this text. It contains 51 programs written
Advanced BASIC and saved SCII characters. These programs can be used
or the solutions of some worke t examples and generating data for some figures,
lation. The filenames on the disk begin with
d ‘FIG’ for figures. For example, Figure 4-14
e filenames can be listed by directory listing. The
B format readable by any personal computer with a

s regarding the software may be directed to the author:

Dr. Muhammad H. Rashid
Professor of Electrical Engineering
PURDUE UNIVERSITY Calumet
Hammond, Indiana 46323

xviii Preface
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1-1 APPLI S OF POWER ELECTRONICS

electric power for electric motor drive systems and
any years, and this led to early development of the
variable dc voltage for the control of dc motor
volutionized the concept of power control for
f electrical motor drives.
wer, electronics, and control. Control deals
characteristics of closed-loop systems. Power
wer equipment for the generation, transmission,
Electronics deal with the solid-state devices
ssing to meet the desired control objectives. Power
may be defined as the applications of solid-state electronics for the
nd conversion of electric power. The interrelationship of power elec-
cs with power, electronics, and control is shown in Fig. 1-1.
Power electronics is based primarily on the switching of the power semicon-
uctor devices. With the development of power semiconductor technology, the
power-handling capabilities and the switching speed of the power devices have
improved tremendously. The development of microprocessors/microcomputer

The demand for con
industrial controls existe
Ward-Leonard system to obt

ives. Power electronics hav
wer conversion and for contr
Power electronics combin
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Power
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Figure 1-1 Relationship of po

s elect‘and control.

ology has a great impact on ontrol and synthesizing the control strategy
ower semiconductor devices.

ower electronics have already found an important place in modern tech-
and are no in a great variety of high-power products, including heat
r controls, power supplies, vehicle propulsion systems,
(HVDC) systems. It is difficult to draw the bound-
er electronics; especially with the present trends
ices and microprocessors, the upper limit is un-

pplications of power electronics.

and high-voltage direct-cur
aries for the applications of
in the development of power
defined. Table 1-1 shows so

re have been tremendous advances in the power semiconductor devices.
970, the conventional thyristors had been exclusively used for power control
industrial applications. Since 1970, various types of power semiconductor de-
ices were developed and became commercially available. These can be divided
broadly into four types: (1) power diodes, (2) thyristors, (3) power bipolar junction
transistors (BJTs), and (4) power MOSFETs. The thyristors can be subdivided
into seven types: (a) forced-commutated thyristor, (b) line-commutated thyristor,
(c) gate-turn-off thyristor (GTO), (d) reverse-conducting thyristor (RCT), (e) static
induction thyristor (SITH), (f) gate-assisted turn-off thyristor (GATT), and (g)

2 Introduction Chap. 1
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TABLE 1-1 SOME APPLICATIONS OF POWER ELECTRONICS

Advertising Magnets

Air conditioning Mass transits
Aircraft power supplies Mercury-arc lamp ballasts
Alarms Mining
Appliances Model trains
Audio amplifiers Motor controls
Battery charger Motor drives
Blenders Movie projector
Blowers Nuclear reactor,
Boilers Oil well drillin,
Burglar alarms Oven controls

Cement kiln
Chemical processing

Paper _mi
Particl elera

Clothes dryers Peopleimovers
Computers Phﬁphs
Conveyers Photecopies
Cranes and hoists Photographic suppli
Dimmers Power supplies

Displays
Electric blankets ‘
Electric door openers

Electric dryers
Electric fans
Electric vehicles
Electromagnets
Electromechanical electroplating
Electronic ignition
Electrostatic precipitators
levators

Sewing machines
Solar power supplies
Solid-state contactors
shers Solid-state relays
d mixers Space power supplies
od warmer trays Static circuit breakers
Forklift trucks Static relays

Furnaces Steel mills

Games Synchronous machine starting
Garage door openers Synthetic fibers

Gas turbine starting Television circuits

rator exciters Temperature controls
Timers

Toys

Traffic signal controls
Trains

TV deflections
Ultrasonic generators

er power supplies Uninterruptible power supplies

Latching relays Vacuum cleaners
Light dimmers VAR compensation
Light flashers Vending machines
Linear induction motor controls VLF transmitters
Locomotives Voltage regulators
Machine tools Washing machines
Magnetic recordings Welding

Source: Ref. 5.
Sec. 1-2 Power Semiconductor Devices 3
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light-activated silicon-controlled rectifier (LASCR). Static induction transistors
are also commercially available.

Power diodes are of three types: general purposes, high speed (or fast re-
covery), and Schottky. General-purpose diodes are available up to 3000 V, 3500
A, and the rating of fast-recovery diodes can go up to 3000 M, 1000 A. The rever
recovery time varies between 0.1 and 5 ps. The fast-recg
for high-frequency switching of power converters. A ¢
cathode and an anode. Schottky diodes have low on-g
recovery time, typically nanoseconds. The leakage
voltage rating and their ratings are limited to 100 V,
when its anode voltage is higher than that of t
drop of a power diode is vey low, typically 0.5
is higher than its anode voltage, a diode is s
1-2 shows various configurations of general-purpose d :
into two types. One is called a stud or stud-mounted type a dther is called
a disk or press pak or hockey puck type. Inas 1ther the anode
or the cathode could b

A thyristor has th

and a gate. When a
small current is passe , the thyristor conducts,
provided that the ano al than the cathode. Once
a thyristor is in a conduction mode;t ate ci as no control and the thyristor
continues to conduct. When a mode, the forward
voltage drop is very small, typi A conducting thyristor can be

ntial. The line-commutated thyristors are turned off due to the sinusoidal
of the input voltage, and forced-commutated thyristors are turned off by
tra circuit called commutation circuitry. Figure 1-3 shows various configu-
rations of phase c@ or line-commutated) thyristors: stud, hockey puck, flat,
and pins types.

Figure 1-2 Various general-purpose
diode configurations. (Courtesy of
Powerex, Inc.)

4 Introduction Chap. 1
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Natural or line-commutated thyristors are available with rat
V, 4000 A (and 5000 V, 2500 A). The turn-off time @
thyristors have been improv bstantially and it i
in a 1200-V, 2000-A thyristot=™ The turn-off time is de
between the instant when rincipa current has decrea
switching of the principal Woltage c
capable of supporting a specified prin
and GATTs are widely used for high
cations. An RCT can be considered

e time interval
ero after external
when the thyristor is
turning on [2]. RCTs
i traction appli-

ing time of 40 ps. GATTs are available up to 1200 V, 400 A with a
eed of 8 ws. LASCRs, which are available up to 6000 V, 1500 A,

all types of simple heat co light controls, motor controls, and ac switches.
similar to two thyristors connected in inverse
allel and having only one gat@terminal. The current flow through a TRIAC
be controlled in either direction.

GTOs and SITHs are self-t d-off thyristors. GTOs and SITHs are turned
a short positive e to the gates and are turned off by the appli-

egative pulse e gates. They do not require any commutation

A. SITHs are expected to be applied for medium-
erters with a frequency of several hundred kilohertz and beyond the
range of GTOs. Figure 1-4 shows various configurations of GTOs.

igh-power bipolar transistors are commonly used in power converters at a
uency below 10 kHz and are effectively applied in the power ratings up to 100
and 1000 V. The various configurations of bipolar power transistors are shown
in Fig. 13-2. A bipolar transistor has three terminals: base, emitter, and collector.
It is normally operated as a switch in the common-emitter configuration. As long
as the base of an NPN transistor is at a higher potential than the emitter and the

Sec. 1-2 Power Semiconductor Devices 5
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rn-off thyristors.
rnational Rectifier)

TABLE 1-2 RATINGS OF POWER SEMICONDU

Swlc!ing

Type rating time (us) On voltage/current
Diodes General purpose 3000 V/3500 A 1.6 V/10 kA
High speed 3000 V/1000 A 2-5 3 V/3000 A
Schottky 40 V/60 A 0.23 0.58 V/60 A
Forced-turned-off Reverse 3000 V/1000 A 400 2.5 V/10 kA
thyristors High spee 1200 V/1500 A 20 2.1 V/I4500 A
Reverse blocking 2500 V/400 A 40 2.7 V/I1250 A
Reverse conducting 2500 V/1000 A/R400 A 40 2.1 V/1000 A
GATT 1200 V/400 A 8 2.8 V/1250 A
‘ ‘ Light triggered 6000 V/1500 A 200-400 2.4 V/4500 A
‘/'\Cs 1200 V/300 A 1.5V/420 A
GTO 3600 V/600 A 25 2.5 V/1000 A
i ITH 4000 V/2200 A 6.5 2.3 V/400 A
ngle 400 V7250 A 9 1 V250 A
400 V/40 A 6 1.5V/49 A
630 V/50 A 1.7 0.3V/20 A
Darlington 900 V/200 A 40 2V
1200 V/10 A 0.55 1.2 Q
500 V/8.6 A 0.7 0.6
1000 v/4.7 A 0.9 20
500 V/10 A 0.6 0.4 Q

6 Introduction Chap. 1
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TABLE 1-3 CHARACTERISTICS AND SYMBOLS OF SOME POWER DEVICES

Devices Symbols Characteristi
Io 4
A Ip K / v
Diode °—>——{>}—‘—‘—° » Vak
| | 0
r Vax 1
! MG
A
Thyrist —o == -V,
yristor 2 LA % T ‘ AK
G Ia Gate trigge
la J\f
GTO o -
A L ‘?’( 'AK
‘ Ia riggered
|
TRIAC : Y 8 - Vas
G G
Ia Gate triggered
C N 1/
A G |
I lc toC [ g, 'Bn>l81
—_—
NPN BJT B
E
‘ lg1
E 0 Vce
C IC 'Bn
IB ’|c la.>1
N T B Bn~ b1
lay
E t le 0 » Vec
0 ’
| Vas1
N-Channel Vgs1>V
MOSFET yoriase
GSn
S 0 ‘VDS
D !
] D
l P Vas1
G Vasi<Vas
Vasn
s Y -+ Vps
Sec. 1-2 Power Semiconductor Devices
Z\
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base current is sufficiently large to drive the transistor in the saturation region, the
transistor remains on, provided that the collector-to-emitter junction is properly
biased. The forward drop of a conducting transistor is in the range 0.5 to 1.5 V.
If the base drive voltage is withdrawn, the transistor remains in the nonconduction
(or off) mode.

Power MOSFETSs are used in high-speed power cony,
at a relatively low power rating in the range of 1000 V, 50
of several tens of kilohertz. The various power MOSH
shown in Fig. 13-22. The ratings of commercially avai
devices are shown in Table 1-2, where the on—voltaie 1

of the device at the specified current. Table 1- WS
the symbols of commonly used power semicond r devices.

1-3 CONTROL CHARACTERISTICS OF POWER DEVICES

The power semiconducto
signals to the gate terminal bipolar transistors).
The required output isr“i time of these switching
devices. Figure 1-5 shows the out O ol characteristics of com-

¢ conduction mode,
o effect and this is

ices can be operated
of thyristors (and to the b

applying control

the gate signal of either positive

shown in Fig. 1-5a. When a powe onductor device is in a normal conduction

e, there is a small voltage dfop across the device. In the output voltage

ms in Fig. 1-5, these voltage drops are considered negligible, and unless
specified, this assumptlon is made throughout the following chapters.

he power se ductor switching devices can be classified on the basis of:

1. Uncontrolled tu and off (e.g., diode)

2. Controlled turn on uncontrolled turn off (e.g., SCR)

3. Controlled turn on a ff characteristics (e.g., BJT, MOSFET, GTO)
4. Continuous gate sign quirement (BJT, MOSFET)

., SCR, GTO)
ding capability (SCR)

3
e

S OF POWER ELECTRONIC CIRCUITS

For the control of electric power or power conditioning, the conversion of electric
power from one form to another is necessary and the switching characteristics of
the power devices permit these conversions. The static power converters perform

8 Introduction Chap. 1
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N N |

+ LT i+
Thyristor Yo
Vs
Vs RS Vo
- o— — 0
(a) Thyristor switch

0 . t
1
(d) MOSFET switch

—

Figure 1-5 Control characteristics of power switching devices.

Sec. 1-4 Types of Power Electronic Circuits 9
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_V,
vm’}_ s _
Vg = Vi sin wt
Diode D, o
N
+ L
Vg = Vsinwt
Load resistance -Vmp— — —
ac i
supply + A N Vin Vo
_—
Vs Vo
= N
1% |
Diode D,

(a) Circuit diagram

Figure 1-6 Single-phase rectifier circuit.

these functions of power‘ersions. A converter
ing matrix. The pow ectromics circuits can be clag

1. Diode rectifiers

2. ac—dc converters (contrg

3. ac—ac converters (ac vo

4. dc—dc converters (dc ch

5. dc—ac converters (inverte
. Static switches

iode rectifier circuit converts ac voltage into a fixed dc volt-
-6. The input voltage to the converter could be either

Rectifiers.
age/and is shown i
single-phase or three-pha

gle-phase converter with two natural commutated
The average value of the output voltage can be
ction time of thyristors. The input could be a
hese converters are also known as controlled rec-

ac-dc converters.
thyristors is shown in Fig. 1

3

ac converters. These converters are used to obtain a variable ac output
from a fixed ac source and a single-phase converter with a TRIAC is shown
1g. 1-8. The output voltage is controlled by varying the conduction time of a
RIAC. These types of converters are also known as ac voltage controllers.

dc-dc converters. A dc—dc converter is also known as a chopper or switch-
ing regulator and a transistor chopper is shown in Fig. 1-9. The average output
voltage is controlled by varying the conduction of transistor, t,. If Tis the chopping
period, then t; = 3T. & is called as the duty cycle of chopper.

10 Introduction Chap. 1
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\'/
Vol o

Vg = Vpsinwt

Thyristor T,
~N a

X {

Vg = Vpsinot ~Vm

- Load resistance
ac AAA

supply + I

Vo

e

Thyristor T2
(a) Circuit diagram

dc—ac converters.
single-phase transistor inver
conduct for one-half perio

the conduction time of transistors.
Static switches. Since the po

or coatactors, the supply to these swi S
are as ac static switches or dc switches.

4Vs
Vo o — Vg = Vipsinwt
0 » wt
n 2n
|
|
Npb——— — — -
4v, |
Vo ™ — A |
/ | R
Resisti ! ‘
esistive > ot
% load, 0 — n\ 2n
R a \\
\| y
Vo b — — - — ___N\H.JL'V
(a) Circuit diagram (b) Voltage waveforms

Figure 1-8 Single-phase ac—ac converter.
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+ /
Vee
Transistor 1
* T
Vs ? Vee !
— o—f
0
dc + A
supply Vs
5
Dm Z a Vo
d
= — 0
(a) Circuit diagram
Figure 1-9 Dc-dc c‘ter.
Vgh VgZ
1
0
4 Voo Ve 2
1 — =
0 t
v s T
Vv, =2 2 o
0 > t | ,— |
l T 04 "'
2 _ q [ | Lsg

(a) Circuit diagram

Figur 0 Single-phase dc—ac converter.

POWER ELECTR S EQUIPMENT

nics equipment can be divided into four parts:

er circuits
. Protection of power devices
3. Determination of the control strategy
4. Design of logic and gating circuits

In the chapters that follow, various types of power electronic circuits arc
described and analyzed. In the analysis, the power devices are assumed as ideal
switches; and effects of circuit stray inductance, circuit resistances, and source
inductance are neglected. The practical power devices and circuits differ from
these ideal conditions and the designs of the circuits are also affected. However,
in the early stage of the design, the simplified analysis of a circuit is very useful to

12 Introduction  Chap. 1
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Power Input Power Output

—S—;t;:e— filter converter filter

Output

Switching
control signal
generator

Figure 1-11 Generalized power converter struct
understand the operation of the circuit and to establish the characteristic
control strategy.

necessary. Only after the prototype is built and te
fident about the validity of t sign and can estim
the circuit parameters (e.g., stray inductance).

1-6 PERIPHERAL EFFECTS

sed mainly on the switching of power

The operations of the power converte
i onverters introduce current and voltage

semi uctor devices; and as a result

cause ems of distortion of the output voltage, harmonic generation into the
supply syStem, and int nce with the communication and signaling circuits. It
is normally necessary t uce filters on the input and output of a converter

vel to an acceptable magnitude. Figure 1-11
lized power converter.

er converters plays an important part on the
form distortion, and can be aimed to minimize
r converters can cause radio-frequency inter-
iation and the gating circuits may generate
ce can be avoided by grounded shielding.

shows the block diagram of a ge
The control strategy for the
onic generation and output w

e technology for the power semiconductor devices and integrated circuits
clops, the potential for the applications of power electronics becomes wider.
here are already many power semiconductor devices that are commercially avail-
ble; however, the development in this direction is continuing. The power con-
verters fall generally into six categories: (1) rectifiers, (2) ac—dc converters, (3)
ac—ac converters, (4) dc—dc converters, (5) dc—ac converters, and (6) static switches. The

Chap. 1 Summary 13
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design of power electronics circuits requires designing the power and control cir-
cuits. The voltage and current harmonics that are generated by the power con-
verters can be reduced (or minimized) with a proper choice of the control strategy.
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1-1. What is power electronics?
. What are the various types o

hat are the conditions for a thyristor to conduct?
ting thyristor be turned off?

. What is the difference b
. What is the gating chara
What is turn-off time of

en a thyristor and a TRIAC?
stic of 'a GTO?
ristor?

is the principle dc conversion?

hat is the principle of dc—ac conversion?

. What are the steps involved in designing power electronics equipment?

. What are the peripheral effects of power electronics equipment?

. What are the differences in the gating characteristics of GTOs and thyristors?

. What are the differences in the gating characteristics of thyristors and transistors?
. What are the differences in the gating characteristics of BITs and MOSFETs?
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Diode Circuits and Rec
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2-1 INTRODU

Semicondpictor diodes h nd many applications in electronics and electrical
engineering circuits. Diodes Iso widely used in power electronics circuits for
conversion of electric power. Thgdiode circuits that are commonly used in power
eleetronics for signal processing are reviewed in this chapter. The applications of
‘ (ﬁs for conversion of power fro —dc are introduced. The ac—dc converters
known as rectifiers and the diode rectifiers provide a fixed dc output
he diodes are considered to be ideal. By
t the reverse very time and the forward voltage drop are

RC AND RL LOADS

2-1a shows a diode circuit with an RC load. When the switch §; is closed
= 0, the charging current that flows through the capacitor is found from

1
VS=vR+vc=vR+EJidt+vc(t=0) (2-1)
vg = Ri (2-2)

15
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Sy Dy
+ o Ot T
Ve —
+
(o] -|— ‘vc
(a) Circuit diagram (b) Waveforms

Figure 2-1 Diode circu‘ RC 1

(t=0) =0, theso
harging current as

With the initial conditio (which is derived

in Appendix D.1) gives

(2-3)

The capacitor voltage is

dr = V(1 — e~vRC) (2-4)

v(1)

RC = 7 is the time constant of an RC load. The rate of change of the
capdcitor voltage J
dv. _V,
dt  RC

capacitor voltage (at t = 0) is obtained from Eq.

e YRC (2-5)

and the initial rate of chang
(2-5):

ue
e

dv V
< = == (2-6)
ar|,_, RC
ode circui an RL load is shown in Fig. 2-2a. When switch §; is
t ¢ = 0, the current through the inductor increases and is expressed as
di :
V,=wv, + vg=L- + Ri (2-7)

dt

With the initial condition i(r = 0) = 0, the solution of Eq. (2-7) (which is derived
in Appendix D.2) yields

==

(n) = 2 (1 — e ") (2-8)

16 Diode Circuits and Rectifiers Chap. 2
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Vg +
L
) (a) Circuit diagram (b) Wave
Figure 2-2 Diode circuit with RL l(ﬂ

The rate of change of this current can be obtained Eq.

di 'V, ..
— = — et 29
i (2-9)
and the initial rate of rise of th‘rrent (at ¢t = 0) is obta q. (2-9):
di
— 2-10
7 (2-10)
The voltage across the inductor is ‘
v (f) = L (2-11)

where 7 is the time constant of an RL load.

The waveforms for_the voltage and current are shown in Fig. 2-2b. If 1 >>
L/R, the yoltage across uctor tends to be zero and its current reaches a
steady-state value of I, = V /K. an attempt is then made to open switch S,, the
energy stored in the inductor (= Li%) will be transformed into a high reverse
A% e across the switch and diod his energy will be dissipated in the form of
& across the switch; and the d D, is likely to be damaged in this process.
such a situation, a d commonly known as a freewheeling diode
as shown in Fig. 2-8a.

1t is shown_ifFig. 2-3a with R = 44 Q and C = 0.1 wF. The capacitor
ial voltage, V, = 220 V. If the switch S, is closed at t = 0, determine the
diode current; (b) energy dissipated in the resistor, R; and (c) capacitor

olution The waveforms are shown in Fig. 2-3b.
(a) Equation (2-3) can be used with V, = V, and the peak diode current is
220

IPZH:SA

Sec. 2-2 Diodes with RC and RL Loads 17
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¥ Dy

(a) Circuit diagram

W =
(c) For RC =

2-3 DIODES WITH LC AND RLC LOA

jiode circuit with an LC load %8 shown in Fig. 2-4a. When switch S, is closed
0, the charging current of the capacitor is expressed as
di 1
=L—+=|id = -
Tl t+ v.(t=0) (2-12)

= 0 and v.(t = 0) = 0, Eq. (2-12) can be solved
Appendix D.3)

With initial conditions i(¢

‘ ‘ for the capacitor current as

(2-13)

=
1
=
il
2.
=
g€

2-14)

C
1, =V, \/ 7 (2-15)

The rate of rise of the current is obtained from Eq. (2-13) as

i
-
Z.
=

€
=

di V
— = —S 2_16
; = COoS wt ( )

18 Diode Circuits and Rectifiers Chap. 2
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|
:
I
0 L v >t
A Ve t1/2 |
Wy m —— — !
VY S Ity = VT
I
0 ! t
(a) Circuit diagrams (b)
Figure 2-4 Diode circuit with LCload.
and Eq. (2-16) gives the initial rate of rise of the clrrent (at as
di V,
= = 2-17
dt -0 L (2-17)
The voltage across the cap “ﬂ“ can be derived as
v(t) = — (1 - co (2-18)
Atatimet = t; = w VLC, the diod t, 0 zero e‘he capacitor is
charged to 2V,. The waveforms for age and current are shown in Fig. 2-
4b.
Exam

A diode circuit wit
initjal voltage, V, =
If the switch §, is closed a
(b) conduction time of the dio

Solution (a) Using Kirchhoff’s
current as

LC load is shown in Fig. 2-5a with the capacitor having an
capacitance, C = 20 pF, and inductance, L = 80 wH.
0, determine the (a) peak current through the diode;
and (c) steady-state capacitor voltage.

age law (KVL), we can write the equation for the

e
‘ fidt+vc(t=0)=0

with initia itions of i(t = 0) = Oand v, (t = 0) = —V, is solved

i(n) =V, \/g sin wt

where © = 1/VLC = 109V20 X 80 = 25,000 rad/s. The peak current,

I, =V, V(UL = 220 \/;—g = 110 A

Sec. 2-3 Diodes with LC and RLC Loads 19
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(b) Att = ¢, = w VLC, the diode current becomes zero and t ction time of

diode is

f

(¢) The capacitor V‘e can

v (1) =
Fort = t, = 125.66 ps, v, (¢

A diode circuit with an RLC load is shown in Fig. 2-6. If the switch S, is
c t ¢ = 0, we can use the KVL to write the equation for the load current as

Ri+—1éjidt+vc(t=0)=vs (2-19)

with initial conditions i (¢ =\0) and v, (¢ = 0) = V,. Differentiating Eq. (2-19)

‘ ‘and dividing both sides by L

0 (2-20)

the capacitor is charged to the source voltage V;
will be zero. The forced component of the current
The current is due to the natural component.

Figure 2-6 Diode circuit with RLC
load.

20 Diode Circuits and Rectifiers Chap. 2
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. The characteristic equation in Laplace’s domain is

R 1
2 _ -
£+ =5+ C 0 (2-21)

and the roots of quadratic Eq. (2-21) are given by

__ R [(RY _ L
127 7o Ty oL LC

Let us define two important properties of a second-orde

factor,
_R
*T oL
and the resonant frequency,
1
W0 = TAE (2-24)
Substituting these into Eq. 2) yields

(2-25)

; ues‘and g, would

el Ifa = w,, the roots equal, s, = s,, and the circuit is called
critic mped. The solution will be of the form

i(ty = (A, + A, e (2-26)

The solution for the current, which wi
follow one of the three possible cases

Case 2. Ifa > w,, the roats are real and the circuit is said to be overdamped.

The solution takes the form

e + A,e’ (2-27)
f o < wg, the ts are complex and the circuit is said to be
S, = —a * jo, (2-28)

The solution takes the form
i(f) = e (A, cos wt + A, sin w,) (2-29)
and the current consists of a damped or decaying sinusoidal.
Note. The constants A; and A, can be determined from the initial conditions

of the circuit. The ratio of o/w, is commonly known as damping ratio, 8.

Sec. 2-3 Diodes with LC and RLC Loads 21
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Example 2-3

1.2 3

0.8

22

In the second-order RLC circuit of Fig. 2-6, the source voltage, V, = 220 V, induct-
ance, L = 2 mH, capacitance, C = 0.05 pF, and resistance, R = 160 ). The initial
value of the capacitor voltage is V, = 0. If the switch is closed at ¢ = 0, determine
(a) an expression for the current, i(f), and (b) the condugtion time of diode. (c
Draw a sketch of i(¢).

Solution (a) From Eq. (2-23), a = 160 x 10%(2 X 2)
(2-24), wy = UVLC = 10° rad/s.

w, = V10" — 16 x 10®* = 91,6

Since o < w,, it is an underdamped circuit an

,000 rad/s and from E

i{t) = e *(A, cos ©

’Az sin w, )
Att = 0,i(r = 0) = 0 and this gives A, = 0 The sol

i(f) = e >A, sin w,¢

The derivative of i(¢) @i

= W)COS w,tAe”* — a sin

When the switch is closed at ¢
inductor offers a high impeda
only by the inductor L. Thus 1t dildt is

ers a low impedance and the
the current is limited

nd the constant

V, 220 x 1000 _
o, L 91,652 x2

1.2

The final expression for thécurrent i(t) is

= 1.2 sin (91,652f)e 000 4

1.2 - 40,000t

wit

Figure 2-7 Current waveform for Ex-
ample 2-3.

Diode Circuits and Rectifiers Chap. 2
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(b) The conduction time of the diode is given as

t = e
91,652

Wt =T or = 34.27 ps

(c) The sketch for the current waveform is shown in Fig. 2-7.

2-4 FREEWHEELING DIODES

If the switch S, in Fig. 2-2a is closed for time ¢, a current
the load; and then if the switch is opened, a path must be p
in the inductive load. This is normally done by co i
in Fig. 2-8a, and this diode is usually called a free
operation can be divided into two modes. Mode lﬂ
at t+ = 0, and mode 2 begins when the switch is

circuits for the modes are shown in Fig. 2-8b. i, and i, are defi
taneous currents for mode 1 and mode 2, respectiyely. e corre-

sponding durations of these ‘s.

Mode 1. During ‘mod
Eq. (2-8), is

i) =

the diode curren ch is similar to

(2-30)

Mode 1 Mode 2

(b) Equivalent circuits

(c) Waveforms

Figure 2-8 Circuit with freewheeling diode.

Sec. 2-4  Freewheeling Diodes 23
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When the switch is opened at ¢ = ¢; (at the end of this mode), the current at that
time becomes

| %
Il = il(t = tl) = Es (1 - e-“R/L) (2'31

If the time ¢, is sufficiently long, the current reaches a
steady-state current of I, = V /R flows through the loa

dy-state value an

Mode 2. This mode begins when the switch is
starts to flow through the freewheeling diode D,,. R
the beginning of this mode, the current throu‘e fr
from

(2-32)

gives the free-

with initial condition i, (¢ = 0) = I;. The so
wheeling current as

i(f) = Le " (2-33)

and this current decays exponen provided that t, >> L/R.
The waveforms for the currents

Example 2-4

In Fig. 2-8a, the resistance is gible (R = 0), source voltage, V, = 220 V, and
load inductance, L = 220 uH. (a) Draw the waveform for the load current if the

itch is closed for a time ¢, = 100 ps and is then opened. (b) Determine the energy
stored in the load inductor.

Solution (a) uit diagram is shown in Fig. 2-9a with a zero initial current.

Dm ¥

(a) Circuit diagram {b) Waveforms

Figure 2-9 Diode circuit with L-load.

24 Diode Circuits and Rectifiers Chap. 2
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When the switch is closed at t = 0) thé load current rises linearly and is expressed as
i(H) = ——’t
i = 7

andatt =1, I, = Vt/L = 220 x 100/220 = 100 A.

(b) When the switch S, is opened at a time ¢ = ¢,, the load current starts to
flow through the diode D,,. Since there is no dissipative (resigtive) element in the
circuit, the load current remains constant at I, = 100 A and t
inductor is 0.5LIZ = 1.1 J. The current waveforms are sho

2-5 RECOVERY OF TRAPPED ENERGY WITH A DIODE

In the ideal lossless 01rcu1t of F1g 2-9a, the energy stoked in the inductor is tra

source. This can be achieved by adding a second winding to they
connecting a diode D, as shown in Fig. 2-10a. Theagin
former. The transformer se ary is connected sue
v, is negative, and vice versa, The secondary winding that fa
stored energy to the source iode Dyis known as a feedb
a transformer with a magnetizing indy
shown in Fig. 2-10b.

If the diode and secondary voltag
side of the transformer, the equivale t is that shown in Fig. 2-10c. i; and
i, define the primary and secondary ¢ ts of the transformer, respectively.

urns ratio of an ideal transformer is defined as

nding. Assuming
quivalent circuit is as

are ref to the primary

a==2 (2-34)

d into two modes. Mode 1 begins when the
e 2 begins when the switch is opened. The
shown in Fig. 2-11a. ¢, and ¢, are durations

The circuit operation can be di
switch §; is closed at ¢t = 0 and
ivalent circuits for the modes
mode 1 and mode 2, respectiv

e

he switch is closed at ¢ = 0. The diode D, is
ough the diode (secondary current) isa i, = 0
n Fig. 2-11a, V, = (v, — V,)a and this gives the

reverse

p =Vl +a) (2-35)

ming that there is no initial current in the circuit, the primary current is the
e as the switch current i, and is expressed as

=L, — 2-36

Sec. 2-5 Recovery of Trapped Energy With a Diode 25
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D1 I2
+ o——d&-—a\ -
Sy iy
+

Ve -
- N;:Np
(a) Circuit diagram
+ N1 : Ng
s, S iJa
A Lm
o Ideal
transformer
(b) Equivalent circuit
+
is °s,
iy
Vs

- Figure 2-10 Circuit with energy recov-
ery diode.

ives

gp
|

ent circuit
0 = i) = (2-37)

ode is valid for 0 < r < ¢, and ends when the switch is opened at ¢ = 1.
e end of this mode the primary current becomes
V

I, = L—St1 (2-38)

n

Mode 2. During this mode the switch is opened, the voltage across the
inductor is reversed and the diode D, is forward biased. A current flows through
the transformer secondary and the energy stored in the inductor is returned to the

26 Diode Circuits and Rectifiers Chap. 2
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+ o "
ixa
Ig D, 1 2 D,
vD
Vs Vi Lm + T 3 Lm
i - Tvs/a
% Mode 1 Mode 2

(a) Equivalent circuit

_.Vs

Vp |

Figure 2-11 Equivalent circuits and

(b) Waveforms waveforms.
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source. Using the KVL and redefining the time origin at the beginning of this
mode, the primary current is expressed as

Lm:i‘t" + w2 0 (2-39)

with initial condition i; (f = 0) = I,, and we can solve t

i1 =

The conduction time of diode D, is found from the

Eq. (2-40) and is ‘
2

Mode 2 is valid for 0 =< ¢ < ¢,. At the end of this mode at ¢
stored in the inductor L, ii returned to the s

alL, 1,

| the energy
waveforms for

the currents and voltag shown in Fig. 2-11

Example 2-5
agnetizing inductance of the
. T akage inductances and
source‘ge is V, = 220 V and
If the switch is closed for a time t, = 50 ps
and is then opened; (a) deter e reverse voltage of diode D,; (b) calculate the
eak value of primary current; (c) calculate the peak value of secondary current; (d)

termine the conduction time of diode D,; and (e) determine the energy supplied
by the source.

For the energy recovery circu
transformer is L,, = 250 pH,
resistances of the transformer
there is no initial current in t

Solution The
(a) From Eq.

i0is a = NN, = 100/10 = 10.

the reverse voltage of the diode,
=220 x (1 + 10) = 2420V
(b) From Eq. (2-38 peak value of the primary current,

50
Io = 220 X ﬁ 44 A

of the secondary current, I, = I/a = 44/10 = 4.4 A.

d) From -41) the conduction time of the diode,
10
=250 x 44 x ﬁ 500 s

(e) The energy supplied by the source,

W = f vidt =

Using Eq. (2-38) yields
W =05L,13 =05 x25 x 1075 x 442 = 0.242 ]

28 Diode Circuits and Rectifiers Chap. 2
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Vim
0
Vo
-— Vin
1 D1
> Ot
+ +
¢ :
< Vg = Vy Sinwt R VL
— - v, r_ ______

(a) Circuit diagram
Figure 2-12 Qe-phase half-wave rectifier.

2-6 SINGLE-PHASE HALF-WAVE IlECTIFI

A rectifier is a circuit that converts an irecti‘ignal. Diodes
are used extensively in rectifiers. A -wave rectifier is the simplest
d is not normally used in ind applications. However, it is useful in
ing the principle of rectifier operation. The circuit diagram with a
ad is shown in Fig. 2-12a. During the positive half-cycle of the input
iode D, con and the input voltage appears across the load. During
the negative half-cycle input voltage, the diode is in a blocking condition
and the output voltage is zero'@gThe waveforms for the input and output voltages
are shown in Fig. 2-12b.

resisti

own in Fig. 2-12b is dc, it is discontinuous and
contains different types of rectifier circuits and the per-
forman a rectifier af€ normally evaluated in terms of the following parameters:

average value of the output (load) voltage, V.
e average value of the output (load) current, [y
The output dc power,

Py = Vacdac (2-42)
The rms value of the output voltage, V, s

The rms value of the output current, I,

Sec. 2-7 Performance Parameters 29
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The output ac power,
Pac = VrmsIrms (2_43)

The efficiency (or rectification ratio) of a rectifier, which is a figure of merit
and permits us to compare the effectiveness, is defined as

ac

The output voltage can be considered as being co

(1) the dc value, and (2) the ac component or ripple.
The effective (rms) value of the ac compi
Vac - V%ms (ziC

The form factor, which is a measure of !e shape

The ripple factor, ent, is defined as

(2-47)
Substituting Eq. (2-45) in Eq. (
(2-48)
The transfor, utilization factor is defined as
TUF = % (2-49)

age and rms current of the transformer secondary,

¢ is the angle betw the fundamental components of the input current
, ¢ is called the lacement angle. The displacement factor is defined

‘ ‘ where V, and I, are the rms
respectively.
DF = cos ¢ (2-50)

rmonic factor of the input current is defined as

I? _ 1% 1/2 IS 2 172
HF=< 5 ) =-1z) ! (2-51)

where /, is the fundamental rms component of the input current. The input power
factor is defined as

I 1
PF = % cos ¢ = i cos ¢ (2-52)

30 Diode Circuits and Rectifiers Chap. 2
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Note. If the input current is purely sinusoidal, /; = [ and the power factor,
PF, equals the displacement factor, DF. An ideal rectifier should have: n =
100%, V,. = 0, FF = 0, RF = 0, TUF = 1, HF = 0, and PF = 1.
Example 2-6

The rectifier in Fig. 2-12a has a purely resistive load of R. Determine the (a) effi-
ciency; (b) form factor; (c) ripple factor; (d) transformer utiliz factor; and (e)
peak inverse voltage (PIV) of diode D,.

Solution The average output voltage V. is defined as

1 T
Ve = 7 L vi(0) dt

We can notice from Fig. 2-12b that v, (f) = 0 for T

IJ’T/Z . _V
Vi = T V,, sin ot dt = T

But the frequency of the s&‘is f=UTand o =

‘ Vdc

Y _ 03187,

(2-54)

(2-55)

For @ sinusoidal vol
output voltage is

172 V
Vv . sin wf)? dt] =" = 0.5V,
2 (2-56)
Vo
2), Py = /R, and from Eq. (2-43), P,. = (0.5V,)%R.
Eq. (2-44), ficiency, v = (0.318V,,)%(0.5V,)* = 40.5%.
m Eq. (2- e form factor, FF = 0.5V, /0.318V,, = 1.57 or 157%.

rom Eq. (2-48), the ripple factor, RF = V1.57% — 1 = 1.21 or 121%.
The rms voltage of the transformer secondary is

_ |1 f ' i 2 - Y
V, = [T X (V,, sin wt)? dt =5 0.707V,, (2-57)
The rms value of the transformer secondary current is the same as that of the load:
0.5V,
I, = R
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The volt-ampere rating (VA) of transformer, VA = VI = 0.707V,, x 0.5V, /R.
From Eq. (2-49) TUF = 0.318%(0.707 x 0.5) = 0.286.
(e) The peak reverse (or inverse) blocking voltage, PIV = V.

Note. 1/TUF = 1/0.286 = 3.496 signifies that the transformer must be 3.49¢
times larger than that when it is being used to deliver power
This rectifier has a high ripple factor, 121%; a low effici
TUF, 0.286. In addition, the transformer has to carry a
in a dc saturation problem of the transformer core.

Let us consider the circuit of Fig. 2-12a wi
13a. Due to inductive load, the conduction

(b) Waveforms

(c) Waveforms

Figure 2-13 Half-wave rectifier with RL load.
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)
voltage are shown in Fig. 2-13b. The average output voltage is

V ™+ 0 V
Vg = ﬁ . sin wt d(wf) = ﬁ [~cos we7+?
|4

(2-58)

= 211 - cos(w + 0)]

27
where 8 = tan~! (wL/R) and w = 2wf. The average load currg
It can be noted from Eq. (2-58) that the average voltagg
be increased by making 6 = 0, which is possible by adding 3
D,, as shown in Fig. 2-13a with dashed lines. The effect of t

S Idc = VdC/R’

energy is increased. At¢ = f, = w/w, the current fi
and this process is called commutation of diodes an
Fig. 2-13c. Depending on the load time constant,
continuous.

2-8 SINGLE-PHASE FULL-WAVE RE‘IERS

A full-wave rectifier circuit a 1s shown in Fig.
2-14a. Each half of the transformer wi > acts as a half-wave
rectifier and the output of a full-wave r¢ ; 1g. Since there
is no dc current flowing through the tra gnodcs tion problem
of transformer core. The average out

7 (T2 2V
v, =2 f V, sin ot dt = =2 = 0.6366V,, (2-59)
T Jo ™

Instead of using a
shown in Fig. 2-15a. Du
flows to the load through diode
D, and D, conduct. The wavefo

‘ is similar to that of Fig. 2-14
.~ This circuit is known as a br.

‘mple 2-

r-tapped transformer, we could use four diodes, as
ositive half-cycle of the input voltage, the current
, and D,. During the negative cycle, diodes
or the output voltage is shown in Fig. 2-15b
The peak-inverse voltage of a diode is only
rectifier.

From Eq. (2-59), the average output voltage is

A%
Vie = —= = 0.6366V,,
™

and the average load current is

Vo  0.6366V,,

le = 3 R

(2-60)
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pared to that of a half-
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The rms value of the output voltage is

5 (T2 ) 12 v
Vs = [? ,[) (V.. sin of)? dt] = % = 0.707V,,

= Ve _ 0707V,
rms R - R

From Eq. (2-42), P,. = (0.6366V,,)*/R and from Eq. (2
(a) From Eq. (2-44), the efficiency, n = (0.6366
{b) From Eq. (2-46), the form factor, FF = 0.7
(¢) From Eq. (2-48), the ripple factor, RF =
(d) The rms voltage of the transformer dar
The rms value of transformer secondary curremt, I, .
rating (VA) of the transformer, VA = 2V I; x 0.707V,, x 0.5V, /
(2-49),

(2-61)

P.. = (0.707V,)R.
10.707V,,)> = 81%.
' 10.6366V,, = 1.11.

m

0.6366°
TUF = X 0707 X 05 0.5732 = 57.3

(e) The peak r‘e blocking voltage, P

34

Vg =V sinwt
wt
0 n I on
I
-V I
b —_————— r—
VL |
Vo — _ _l —
|
|
0 - o -+ wt
) Vo !
0 - o wt
Vpz Vo1
-2V —
(a) Circuit diagram (b) Waveforms

Figure 2-14 Full-wave rectifier with center-tapped transformer.
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W
PR .
Vol — =
0 — wt
n 2n
|
|
Vb — — — —}
p VL
Ve~ — S T -
[N
+ > —
s, . -
Dy D3 0 ™ on -~
Vp :
> i’
Vol ? > Vs R2 v
Dy D2
- — _V'“—-VD Y/

(a) Circuit diagram

(b)
Figure lls Full- idge rectifier.

ectifier in Fig. 2-14a has an RL 16ad. (a) Use the method of Fourier series to
pressions for output voltage v,(f) and load current {,(¢). (b)) If V, = 170
60 Hz, and R = 500 (}, determine the value of series inductance L to limit
current to 5%

Example 2-8

t voltage may be described by a Fourier series {which
is reviewed in Appendix E) as

v,.(1) = Vg (a, cos nwt + b, sin nwt) (2-62)

3
e

_ij" ; _ W
= 2 Jo V,. sin wt d(wt) = -

1 27 2 ™
- f v, cos nwt d(wt) = — f V.. sin ot cos nwt d(wt)
T Jo m Jo

1

1 2w 2 kg
- f v, sin not d(wt) = — j V,, sin ot sin nwt d(wt) = 0
7 Jo w Jo

4V, < 1
T T4 (n — Dn

+

1)
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Substituting the values of a, and b,, the expression for the output voltage is

v, 4V, 4v,, 4v,, B
v, (1) = T 3, cos 2wt 50 <0 4t 357 O 6wt (2-63)

The load impedance

Z =R + j(nol) =

and

and the instantaneous current is

1
=1 - S, [gcos(2wtg

TVRZ+ (nwl)?

where

|

(b) Equation ) giv

2 - (4V,.)’
* 20R* + Qo
monic (n = 2), we have

;oo 4V, x 034
* \V2uVR? + QL)

Considering only the lowest-o

. and after simplification, the ripple factor is

L, 0.481
T V1 + (2oL/R)?

z, the inductance value is obtained as 0.481%2 = 0.052
d this gives L = 6.34 H.

Using the val

= 0.05

For R = 500 Q and f =
[1 + (4 x 60 x wL/500)

-wave rectifier contains only even harmonics and
t dominant one and its frequency is 2f (= 120 Hz).
-63) can be derived by spectrum multiplication of
1s is explained in Appendix C.

. The output of
armonic is the

e can notice from Eq. (2-66) that an inductance in the load offers a high
pedance for the harmonic currents and acts like a filter in reducing the harmonics.
owever, this inductance introduces a time delay of the load current with respect
to the input voltage; and in the case of the single-phase half-wave rectifier, a
freewheeling diode is required to provide a path for this inductive current.

Example 2-9

A single-phase bridge rectifier that supplies a dc motor is shown in Fig. 2-16a. The
turns ratio of the transformer is unity. The load is such that the motor draws a ripple-
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AVs
Vo F ==

wt

+ L=l v
= Vm
g + D, Ds ,
la
Vp Ve o
- Dq4 Dy —lg

(a) Circuit diagram

Figure 2-16 Full-wave bridge rectifier with dc motor load.

free armature current of I,,.*termine the (a) harm current, HF;

and (b) input power factor e rectifier, PF.

Solution Normally, a d
the ripple current of the load.

(a) The waveforms for the inp
shown in Fig. 2-16b. The input cur

or is ly inductive and a filter in reducing

the rectifier are
I series as

LW = I + (2-67)
Idc =
a, =
e values of a ..» the expression for the input current is
. sin wf  sin 3wf  sin Swt
+ PRI -
i(1) - 3 : ) (2-68)
s value of the fundamental component of input current is
41
I, = —% = 0.90]
YT av2 0L,

The rms value of the input current is

4 1 2 1 2 1 2 1 2 172
L=—=IL|1+(|3z] + |z -] + 1z R =
e [ 56 6) ) - .
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2-9 MULTIPHASE STAR RECTIFIERS

e
e

J - ..S
From Eq. (2-51),

2 172
HF = [(ﬁ) - 1] = 0.4843 or 48.43%

(b) The displacement angle, & = 0 and displacemen
From Eq. (2-52), the power factor, PF = 0.90 (lagging).

We have seen in Eq. (2-59) that the average outp
from single-phase full-wave rectifiers is 0.6366
applications up to the 15-kW power level.

In practice,
oad; and the size
.~ In addition to the
ental frequency of the
cquency (qf).

multiple phases by
hown in Fig. 2-17a.

the fundamental compone
a filter is normally used
of the filter decreases
larger power output
harmonics is also increased and is
The rectifier circuit of Fig.
having multiphase windings on t
This circuit may be considered
idered as a half-wave type. e kth diode will conduct during the period
e voltage of kth phase is higher than that of other phases. The waveforms
e voltages and currents are shown in Fig. 2-17b. The conduction period of
each/diode is 27/
It can be noti
ondary winding is unidirec
winding carries current at a
connected in delta in order t
transformer.
average output vo,

Fig. 2-17b that the current flowing through the sec-
al and contains a dc component. Only one secondary
ticular time, and as a result the primary must be
iminate the dc component in the input side of the

e for a g-phase rectifier is given by

wl/q q T
Ve V,. cos ot d(wt) = V,, = sin E (2-69)
™
172
2 2 f
Vims = [2_”/qu V2 cos? wt d (w)]
1/2
1.2
v, [ L(Z+zsin = (2-70)
2w \g 2 q

If the load is purely resistive, the peak current through a diode is /,, = V,,/R and
we can find the rms value of a diode current (or transformer secondary current)
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va = Vg sinwt

i +
S
(a) Circuit diagram
v vy Va % 2 Vg
Vm | i
4 wt
0 | { —;— | | 3n 2ln
| l '
-Vm ; | | | |
Vi | !
I iL=v/R
Vo | ! 4 | | '
|
P | ! i |
D, D D
0 on | A 4 1 s 1 a | wt
n . 2n 6 8n 1 2n
q q q q q
(b) Waveforms

172
12, cos®> wt d (wt)]

(17 1. 217)]“2
— + ~sin—
qg 2 q

A three-phase star rectifier has a purely resistive load with R ohms. Determine the
(a) efficiency; (b) form factor; (c) ripple factor; (d) transformer utilization factor; (e)
peak inverse voltage (PIV) of each diode; and (f) peak current through a diode if the
rectifier delivers /,. = 30 A at a output voltage of V. = 140 V.

(2-71)
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Solution For a three-phase rectifier ¢ = 3 in Eqgs. (2-69), (2-70), and (2-71).
(a) From Eq. (2-69), V,. = 0.827V,, and I,. = 0.827V,/R. From Eq. (2-70),
Vo = 0.84068V, and I, = 0.84068V,/R. From Eq. (2-42), P,. = (0.827V )R,
from Eq. (2-43), P,. = (0.84068V,)YR, and from Eq. (2-44), the efficiency,
_(0.827V,)
" = (o.sa0esv,y - 0 T7%
(b) From Egq. (2-46), the form factor, FF = 0.84
(c) From Eq. (2-48), the ripple factor, RF
18.24%.
(d) From Eq. (2-57), the rms voltage of t‘
From Eq. (2-71), the rms current of the trans

.827 = 1.0165 or 101.65
V1.0165% — 1 = 0.182

I, = 0.48541,

The ~olt-ampere rating (VA) of the transformer is

‘ = 3V =3 x 0.70
From Eq. (2-49)‘
TUF

.6ﬁ
(e) The peak inverse qual to the peak value of the
secondary line-to-line volta ree-phase circuits are reviewed in Appendix A.
The line-to-line voltage is mes the phase voltage and thus PIV = V3V,

(f) The average current through each diode is

g 1
= 2™ coswrd(on = I, > sin T 2-72)
0 ™ q

Forq = 3,1, = 0.2
10 A and this gives the

‘ ‘ Example 2-11

The average current through each diode is I, = 30/3 =
k current as I, = 10/0.2757 = 36.27 A.

age of a g-phase rectifier in Fig. 2-17a in Fourier series.
nd the supply frequency is f = 60 Hz, determine the rms
f the domina monic and its frequency.

a) Express the output

eforms for g-pulses are shown in Fig. 2-17b and the frequency
the output iS g times the fundamental component (gf). To find the constants of
the Fourier series, we integrate from —7/g to m/q and the constants are

b, =10
1 g
a, = — V,, cos wt cos nwt d(wt)
wlq S wiq
_ gV, Jsin [(n — 1)m/q] N sin [(n + 1)w/q]
oo n—-1 n+1

qV,, (n + Dsin[(n — Dn/g] + (n — 1) sin [(n + 1)w/q]
™ n? -1
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After simplification and then using trigonometric relationships
sin (A + B) = sin A cos B + cos A sin B
and
sin (A — B) = sin A cos B — cos A sin B

we get

= 2 = 1)

For a rectifier with g pulses per cycle, the harmonics of the

2qth, 3qth, 4qth and Eq. (2-73) is valid forn = 0, 1 ,
= sin 7 = 0 and Eq. (2-73) becomes

a - 29V cosn—ﬂ‘
" om(n? - 1) q % ¢

The dc component is found by letting # = 0 and is

(2-74)

oltage is expressed

)

v, () = =
(0 =%
Substituting the value of a,, we obtai

%

v, = Vmgsinz<1 - E
’” q

n=gq,2q,... nt -1

cos %;I cos mot) (2-75)

b) For g = 6, ut voltage is expressed as

v,.(1) = 0.9549V + 2 cos 6wt = 2 cos 12wt + - - > (2-76)

35 143

The sixth harmonic is the domi
1/V/2 times its peak magnitude,
35 X V2) = 6.56 A

one. The rms value of a sinusoidal voltage is
the rms of the sixth harmonic is V, = V,, x 2
its frequency is f; = 6f = 360 Hz.

ase bridge rectifier is very common in high-power applications and is
n Fig. 2-18. This is a full-wave rectifier. It can operate with or without
sformer and gives six-pulse ripples on the output voltage. The diodes are
bered in order of conduction sequences and each one conducts for 120°. The
onduction sequence for diodes is 12, 23, 34, 45, 56, and 61. The pair of diodes
which are connected between that pair of supply lines having the highest amount
of instantaneous line-to-line voltage will conduct. The line-to-line voltage is /3
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)

id1 iL

v Figure 2-18 Three-phase‘e rec
Vo - [

times the phase voltage of a three-phase Y-c‘cted
conduction times of diodes are shown in Fig. 2-19.
The average output voltage is found from

2 w6

2m/6 Jo (2-77)
where V,, is the peak phase vo
(2-78)
If the load is purely r =\V3V,/R
and the rms value of the
3 e
I 2 2
I, 7 Jo 12, cos® wt d ((ut):|
1/2
1{m 1 . 2=
—_ —_ + —_ — -
m[w(6 5 sin 6>:| (2-79)
= 0.55181,
the rms value of the transformer secondary current,
8 /6 172
—_ —_ 2
I [211 L L, cos® wt d(wt)]
12 ’
2 (m 1 27
=1I,|=|—- + Zsin— 2-7
SHEE] e

Il

0.78041,,
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Digges l 4—56—»'4— 61—»' -1 2—»‘4— 23 —>|<——- 34—>| —45—|

Veb Vab Vac Ve Vba Vea
V3Vp
|
$ + > wt
0 | Sm I '; 3n | 2n
2 | 2 I
-V3Vq | Y I I |
" I | | I I |
V3V, b= ! ! | I | |
[ [ [ | |
1 i | 1
0 0 20 ™ e 5
3 3 3 3
. ' ' ' | [
r la | | ‘ |
| | |
V3V |
e ' ' ! : l
|
m I |
- } wt
4n 5n 2n

2n

wla

Figure 2-19 Waveforms and conduction times of diodes.

Example 2-12

e

A three-phase bridge rectifier
efficiency; (b) form factor; (c)
peak inverse (or reverse) voltag

purely resistive load of R. Determine the (a)
e factor; (d) transformer utilization factor; (e)
V) of each diode; and (f) peak current through
60 A at an output voltage of V. = 280.7 V and

a = 1.6542V, and I, = 1.6542V,/R. From Egq.
= 1.6554V,/R. FromEq. (2-42), P,. = (1.6542V )%/
V..)’/R, and from Eq. (2-44) the efficiency,

(1.6542V,,%
(1.6554V,,)

(b) From Eq. (2-46), the form factor, FF = 1.6554/1.6542 = 1.0007 = 100.07%.
(c) From Eq. (2-48), the ripple factor, RF = V/T.00072 — 1 = 0.0374 =
3.74%.

(d) From Eq. (2-57), the rms voltage of the transformer secondary, V, = 0.707V,,.

n = = 99.86%
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From Eq. (2-80), the rms current of the transfromer secondary,

I, = 0.78041,, = 0.7804 x \/5%

The volt-ampere rating of the transfromer,
VA = 3V,I =3 x 0.707V,, x 0.7804

From Eq. (2-49),

_ 1.65422
T3 x V3 x0.707
(e) From Eq. (2-77), the peak line-

169.7 V. The peak inverse voltage of each

secondary line-to-line voltage, PIV = V3V, =
(f) The average current through each diode is

6
I, = ’ 1, cos ot d(wt) =
The average curre

?ough
I, = 20/0.3184 = 62.81 A.

Note. This rectifier has im
that of the multiphase rectifier i

TUF

2-11 R R CIRCUIT DESIGN

involves determining the ratings of semiconductor diodes.
ormally specified in terms of the average current, rms
inverse voltage. There are no standard procedures
to determine the shapes of the diode currents and

The¢'design of a re
The ratings of dio
current, peak current, and
for the design, but it is requ
voltages.
We have noticed in (2-63), (2-66), and (2-76) that the output of the
contain harmoni In addition, Eq. (2-66) indicates that the ripple

3
e

¢ filters. e dc filters are usually of L, C, and LC type, as shown in
0. Due to the rectification action, the input current of the rectifier also

Le Lo
+ oYY o Ve A0 A"
+ + + + +
3 $ CoF 3R
Vo vL < R Vo Ce=,L. Vi :: R Vo Vo €

(a) (b) ©
Figure 2-20 Dc filters.
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L;
o SN\, 8 <
+ I +
v = Vpsinwt G I Rectifier Vo
L_ . — had ]
ure 2-21  Ac fil

contains harmonics and an ac filter is used to filter out some of
the supply system. The ac filter is normally of LC type, as
Normally, the filter design requires determining the magnit
of the harmonics. The steps involved in designing rectifi n
by examples. ‘

armonics from
wn in Fig. 2-21.
and frequencies

Example 2-13

A three-phase bridge rectifier supplies a highly inductive load
load current is I,. = 60 A and the ripple content is neghglble
of the diodes if the line-to-neutral voltage of the sup

Solution The currents thro
current of a diode, I, = 60/

he diodes are show he average
= 20 A. The rms current is

16
= —_ 2
Ir |:27T /6 Idc

The peak inverse voltage, PIV = /3
Note. The factor of /2 is used to

+ » wt
% 2n
—_—_ -1
|
: wt
I
|
| -
0 wt
I
} —» wt
s I
a
0 wt

ide

Figure 2-22 Current through diodes.
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iy = IpSinwst

t4 to 13
|+ T=1t

Figure 2-23 Current waveform

2,

= 350 ps, t; = 500 p

Example 2- 14

The current through a diode is shown in Fig
and (b) average diode current if 1, = 100
f. = 5kHz, 1, = 450 A, and I, = 150 A.

Solution (a) The rms value is defined as

‘ [1T fo ' (1, sin w,7)?

= (gt 1)
where w, = 2af, = 31,415.9

i

Irl

and

= (3 ) = e

29.05 A
(2-84) in Eq. (2-82), the rms value is

[ ot o pf, - tz)]

= (50.312 + 29.05%)" = 58.09 A

Substituting Eqs. (2-83)

e current is found from

-I—Jn(l in t)dt+lrl dt
7‘10 ms w: TIZ a

Idl + Id2

Idc

il

I, = I, dt =
" ( sin wt) - fs

3
1, = lf Idt = Lf(t; — tz)
T Jn
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Therefore, the average current becomes
I
Idc = Lf

of, LAl =) =716 + 563 = 1279 A

Example 2-15

A LC filter as shown in Fig. 2-20c is used to reduce the ripple co
voltage for a single-phase full-wave rectifier. The load resista
inductance, L. = 10 mH, and source frequency is 60 Hz (or 37
the values of L, and C, so that the ripple factor of the output

Solution The equivalent circuit for the harmonics is shown
it easier for the nth harmonic ripple current to pass through
load impedance must be greater than that of the capﬂ

VRTF (neLl) >> ;’

e

This condition is generally satisfied by the relation

10
P 7 —
‘ + (nwl) nC,

and under this condition,‘ffect
the nth harmonic component appeari
voltage-divider rule and is expressed

(2-90)

The rms value of
e found by using the

load will be ne
the outp

1/(nwC,
o (nwL,)) — 1/

1

" meyL.C, =1 (2-91)

amount of ripple voltage due to all harmonics is

:< S vg,,) ' (292)

n=246...

For a specified value of V. and
can be computed. We can simpli
armonic. From Eq. (2-63) we

‘ and it svalue is V, = 4V, /(

the value of C, from Eq. (2-90), the value of L,
e computation by considering only the dominant
that the second harmonic is the dominant one
7) and the dc value, V,. = 2V, /n.

92) give

= 2 Egs. (2-91) an

1
=——,
Ver QwyL,.C, -1 "

n

TeBs T Ce Von(nw)

L Figure 2-24 Equivalent circuit for har-
monics.
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The value of the filter capacitor is calculated as

10
VRE ¥ Qo) = =—
(2wl) 20C,
or
10 _ 1

Ce = 4o VR T @mfLy
From Eq. (2-47) the ripple factor is defined as

Vac VOZ V2 1
F=-—%=-2= -
R Vdc Vdc Vdc (41Tf)2LeCe -

or (4nf)?L.C, — 1 = 4.714 and L, = 30.83

nt harmonics
is riple free and
rad/s), determine
nic current is reduced

An LC input filter as shown in Fig. 2-21 is used to reduce th
in a single-phase full-wave rectifier of Fig. 2-16a. The load

its average value is f the supply frequenc
the resonant freque the filter so that the tota

to 1% of the fun'n
Solution The equivalent cir

2-25. The rms value of the n
by using the current-divider 1]

component is shown in Fig.

earini I'n the supply is obtained

1
l/(n(uC,)I" " (nwpLC, - 1l (2-93)

here 1, is the rms value of the nth harmonic current. The total amount of harmonic
current is

I, =( » Iz-,,) (2-94)

n=23,..

input current (with the filter) is

212
LS ([l
T, [;::223 (1]) :l (2-95)

Fr q. (2-68), I, N2 mand I, = 41/(V2 nm) forn = 3,5,7, ... From
~93) and (2-

and the harmonic factor

= I < 1
2 = n) _
’ n:g:,v,... (L) P;ﬂ,._ n?[(nw)*Lc, ~ 1]?

L
— YT e
XL = nwly J_
1 '
Xe= G T O i)
Figure 2-25 Equivalent circuit for har-
monic current.
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This can be solved for the value ofJL ﬁ To simplify the calculations, if we consider
only the third harmonic, 3[(3 X 2 X w x 60)2L,C; — 1] = 1/0.01 = 100 or L,C, =
26.84 x 107° and the filter frequency is 1/\/Lc, = 193.02 rad/s.

Note. The ac filter is generally tuned to the harmonic frequency involved,
but it requires a careful design to avoid the possibility of resonance with the power
system. The resonant frequency of the third harmonic current is 377 x 3 = 1131
rad/s.

2-12 EFFECTS OF SOURCE AND LOAD INDUCTANCES

In the derivations of the output voltages and the per
it was assumed that the source has no inductances and
transformer and supply, these are always present a
are slightly changed. The effect of the source indu ,
than that of resistance, can be explained with reference to Fig.

The diode with the most positive voltage will
point wf = w where voltage and v, are equal 2 0
current I, is still flowing thm the diode D,. Due to
current cannot fall to zero gMimediately and the transfer of
an instantaneous basis. The’€Urrent c
across L, of +v;, and the output volta
time the current through Dj, i, incré
across L, of —v;, and the output volt
that the anode voltages of diodes D, D, are equal and both diodes conduct
fora in period which is called comntutation (or overlap) angle, «. This transfer
of cu om one diode to another is called commutation. The reactance cor-
responding to the inductance is known as commutating reactance.

Theleffect of this o is to reduce the average output voltage of converters.
The voltage across L, is

ent cannot be on
an induced voltage

. At the same
r‘ equal voltage
1> The result is

di
2 = Lz Zi—t (2'96)

e

ssuming a linear rise of the cugrent from 0 to /. (or a constant di/df), we can

ed six ti r a three-phase bridge rectifier. Using Eq. (2-97),

1
=2 + v, + vs) Af = 2f(Ly + Ly, + L) Ai
r (2-98)

2Ly + Ly + Lyl
f all the inductances are equal and L, = L, = L, = L,, Eq. (2-98) becomes
V., = 6fL 1, (2-99)
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(b) Waveforms

Figure 2-26 Three-phase bridge rectifier with source inductances.

Example 2-17

A three-phase bridge r
The average output volt

ier is supplied from a Y-connected 208-V 60-Hz supply.
is 170 V. The load current is 60 A and has negligible
ripple. Calculate the pergentage reduction of output voltage due to commutation if
the line inductance per p is 0.5 mH.

jon L, = 0.5mH/V = 208\V3 =120V,f=60Hz,I,, = 60 A,and V,, =
Eq. (2-77), V4 = 1.6542 x 169.7 = 280.7 V. Equation
es the out tage reduction,

3
e

V., =6x 60 x 0.5 x 1073 = 10.8 Vor 10.8 x = 3.85%

280.7
and the effective output voltage is (280.7 — 10.8) = 266.9 V.

MARY
In this chapter we have seen the applications of power semiconductor diodes in
freewheeling action, recovering energy from inductive loads and in conversion of

signal from ac to dc. There are different types of rectifiers depending on the
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connections of diodes and input transijorrher. The performance parameters of
rectifiers are defined and it has been shown that the performances of rectifiers vary
with their types. The rectifiers generate harmonics into the load and the supply
line; and these harmonics can be reduced by filters. The performances of the
rectifiers are also influenced by the source and load inductances.
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Application, Peterboroug

REVIEW QUESTION

2-1

2-6. freewheeling diode, and what is its purpose?
2-7
2-8. covered by a diode?
2-9
2-10. What is a rectifier? What is the{difference between a rectifier and a converter?

—1LaWhat is the blocking condition o
- hat are the performance param

s of a rectifier?

actor of a rectifier?
factor of a rectifier?

displacement factor?

e input power factor?

is the harmonic factor?

at is the difference between a half-wave and a full-wave rectifier?
What is the dc output voltage of a single-phase half-wave rectifier?
2. What is the dc output voltage of a single-phase full-wave rectifier?

-23. What is the fundamental frequency of the output voltage of a single-phase full-wave
rectifier?
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2-24. What are the advantages of a three-phase rectifier over a single-phase rectifier?
2-25. What are the disadvantages of a multiphase half-wave rectifier?

2-26. What are the advantages of a three-phase bridge rectifier over a six-phase star rectifier?
2-27. What are the purposes of filters in rectifier circuits?
2-28. What are the differences between ac and dc filters?
2-29. What are the effects of source inductances on the out
2-30. What are the effects of load inductances on the recti
2-31. What is a commutation?

2-32. What is the commutation angle of a rectifier?

2-1. The current waveforms of a capacitor are sh in Fig. . ine the average,
rms, and peak cur‘atings of the capacit

AiA
500 [ —

_200f - — = = ——— —
r Figure P2-1

252, The waveforms of the current flowing through a diode are shown in Fig. P2-2. De-
termine the e, rms, and peak current ratings of the diode.

_____ 1, = 100ps, t, = 20048,
t3 = 400us, t4 = 800us, ts = 1ms
f = 200Hz

Figure P2-2

. A diode circuit is shown in Fig. P2-3 and R = 22 Q and C = 10 nF. 1f the switch
S, is closed at + = 0, determine the expression for the voltage across the capacitor
and the energy lost in the circuit.

C

i} AAA

+ w_
V, = 220

S, D,
T Figure P2-3
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2-4. A diode circuit is shown in Fig.w W1t§1 R = 10 Q,L =5mH, and V, = 220 V.
If a load current of 10 A is flowing through the freewheeling diode D,, and the switch
S, is closed at ¢t = 0, determine the expression for the current through the switch.

. NN

R

L 110A
re P2-4

2-5. If the inductor of the circuit in Fig. 2-4 has an initial curr
expression for the voltage across the capacitor.

2-6. If the switch S, of Fig. P2-6is closed at t = 0, determi

Draw sketches of i(¢) and di/dt.
6d, find the initial di/dt only.

<
®
-
TVAAAS

S1 |--1

(e

ure P2-6

ig. 2-6, the source voltage, V, = 220 V, inductance,
= 10 pF, and resistance, R = 22 2. The initial voltage
capacitor is ¥, = 50 V. If the switch is closed at t+ = 0, determine (a) an
ssion for the current; and (b) the conduction time of the diode. (c¢) Draw a

etch of i(¢).

. For the energy recovery circuit of Fig. 2-10a, the magnetizing inductance of the
transformer is L,, = 150 uH, N, = 10, and N, = 200. The leakage inductances and
resistances of the transformer are negligible. The source voltage is V, = 200 V and
there is no initial current in the circuit. If switch S, is closed for a time ¢, = 100 ps
and is then opened, (a) determine the reverse voltage of diode D,; (b) calculate the
peak value of the primary current; (c) calculate the peak value of secondary current;
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(d) determine the time for which diode D, conducts; and (e) determine the energy
supplied by the source.

2-9, A single-phase bridge rectifier has a purely resistive load, R = 10 (), the peak value
of the supply voltage, V,, = 170 V, and the supply frequency, f = 60 Hz. Determine
the average output voltage of the rectifier if the source inductance is negligible.

2-10. Repeat Prob. 2-9 if the source inductance per phase (inc
inductance) is L, = 0.5 mH.

2—-11. A six-phase star rectifier has a purely resistive load of
the supply voltage, V,, = 170 V, and the supply freq
the average output voltage of the rectifier if the sourg

2-12. Repeat Prob. 2-11 if the source inductance
leakage inductance) is L, = 0.5 mH.

2-13. A three-phase bridge rectifier has a purely rgsi
from a 280-V 60-Hz supply. The primary a‘c ‘
connected in wye. Determine the average output voltag
inductances are negligible.

2-14. Repeat Prob. 2-13 if tisource inductance p ase (i ansformer leakage

ing transformer leaka

10 €1, the peak value
y f = 60 Hz. Determij
ductance is neglibile.

inductance) is L, = H.
2-15. The single-phase bridge rectifier of Fig. 2-15 is requirgl upply an average voltage

of Vg, = 400 V to i

ratings of diodes and transforni

2-16. A three-phase bridge rectifier e voltage of V. = 750
V at a ripple-free current of 0 and secondary of the
transformer are connected i Determine the voltage and current ratings of

diodes and transformer.
The single-phase rectifier of Fig. 2-14a has an RL load. If the peak value of the input
voltage is V,, = 170 V, the supply frequency, f = 60 Hz, and the load resistance,
R=15Q,de ine the value of load inductance, L, to limit the load current harmonic
to 4% of the value, I,.
2-18. The three-phase sta ifier of Fig. 2-17a has an RL load. If the secondary peak
voltage per phase is V,; 170 V at 60 Hz, and the load resistance is R = 15 Q,
determine the value of 1 inductance, L, to limit the load current harmonics to 2%
of the average value, /..
he single-phase rectifier ig. 2-14a has a resistive load of R, and a capacitor C is
ected across the lo he average value of the load current is /,.. Assuming
capacitor is negligible compared to the discharging time,
f the output voltage harmonics, V..
in Fig. 2-20c is used to reduce the ripple content of the output
tage for a six-phase star rectifier. The load resistance, R = 20 (2, load inductance,
= 5 mH, and source frequency is 60 Hz. Determine the values of the filter
parameters L, and C so that the ripple factor of the output voltage is 5%.
. The three-phase bridge rectifier of Fig. 2-18a has an RL load and is supplied from a
Y-connected supply. (a) Use the method of Fourier series to obtain expressions for
the output voltage, v, (¢), and load current, i,(f). (b) If peak phase voltage, V,, =
170 V at 60 Hz and the load resistance, R = 200 (2, determine the value of load
inductance, L, to limit the ripple current to 2% of the average value, /..

2-22. The single-phase half-wave rectifier of Fig. 2-13a has a freewheeling diode and a
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2-23

2-24

2-27

Chap.

;.~..

ripple-free average load current of f ‘(a) Draw the waveforms for the currents in
D, D,,, and the transformer prmary; (b) express the primary current in Fourier series;
and (¢) determine the input power factor, PF, and harmonic factor of the input current,
HF, at the rectifier input. Assume a transformer turns ratio of unity.

The single-phase full-wave rectifier of Fig. 2-14a has a ripple-free average load current
of I,. (a) Draw the waveforms for currents in D,, D,, and transformer prlmary (b)
express the primary current in Fourier series; and (¢) determi
factor, PF, and harmonic factor of the input current, HF, a
Assume a transformer turns ratio of unity.

rectifier input.

The multiphase star rectifier of Fig. 2-17a has three pulses ang
average load current of /,. The primary and secondary of t
nected in wye. Assume a transformer turns ratio of uniti

pplies a ripple-free
ransformer are con-

for currents in D,, D,, D;, and transformer primary;
in Fourier series; and (c) determine the input power f

of input current, HF ‘
Repeat Prob. 2-24 if the primary of the transformer is’connected
in wye.

The multiphase star rectifier of Fig. 2-17a has six p

average load current of [ w

secondary in wye. Assume nsformer turns ratio of u Praw the wave-
forms for currents in Dl,‘cD3, and transformer primary;
current in Fourier series; ) detcrimi i e or, PF, and harmonic
factor of the input current, HF.
The three-phase bridge rectifier of Fig pli D le-fr‘d current of /,.
The primary and secondary of the 2 onnected IPWye. Assume a
transformer turns ratio of unity. (a) e waveforms for currents in D, D,, Ds
amghthe secondary phase current of thetransformer; (b) express the secondary phase
¢ in Fourier series; and (¢) determine the input power factor, PF, and harmonic
fa of the input current, HF.

Repeat Prob. 2-27 if t
in wye.

Repeat Prob. 2-27 if the pri
delta.

A typical diode circuit is shown i
diode D,,. If switch S, is close
(L), and i,(f); (b) time 1,
cross the capacitor

imary of the transformer is connected in delta and secondary

and secondary of the transformer are connected in

. P2-30, where the load current is flowing through
a time ¢ = 0, determine the (a) expressions for
the diode D, stops conducting; (c) time £, when
mes zero; and (d) time required for capacitor to

Dn @ l

Figure P2-30
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3-1 INTROBUCTION

hed on by applying a pulse of gate signal. When a
de, its voltage drop is small, ranging from 0.25 to
apter. Once the thyristor is turned on and the
d, it is usually necessary to turn it off. The turn-
duction of the thyristor has ceased and the reap-
to the anode will not cause current flow without
mutation is the process of turning off a thyristor,

sfer of current flow to other parts of the circuit. A
tion circuitfiormally uses additional components to accomplish the turn-
ith the developments of thyristors, many commutation circuits have been

A thyristor is normally
thyristor is in a conduction
2 V, and is neglected in th
output requirements are sati
off ns that the forward

e

There are many techniques to commutate a thyristor. However, these can
be broadly classified into two types:

1. Natural commutation
2. Forced commutation
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(a) Circuit (b) Waveforms

Figure 3-1 Thyristor with natural commutation.

3-2 NATURAL COMMUTATION ‘

If the source (or input) voltage is ac, the thyristor current goes throug
zero, and a reverse voltage appears across the thyristo 1Cg en au-
tomatically turned off due to th ural behavior of th
known as natural commutation ot line commutation. In prac
triggered synchronously with t ing of the positive i
cycle in order to provide a continuous contt
is applied in ac voltage controllers, phase- | i converters.
Figure 3-1a shows the circuit arrangeme d Fig. 3-1b
shows the voltage and current waveform
angle o ig. defined as the angle between t
the inst thyristor is fired.

1o crossing of the mput voltage and

3-3 FORCED COMMUTATION

Itage is dc and the forward current of the
al circuitry called commutation circuit to
called forced commutation and normally
and dc—ac converters (inverters). The
be achieved by seven ways and can be

In some thyristor circuits, the inpu

r is forced to zero by an add
‘l‘ the thyristor. This techniq
¢ converters (chopp
ion of a thyristor

ant pulse commutation
mplementary commutation
xternal pulse commutation

. Load-side commutation

7 Line-side commutation
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This classification of forced commutations is based on the arrangement of the
commutation circuit components and the manner in which the current of a thyristor
is forced to zero. The commutation circuit normally consists of a capacitor, an
inductor, and one or more thyristor(s) and/or diode(s).

3.3.1 Self-Commutation

e to the natural cha
3-2a with the assump
i o

In this type of commutation, a thyristor is turned of
teristics of the circuit. Let us consider the circuit in
that the capacitor is initially uncharged. When thy

capacitor charging current is given by
*dt + (3-1)

V

5

:vL+vC:LEt+

With initial condition v.(¢ = 0) = 0 and i(t = of Eq. (3-1)
(which is derived in Aﬁdix D.3) gives the
. =
and the capacitor voltage as
v, (3-3)

where ©,, = 1V/LC. After ti t, = VLC, the charging current becomes

ro and thyristor T is switch ff itself. Once thyristor T, is fired, there is a

of t, seconds before T} is turned off and ¢, may be called as the commutation

time of the circuit. This method of turning off a thyristor is called self-commutation

and thyristor T} id to be self-commutated. When the circuit current falls to
zero, the capacit rged to 2V,. The waveforms are shown in Fig. 3-2b.

Figure 3-3a shows ical circuit where the capacitor has an initial voltage

of V,. When thyristor T, i8¥ired, the current that will flow through the circuit is

given by

1
Efi dt + v(t=0)=0 (3-4)
i(t)
vsff e
T + 0 ! Y " » Wt
vl 3t vlt)
- V|- -
|
+ T c - — ; .
Ve 0 —> wpt
_ —‘7 |<— to —»|
(a) Circuit (b) Waveforms

Figure 3-2 Self-commutation circuit.
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(a) Circuit

Figure 3-3 Self-commutation circuit.

With initial voltage v, (t = 0) = —Vyandi(t = 0) =
current as

. (3-4) gives the capé

i(n =V, (3-5)
and the capacitor voltage as‘
A1) (3-6)
zero_and the capacitor
voltage isreversed to V,,. ,is called t he \N‘)rms are shown
in Fig. 3-3b.
Exa

ical thyristor circuit is shown in Fig. 3-4. If thyristor T, is switched on at
, determine the conduction time of thyristor 7, and the capacitor voltage after
turned off. ircuit parameters are L = 10 uH, C = 50 pF, and V, = 200

Ve VO_
T Figure 3-4  Self-commutated thyristor
- circuit.
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i)
Im
LS
0 | » Wt
b velt) |
Vo|— — ——
I /T
V. ! c — wmt
s n ™  Figure 3-5 rent and voltage wave-
= @nlo "’I forms.

and

becomes
where AV is the overvoltage of t ¢ ds on initial current of the
inductor, I,,, which is, in most gase e loa rent. Figure 3-4 shows a typical

equivalent circuit during the co on process. For C = 50 uF, L = 10 pH,
=200V, and [, = 250 A, AVW'= 111.8 V, V, = 200 + 111.8 = 311.8 V, and
35.12 ps. The current and voltage waveforms are shown in Fig. 3-5.

An impulse-commutated cir
acitor is initially charged to
Let us assume that thyr

is shown in Fig. 3-6. It is assumed that the ca-
Itage of — V,, with the polarity shown.

T, is initially conducting and carrying a load
y thyristor T, is fired, thyristor T, is reversed
The current thorugh thyristor 7, will cease to
y the load current. The capacitor will discharge

Dm

Figure 3-6 Impulse-commutated circuit.
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Vi —— —— —
/" Capacitor voltage
0 —t
4
-V, | [

| Voltage across T,
!

from V, (= V,) to — V,is th
commutated similar to the circ
The equivalent circuit
The thyristor and capacitor ges a
for the capacitor to discharge from —V,

T3 1s self-

n in Fig. 3-7a.
he time required
> circuit turn-off time,

stor, IO* is also called
the available turn-off time. The dischargi will®depend on'the load current
i 4 1s given by

or

. =

‘ ‘Smce a reverse voltage of V,

(3-8)

plied across thyristor T, immediately after
voltage commutation. Due to the use of
utation is also called auxiliary commutation.
the main thyristor because it carries the load

q. (3-8) that the circuit turn-off time is inversely
o the load current; and at a very light load (or low load current) the
e will be large. On the other hand, at a high load current the turn-
will be small. In an ideal commutation circuit, the turn-off time should
ependent of the load current in order to guarantee the commutation of
istor T,. The discharging of the capacitor can be accelerated by connecting a
iode D, and an inductor L, across the main thyristor as shown in Fig. 3-8; and
this is illustrated in Example 3-3.
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Vs

mpulse-commutated circ

Example 3-2
Animpulse-commutated thyristor circuitis s in Fig. 3-9. Determine
turn-off time of the circuit if V, = 200 V, 0Q,

Solution The equivalent circuit during the commutation p:
10. The voltage across the commutation capacitor is given b

The solution of these equatio
the capacitor voltage as

V(1 - 2677

e found if the condition v, (+ = t,) = 0 is satisfied,

The turn-off time, ¢, which ca

solved as
t, = RCln (2)
5uF,t, = 347 ps.

For R = 10 Q)

_V
o= 1§
3R
Figure 3-9 Impulse-commutated circuit
with resistive load.
<
SR
Figure 3-10 Equivalent circuit for Ex-
ample 3-2.
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Example 3-3
The commutation circuit in Fig. 3-8 has a capacitance C = 20 wF and recharging
inductor L, = 25 uH. The initial capacitor voltage is equal to the input voltage, V,
= V, = 200 V. If the load current, [, varries between 50 and 200 A, determine
the variations of the circuit turn-off time, ¢,.

Solution The equivalent circuit during the commutation perio
3-11. The defining equations are

is shown in Fig.

i=i+1,

fl

%fitdt+vc(t=0)

di di‘
_Lljtl: -L, =

v[

]

The initial conditions i, (t = 0) = I,and v (t = 0) = -V

o

of these equations yield the capacitor current (from Appendix D) a

e w, = 1/VL,C. The available
condition v, (t = t,) = 0 and is solved as

VCL, tan™! (% \/L£1> (3-9)

200V,and I, = 50 A, 1, = 29.0 us. For C =
nd [, = 100 A, ¢, = 23.7. us. For C = 20 pF,
200 A, ¢, = 16.3 us.

For C = 20 uF, L, = 25 uH,
20 wF, L, = 25 pH, V,, = 200
L, =25uH, V, =200V, and

ue

Figure 3-11 Equivalent circuit for Ex-
ample 3-3.
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Note. As the load current increases from 50 A to 200 A, the turn-off time
decreases from 29 ps to 16.3 ps. The use of an extra diode makes the turn-off

time less dependent on the load.

3-3.3 Resonant Pulse Commutation

The resonant pulse commutation can be explained with,
shows the waveforms for the capacitor current and
initially charged with the polarity as shown and thyri
mode carrying a load current of [,,.

When commutation thyristor 7, is fired
C, T, and T,. The resonant current can be d

T, is in the conducti

i(o)
(3-10)

(3-12)

and the capacitor volta’

where I, is the peak permissible
Due to the resonant curre

ristor T, is reduced

to zero at ¢t = t;, when the reso The time
t, must satisfy the condition i (¢ = [, and is found as
. I, L
t, = VLCsin™! (I—/; \/E) (3-13)
The corresponding f the capacitor voltage is
) = -V, = —Vycos w,t (3-14)
Dm

(a) Circuit (b) Waveforms

Figure 3-12 Resonant pulse commutation.
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The current through thyristor'%"1 will cease to flow and the capacitor will
recharge at a rate determined by the load current /,,. The capacitor will discharge
from —V, to zero and its voltage will then rise to the dc source voltage V., in
which case diode D,, starts conducting and a situation similar to the circuit in Fig.
3-4 exists with a time duration of ;. This is shown in Fig. 3-12b. The energy
stored in inductor L due to the load current 1, is transferred to the capacitor,
causing it to be overcharged, and the capacitor voltage V, can
Eq. (3-7). The capacitor voltage is reversed from V_ (= V)
T, is self-commutated similar to the circuit in Fig. 3-3.
The equivalent circuit for the charging period is simil
7a. From Eq. (3-8), the circuit turn-off time is

v

K 1
Let us define a parameter x which is the ratio of t’peak r

load current. Then
_L_WC
L, L\ L

To reduce the forward cur!of T,

V, by firing T5.

the one in Fig. 3-

(3-16)

ust be greater than

1.0. In practice, the value of L and The value
of t; in Eq. (3-13) is normally small a obtained from
Eq. (3-15) should be approximately q. (3-8).

Due to the fact that a resonant f current is used to reduce the forward
curr f thyristor T, to zero, this type of commutation is also known as current
com n. It can be noticed from Eq. (3-15) that the circuit turn-off time is
also dependent on the load current. The discharging of the capacitor voltage can
be accelgrated by conn a diode D, as shown in Fig. 3-13a. However, once
the current of thyristor ced to zero, the reverse voltage appearing across
diode D,, which is small. This will make the

"
Inb-£-— —
: [
0f— + 1
Vel —F = = ~l=>
: /'
0 —+ I — t
Onm 1 It2
Vik- A g |
Vo ! I
(a) Circuit (b) Waveforms

Figure 3-13 Resonant pulse commutation with an accelerating diode.
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thyristor’s recovery process slow and it would be necessary to provide longer reverse
bias time than that if the diode D, were not present. The capacitor current, i.(f),
and the capacitor voltage, v.(f), are shown in Fig. 3-13b.

Example 3-4

The resonant pulse commutation circuit in Fig. 3-12a has ¢
inductance, L = 4 pH. The initial capacitor voltage is

circuit turn-off time, ¢,, if the load current, 1, is (a) 2

Solution (a) I,, = 250 A. From Eq. (3-13),

tance, C = 30 uF a
200 V. Determine t
, and (b) 50 A.

From Eq. (3-14), V, io cos (0.474) = 177}

30
tq = 177.95 X ﬁ

(b) L,
t, = VEX 30
__ L
@m = NJLC

30
250 = 119.5 ps

tiparallel diode D, is connected across thyristor 7, as

When thyristor T, is fired, a resonant pulse of current

ime 7 = t, = 5.192 ps. The capacitor current i.(f) at this time is equal to the load
urrent [, = 250 A. After the current of 7, is reduced to zero, the resonant oscillation
continues through diode D, until the resonant current falls back to the load current
level at time #,. This is shown in Fig. 3-13b.

tb=mwVLC — t, = 7 V4 x 30 — 5192 = 29.22 ps
- = 91,287.1 rad/s and w,,t, = 2.667 rad

w
From Eq. (3-14) the capacitor voltage at t = #, is
V, = —200 cos (2.667) = -177.9V
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The reverse bias time of thyristor T is

fy=1t — t, = 29.22 — 5.192 = 24.03 ps

q

(b) I, = 50 A.
t, = 1.0095 ps
tb=mVLC -t = w V& X 30 — 1.0095 = 33 .4
w,, = 91,287.1 rad/s and ., = 3.05 rad

The capacitor voltage at t = ¢, is
V, = 200 cos (3.05) = -199.1V

The reverse bias time of thyristor T, is

=1 —t, = 3341 - 1.0095‘.41 s

Note. It can be noticed by comparing the reverse bias time
Example 3-4 that the addition of a diode makes 1, lg

current variations. However, higher load curren , I, in
Example 3-4 is less that of Exa 3-5.

3-3.4 Complementary Com‘ation

A complementary commutation is used g e‘o loads and
such an arrangement is shown in Fig. 3-1 Fhe fi one thyristor commutates

the other one.
When thyristor T, is fired, the load with R, is connected to the supply voltage,

V,, and same time the capacitor C is charged to V, through the other load
with R,. e polarity of capacitor C is as shown in Fig. 3-14.  When thyristor T,
is fired, the/ capacitor is aced across thyristor 7, and the load with R, is
connected 'to the supply v ;. T is reverse biased and is turned off by
impulse commutation. Once thyrister 7, is switched off, the capacitor voltage is
reversed to —V, through R,, T,, and\the supply. If thyristor 7, is fired again,
‘ 1 T, is turned off and the cyclelis repeated. Normally, the two thryristors
conduct with equal time intervals. waveforms for voltages and currents are
Since each thyristor is switched off due to
mutation is sometimes known as comple-

KTZ Figure 3-14 Complementary commuta-
tion circuit.
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Example 3-6

The circuit in Fig. 3-14, hasToad resistances of R, = R, = R = 5 Q, capacitance,
C = 10 pF, and supply voltage, V, = 100 V. Determine the circuit turn-off time,

that the capacitor is charged to supply voltage V, in the previous
commutation of a plementary thyristor, the equivalent circuit during the com-
r to Fig. 3-10. The current through the capacitor is given

S=éfidt+vc(t=0)+Ri

V., the solution of this equation gives the capacitor current

.
R

—t/RC

(1) =
The capacitor voltage is obtained as
v(t) = V, (1 ~ 2e~"R)

The turn-off time ¢, can be found if the condition v, (t = ,) = O1is satisfied and is
solved as

t, = RCIn (2)
For R = 5Qand C = 10 pF, t, = 34.7 ps.
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3-3.5 External Pulse CommutatlonJ :

A pulse of current is obtained from an external voltage to turn off a conducting
thyristor. Figure 3-16 shows a thyristor circuit using an external pulse commutation
and two supply sources. V, is the voltage of the main supply and V is the voltage
of the auxiliary source.

If thyristor T is fired, the capacitor will charge from th
Assuming that the capacitor is initially uncharged, a resonant ¢
VV/C/L, which is similar to the circuit in Fig. 3-2, will flow
capacitor is charged to 2V. If thyristor T; is conducting
supplied from the main source V_, firing of thyristor T, will a
of V, — 2V across thyristor T} and T; will be turne f.
turned off, the capacitor will discharge through the “at a
the magnitude of the load current. ‘

ugh T; and the
a load current is
y a reverse voltage

Ty T2

Im
Dpm

ternal iulse commutation.

In load- commutation, the load forms a series circuit with the capacitor; and
the dischdrging and rec ing of the capacitor are done through the load. The
performance of load-side tation circuits depends on the load and in addition
the commutation circuits canno tested without connecting the load. Figures
3-6, 3-8, 3-12, and 3-13 are exam of load-side commutation.

3-3.6 ad-Side Commutation

charging and recharging of the capacitor are
d and the commutation circuit can be tested
igure 3-17a shows such a circuit.

yristor T, is fired, capacitor C is charged to 2V, and T, is self-
similar to the circuit in Fig. 3-2. Thyristor T; is fired to reverse the
of capacitor to —2V_ and T; is also self-commutated. Assuming that
or T, is conducting and carries a load current of [,,, thyristor T, is fired to
off T,. The firing of thyristor T, will forward bias the diode D,, and apply
reverse voltage of 2V, across T;; and T; will be turned off. The discharging and
recharging of the capacitor will be done through the supply. The connection of
the load is not required to test the commutation circuit.
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e commutated cir-

The inductor L carries the equivalent circuit during
the commutation period is show S capa& current is expressed
(from Appendix D) as

lf.
V“‘_Ldt+c idt +ov.(t =0) (3-17)
with initial conditi =0) =1,and v. (¢t = 0) = -2V, The solution of
Eq¥(3-17) gives t citor current and voltage as
C .
s w,,t + 3V, I sin ®,, (3-18)
(3-19)

Vs + C velt)
Figure 3-18 Equivalent circuit during
- - commutation period.
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where

w,, = UVLC

The circuit turn-off time, ¢, is obtained from the condition v, (t = t,) = 0 of Eq.

(3-19) and solved after simplification as

9x* + 1

t, = VLC (tan‘1 3x — sin! ad )

where

AN
I\ L

The conduction time of thyristor 75, which can be !und fro

= 1) = 0 of Eq. (3-18),
‘\/LC tan—! !
3x

Under no-load conditions, 1‘0 an
t, = VLC (7w — si

(3-22)

is infinite. ¢

and (3-23)
L = w7 VLC

Noteg 1f 1, = Oand t, = w VLC, the capacitor voltage in Eq. (3-19) becomes

v.(t=14) =V, =4 here will be continuous buildup of the capacitor

voltage. To limit the overc
replaced by a energy recovery tr

3
34 CwUTATI

g of the capacitor, the inductor L is normally
ormer and diode as shown in Fig. 3-17b.

its requires determining the values of capacitor C
For the impulse commutation circuit in Fig. 3-6, the value of
calculated from Eq. (3-8) and the reversal inductor L, is determined
eak permissible reversal current of Eq. (3-5). For the circuit in Fig.
turn-off-time requirement ¢, of Eq. (3-9) can be satisfied by choosing either
L,
For the resonant pulse commutation circuit in Fig. 3-12, the values of L and
C can be calculated from Eqgs. (3-15) and (3-16). In Eqs. (3-14) and (3-15) V,, and
V, also depend on L and C as in Eq. (3-17).
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Example 3-7
For the circuit in Fig. 3-6, determine the values of capacitor C and reversing inductor
L, if the supply voltage, V, = 200 V, load current, I,, = 100 A, the turn-off time,
1, = 20 us, and the peak reversal current is limited to 140% of 1,,.

Solution V., = V, = 200 V. From Eq. (3-8), C = 100
Eq. (3-5), the peak resonant current is 1.4 X 100 = 14
20.4 uH.

200 V10/L, and L,

Example 3-8

For the resonant commutation circuit in Fig. 3-13, det
C and L so that the minimum energy losses d o
period if I, = 350 A, V, = 200 V, and ¢, = S.

Solution Substituting Eq. (3-16) into Eq. ( the t
current to rise to the level of peak load current /,, is gi

t, = VLCsi

where x = L/I, = ») VC/L. From Fig. 3-13b able reverse bias time

or turn-off time is

c
L=V, \/ 7 (3-26)

Let us define tion F\(x) such that

1
p (3-27)

(3-28)

rom Eq. (3-26), gives us

W = 0.5VLC V,I,

bstituting the value of \/LC from Eq. (3-27), we have
W= 0.5V,I, 24 - a (3-29)
Fi(x) 2[m — 2sin (1/x)]
Let us define an another function F,(x) such that

F) = 2 ad (3-30)

Volut,  2F(x)
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It can be shown mathematically or by plotting F,(x) against x that F,(x) is minimum

when x = 1.5. Table 3-1 shows the values of F,(x) against x. For x = 1.5, Table
3-1 gives F,(x) = 1.68214 and F,(x) = 0.44586.

TABLE 3-1 F,(x)
AGAINST x

X Fy(x)

1.2 0.5122202
1.3 0.4688672
1.4 0.4515002
1.5 0.4458613
1.6 0.4465956
1.7 0.4512053
1.8 0.4583579

Substituting x = 1.5 in Egs. (3-25) and (3-16), we obtain

and

Sol se, the optimum values of L and C are

£,V
L = 0398 (3-31)

m

08917ﬁ 3-32
891747 (3-32)

= 20 ps,

200
20 x ﬁ = 4.6 uH

350
0.8917 x 20 X 200 31.2 pF

a
It

te. Due to the freewheeling diode across the load as shown in Figs. 3-12a
3a, the capacitor will get overcharged by the energy stored in inductor L.
capacitor voltage V, (= V), which will depend on the values of L and C, can
e determined from Eq. (3-7). In this case, Eqgs. (3-31) and (3-32) should be
solved for the values of L and C.
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Example 3-9

A diode is connected across the output as shown in Fig. 3-12a and the capacitor gets
overcharged due to the energy stored in inductor L. Determine the values of L and
C. The particulars are: V, = 200V, I, = 350 A, ¢, = 20 ps, and x = 1.5.

Solution Substituting Eq. (3-7) into Eq. (3-16),x = (V|
Egs. (3-7), (3-13), and (3-14), into Eq. (3-15),

tq=[1 + VL ]cos('
The values of C and L can be found from these t
L = 20.4 pH and C = 15.65 nF.

Example 3-10 g
Repeat Example 3-9 for the circuit in Fig. 8-13.

Solution From Eq. (3-25),¢, = VLC[w — 2sin™! (1/x)].
16), x = (V/I,) VC/L + 1. The values ofg@lmand C are fg
L = 13.59 pH.

qs- (3-7) and (3-
C = 10.4 pF and

3-5 COMMUTATION CAP’ORS

If the switching frequencies are '*ommutation time can
iod. Although the peak
current through the capacitor i , the average current could be relatively low.
the switching frequencies are above 5 kHz, the capacitor carries for a significant
f the switching period and the capacitor must therefore be chosen for a
continuous current rating.
mutation capacitor, the specifications of peak, rms, and
to-peak voltage must be satisfied.

that a conducting thyristor can be turned off by a
In the natural commutation, the thyristor current
e natural characteristics of the input voltage. In the

1y called a commutation circuit, and the turn-off process depends on the load
To guarantee the turn-off of a thyristor, the circuit (or available) turn-

f must be greater than the turn-off time of a thyristor, which is normally specified
by the thyristor manufacturer.
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REVIEW QUESTIONS

3-1. What are the two general types of commutation?
3-2. What are the types of forced commutation?

3-3. What is the difference between self- and natural com ion?
3-4. What is the principle of self-commutation?

3-5. What is the principle of impulse commutation? ‘
3-6. What is the principle of resonant pulse commutation?

3-7. What is the principle of complementary commutation?

3-8. What is the principle of ext“pulse commutation?

3-9. What are the differences bet load-side and line-side co
3-10. What are the differences en v e and current com

3-11. What are the purposes of a commuta cuit?
3-12. Why should the available reverse bia -off time of a
thyristor?

3-13. What is the purpose of connecting an lel diode across the main thyristor with

or_without a series inductor?
3-14. is the ratio of peak resonant to load current for resonant pulse commutation
th d minimize the commutation losses?

3-15. Whatare the expressi or the optimum value of commutation capacitor and inductor
in a yesonant pulse co ion?

3-16. Why does the commutation
charged?

S‘Ii’ow is the voltage of the comm
3-18"What type of capacitor is normal

acitor in a resonant pulse commutation get over-

on capacitor reversed in a commutation circuit?

e

sed in high switching frequencies?

PROBLEMS

. 3-3a, the initial capacitor voltage, V,, = 600 V, capacitance, C = 40 pF, and

uctance, L = 10 wH. Determine the peak value of resonant current and the

conduction time of thyristor T;.

. Repeat Prob. 3-1 if the inductor in the resonant reversal circuit has a resistance, R
= 0.015 Q. (Hint: Determine the roots of a second-order system and then find the
solution.)

3-3. The circuit in Fig. 3-4 has V, = 600 V, V, = 0V, L = 20 pH, C = 50 pF, and I,
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3-5.

3-6.

3-7.

3-9.

3-14.

76

. For the impulse commutation circuit in

. Repeat Prob. 3-9 if an antip

. If a diode is connected acro

A daiSa

= 350 A. Determine (a) the peak capacitor voltage and current; and (b) the con-
duction time of thyristor T;.

. In the commutation circuit in Fig. 3-6, capacitance, C = 20 pF, input voltage, V,,

varies between 180 and 220 V, and load current, I, varies between 50 and 200 A.
Determine the minimum and maximum values of available turn-off time, ¢,.

L, if the supply voltage, V, = 220 V, load current

s

t, = 15 us, and the reversal current is limited to 1509
The circuit in Fig. 3.8 has V, = 220V, C = 20 p
the value of recharging inductance, L, which will p

For the circuit in Fig. 3-8, determine the v of
V, = 200 V, load current, I,, = 350 A, turn- e,t,

I
‘-9, th

ircuit in Fig. 3-12a, s 00 V, load current,
jon inductance, L = 4 d tation capacitance, C
e the of thyristor T3, I, and the

through diode D, is limited to 2.5 times

t,
In the resonant pul
1, = 150 A, com
= 20 uF. Dete
turn-off time, ¢,

Fig. 3-13a.

g. 3—12:‘ the capacitor gets over-
and C. The supply voltage, V, = 200 V, load

= 20 us, and the ratio of peak resonant to

charged, determine the val

» Yq

. Repeat Prob. 3-11 for the circuit in Fig. 3-13a.
. In the circuityi

ig. 3-13a, load current, 1,, = 200 A, capacitor voltage, V, = 220

V, and turn- t, = 15 ps. Determine the optimum values of C and L so that

the minimum ener; sses would occur during the commutation period.

the supply voltage, V, = 220 V, capacitance, C = 30 pF,
= 10 wH, and load current, I, = 100 A. Determine

circuit.

In the circuit in Fig. 3
commutation inductan
the turn-off time, #,, 0
Explain the operation
olved in this circui

circuit in Fig. 3-17a and identify the types of commutation

Thyristor Commutation Techniques Chap. 3




A daiSa

A

|

Controlled Fy’ec%fi

4-1 INTROD

We have/seen in Chap
only. To obtain contr
instead of diodes. The output v
the delay or firing angle of thyris
ing a short pulse to its gate a
in case of a highly inductive

hat diode rectifiers provide a fixed output voltage
ut voltages, phase control thyristors are used
e of thyristor rectifiers is varied by controlling
A phase-control thyristor is turned on by
rned off due to natural or line commutation;
, it is turned off by firing another thyristor
If-cycle of input voltage.
s are simple and less expensive; and the ef-
eral, above 95%. Since these rectifiers convert

€ phase-control converters can be classified into two types depending on
ut supply: (1) single-phase converters, and (2) three-phase converters. Each
can be subdivided into (a) semiconverter, (b) full converter, and (c) dual
onverter. A semiconverter is a one-quadrant converter and it has one polarity
of output voltage and current. A full converter is a two-quadrant converter and
the polarity of its output voltage can be either positive or negative. However, the

77



SIEES

output current of full converter has one polarity only. A dual converter can operate
in four quadrants; and both the output voltage and current can be either positive
or negative. In some applications, converters are connected in series to operate
at higher voltages and to improve the input power factor.

The method of Fourier series similar to that of diode,rectifiers can be appli
to analyze the performances of phase-controlled convert
ever, to simplify the analysis, it is assumed in this chapt
is sufficiently high; and the load current is continuous

4-2 PRINCIPLE OF PHASE-CONTROLLED CONVER‘O

Let us consider the circuit in Fig. 4-1a with istive load. Durin
half-cycle of input voltage, the thyristor anod
and the thyristor is said to be forward biased. When thyn red at wt =
a, thyristor T; conducts and the input voltage ad. When the
input voltage starts to gatlve at ot = m, i
respect to its cathode a yrlstor T, is said to be sed; and it is turned

2n
> wt
! |
| !
[ |
I |
| I
i I
]
o a n 2" wt
1 | |
Al
b o _l /—T—VO/R |
| |
| I
[0} pe pe 21'17 wt
| | I
v I |
(b) Quadrant ViF = | [
! I
0 p nl 2n > wt
-V —————— —
(c) Waveforms

Figure 4-1 Single-phase thyristor converter with a resistive load.
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off. The time after the input voltage starts to go positive until the thyristor is fired
at wt = a is called the delay or firing angle, a.

Figure 4-1b shows the region of converter operation, where the output voltage
and current have one polarity. Figure 4-1c shows the waveforms for input voltage,
output voltage, load current, and voltage across T;. This converter is not normally
used in industrial applications because it has high ripple conte
frequency. If £, is the frequency of input supply, the lowest fr.
ripple voltage is f,.

If V,, is the peak input voltage, the average output volta

n be found from

1 (= v,
Ve = %fa V.. sin ot d(wt) = E [—

Vv
= == (1 + cos a) ‘
27

and V. can be varied from V, /w to 0 by varying o from 0 to 1
output voltage becoms maximum when a = 0 and the maximum vo

‘Vdm =

Normalizing the output volta‘ith r

The rms output voltage is given by

1 [ 12 V2 (= 172
il 2 ¢in2 =|Lm _
[% L V2 sin wtd(mt)] [ - L (1 coszwt)d(wt)]
12
_ﬁ l sin2a
T2 | w\"
Example 4-1

f the converter of Figure 4-1a ha urely resistive load of R and the delay angle is

‘ ‘4 = /2, determine the (a) rectifi€ation efficiency; (b) form factor, FF; (c) ripple
‘ factor, RF; (d) transformer utili n factor, TUF; and (e) peak inverse voltage,
lay angle, a /2. From Eq. (4-1), V,. = 0.1592V,, and I, =

» = 0.5 pu. From Eq. (44), V... = 0.3536V,, and
6V, /R. From Eq. (2-42), P,. = VI, = (0.1592V, )¥R and from Eq.

¢ = Vimsdlme = (0.3536V, )Y/R.
From Eq. (2-44) the rectification efficiency,

_(0.1592V, )
" T 03536V,
(b) From Eq. (2-46), the form factor

_0.3536V,,
01592V,

(44)

= 20.27%

FF = 2221 0r222.1%
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(c) From Eq. (2-48), the ripple factor, RF = (2.221% —~ 1)V2 = 1.983 or 198.3%.

(d) The rms voltage of transformer secondary, V, = V.2 = 0.707V,,. The

rms value of the transformer secondary current is the same as that of the load, I, =

0.3536V,,/R. The volt-ampere rating (VA) of the transformer, VA = V., = 0.707V,,,

x 0.3536V,,/R. From Eq. (2-49),
0.15922

TUF = 0707 x 0.3536 = 0.1014 and

(e) The peak inverse voltage, PIV = V.

Note. The performance of the converter is_deg

delay angle, a.

4-3 SINGLE-PHASE SEMICONVERTERS

The circuit arrangeme a single-phase sem 5 S in Fig. 4-2a with
a highly inductive loa he load current is assuime uous. During the

positive half-cycle, t}‘?r Tyis forward biased. i ristor T is fired at wt
= q, the load is conn to thedi and D, during the period
a = ot = . During the perig ] + a), the input voltage is

.. conducts to provide
; urrent is transferred
from T, and D, to D,,; and thy
ative half-cycle of input volfage, thyristor T, is forward biased, and firing of
or T, at ot = 7w + a will reverse bias D,,. The diode D,, is turned off and
thelload is connected to the supply through 7, and D;.

Figure 4-2b the region of converter operation, where the output voltage
and current have olarity. Figure 4-2c shows the waveforms for the input
voltage, output voltage, t current, and currents through T;, T,, D,, and D;.
This converter has a bett ower factor due to the freewheeling diode and is
commonly used in applicafiohs up to 15 kW, where one-quadrant operation is
acceptable.

e average output

ge can be found from

v 2V,
V,, sin wt d(ot) = == [—cos ot]]
a 27 (4-5)

and V. can be varied from 2V,,/m to 0 by varying a from 0 to w. The maximum
average output voltage is V,,, = 2V,,/w and the normalized average output voltage
is

Vdc

V,=—= =051 + cos o) (4-6)
Vdm
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J.u) X
A + AV
T =1
! T T o= V|- — V = Vpsinwt
+ 1 2 i
It R I
Y] Vo 0 ; n+a wt
- D, D, D, L :
iD1 ip2 ibm |
— |

(a) Circuit

(=]
a
&

(b) Quadrant

wt

a n T+a g

(c) Waveforms

Figure 4-2 -phase semiconverter.

172 172
2 (", V2 ("
— | VZsintwrd(wt)| =[=Z] (1 - cos2ut)d(wt)
27 Ja 27 Jo

. 12
Vil + sin2a
N2 T 2
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Example 4-2

The semiconverter in Fig. 4-2a is connected to a 120-V 60-Hz supply. The load
current, I,, can be assumed to be continuous and its ripple content is negligible. The
turns ratio of the transformer is unity. (a) Express the input current in a Fourier
series; determine the harmonic factor of input current, HF ; displacement factor,
and input power factor, PF. (b) If delay angle is a =
HF, DF, and PF.

Solution (a) The waveform for input current is sho

i(f) = i V2 I, sin(not + &) (4-9)
8 N2 B
¢, = tan b~ 2 (4-10)

The rms value of the nth harmonic component of the input current is derived as

2V2 1,
cos no (4-11)

- —— (g2 212 —
I, (a2 + b?) >

1
V2
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From Eq. (4-11), the rms value of the fundamental current is

N2, «
I, = - o83 (4-12)

The rms input current can be calculated from Eq. (4-11) as
- 12
I = < > 15)
n=12,..

I, can also be determined directly from

1/2
I = [i f IE d(wt)] =1, k 2
27 Ja ™

From Eq. (2-51), HF = [(,/,)* — 1]*?or
I )
HE = [4(1 + cos )

From Egs. (2-50) and (4-1“
.-

1/2

(4-15)

From Eq. (2-52),
(4-16)

]1/2

[r(w — @)

V2 X 120 = 169.83 V. From Eq. (4-5), V. =
from Eq. (4-6), V,, = 0.5 pu, and from Eq. (4-7),

. 1/2
sin 2a
<1T - a + > )} =81V

(b) «a = w/2 and V,,

14 cosa) = 51.57V,

12
- 1] = (.4835 or 48.35%

4’1:‘% and DF=cos—£:0.7071

= 0.6366 (lagging)

MR

I
PF = I—;cos

Note. The performance parameters of the converter depend on the delay

angle, a.
83
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4-4 SINGLE-PHASE FULL CONVERTERS

The circuit arrangement of a single-phase full converter is shown in Fig. 4-3a with
a highly inductive load. During the positive half-cycle, thyristors T, and T, are
forward biased; and when these two thyristors are fired simultancously at ot = a
the load is connected to the input supply through 7, and T4 #Pue to the inductiy
load, thyristors T, and T, will continue to conduct beyoudw: = m, even thoug
the input voltage is already negative. During the nega alf-cycle of the inpu
voltage, thyristors T; and T, are forward biased; and fifig of thyristors 75 and 7
will apply the supply voltage across thyristors T and T, a8Teversebloeking volta
T, and T, will be turned off due to line or natura mu oad ¢
will be transferred from T, and T, to T; and T, igure“4-3b shows thg ons
of converter operation and Fig. 4-3c shows the‘efor for input volte putput
voltage, and input and output currents.
During the period from « to 7, the input voltage, v, and4ap rent, i, are
positive; and the power flows from the supply tg.the load. verter is said
to be operated in rectifi mode. During griod to m + a, the

p

‘io=|a

>

Ta, Ta LE
Oon V_ | <——>|

2
V*inwt /
L > wt
ﬂvh w
1
|
I
(\21: (
t
0 a n\ln+a \J @

[
|
|
[

)
r’

Vo

wt

(b) Quadrant on

n+a 2n
0 + + wt

(c) Waveforms

Figure 4-3 Single-phase full converter.
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input voltage, v, is negative and the input current is positive; and there will be

reverse power flow from the load to the supply. The converter is operated in

inversion mode. This converter is extensively used in industrial applications up to

15 kW. Depending on the value of o, the average output voltage could be either

positive or negative and it provides two-quadrant operation.
The average output voltage can be found from

2 T+ o 2V
Ve = 7 V,, sin ot d(wt) = —= [—cos
27 Ja 2w
= —2¢cos a

and Vg can be varied from 2V, /m to —2V, /7 by ‘ng o
maximum average output voltage is V,,, = 2V,
output voltage is

0 to .
nd the normalized

Va
V,= == =cosa
Vdm

The rms value of the output ‘ge is given by

Veme = [——f V2 sin’wt t)}
2’1T [

for input current is shown in Fig. 4-3c and the instan-
taneous input current ca xpressed in a Fourier series as

(a, cos not + b, sin nwt) (4-20)

(4-21)
1

T+ o 2n+a
== [J 1, cos nwt d(wt) — f 1, cos not d(wt)]

k13

z—ﬂsinna forn =1,3,5,...
nw

0 forn =2,4,...

Sec. 4-4 Single-Phase Full Converters 85



ER
)

2m+a
b, = 1 f (1) sin nwt d{wf)

mMJa

™o 20+«
-1 U' 1, sin not d(wt) — j 1, sin nwt d(wt)

™ T+
41

= —* cos ha forn=1,3,5,...
niw

=0 forn =2,4,...
Since I,. = 0, Eq. (4-20) can be written as

i) = i V2 I sin(ot + &,

n=12,..
where
(4-24)

b,
and ¢, is the displace‘ angle of the nth harmonic he rms value of the

nth harmonic inpu ent is
I, = (4-25)
and the rms value of the fund
I = (4-26)
v
(4-27)
(4-28)
ic factor is found as
I 2 172
I—S> - 1] = 0.4834 or 48.24%
1
From Egs. (2-50) and (4-24), the displacement factor,
DF = cos ¢, = cos —a (4-29)
From Eq. (2-52) the power factor is found as
I 2V2
PF = I—‘cos —a = cos a (4-30)
. ™
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»‘ “ as
(b) o = /3.

2V,
Vae = —2cosa = 54.02V and V,=05pu
T

H

=120V

I, = ( ) = 090032/, and I
HF = [

(;—) :l = 0.4834 or 48.34%

b, = —a and DF = cos —a‘os

1
PF = 1—‘cos —a = 0.45 (lagging)

s

Note. The fundamental component of input cigsent i 03% of 1,
and the harmonic factor remionstant at 48.34%!

4-5 SINGLE-PHASE DUAL CONV&ERS

We have seen in Section 4-4 that sir
quadrant operation. If two of these are connected back to back
as shown in Fig. 4-4a, both the output ge and the load current can be reversed.
will provide four-quadrant operation and is called a dual converter.
ers are normally used in high-power variable-speed drives. If a;, and

ow only two-

g and Vy,. The delay angles are controlled such
ectifier and the other converter operates as an
e the same average output voltage. Figure
wo converters, where the two output voltages
v—i characteristics of a dual converter.

put voltages are

that one converter operates a
inverter but both converters pr

hows the output waveforms f
‘ e same. Figure 4-4c shows

Fro q. (4-17) the averag

_ 2Vn cos (4-31)
m
2
Vi = 2V COS a, (4-32)
i

one converter 1s rectifying and the other one is inverting,

Viaar = Ve or cosa, = —Cosa; = cos (m — a)

Sec. 4-5  Single-Phase Dual Converters 87



88

Figure 4-4 Single-phase dual converter.
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Therefore,
0, =T — a (4-33)

Since the instantaneous output voltages of the two converters are out of phase,
there will be an instantanecous voltage difference and this will result in circulating
current between the two converters. This circulating current will not flow through
the load and is normally limited by a circulating current reacto as shown in Fig.
4-4a.

If v,, and v,, are the instantaneous output voltages ¢
respectively, the circulating current can be found by integr,
voltage difference starting from wt = 27 — «;. Since t
during the interval wf = 7 + «, to 27 — «, are e
instantaneous circulating current i, is zero. “

T L

(’“)Lr 2T —an (.OLr 2m—au

onverters 1 and 2,
g the instantaneous

wt

3 Vm fmt . J’
= oL [ 211”‘ sin wt d(wt) B
W ‘_
=] (co co

,
The circulating current depends on t
o =m wt=nm,n=0,24... : t =nmw,n =1,
3, . ... If the peak load current one of the converters that controls the
powenflow may carry a peak curren I, + 4V, /oL,).

dual converters can be operated with or without a circulating current.

following advantages:

1. The circulating current
r the whole control range, in
ince one converter alw

tains continuous conduction of both converters
endent of the load.

operates as a rectifier and the other converter
ow in either direction at any time is possible.
n continuous conduction, the time response for
ration to another is faster.

single-phase dual converter in Fig. 4-4a is operated from a 120-V 60-Hz supply
nd the load resistance is R = 10 ). The circulating inductance is L. = 40 mH;
delay angles are «; = 60° and a, = 120°. Calculate the peak circulating current and
the peak current of converter 1.

Solution o = 27 x 60 = 377 radls, o, = 60°, V,, = V2 X 120 = 169.7 V, f =
60 Hz, and L, = 40 mH. For ot = 2w and o, = 7/3, Eq. (4-34) gives the peak
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circulating current

2V, 169.7
(1 — = — = 11.
oL ( cos ) 377 x 0.04 1125 A

I (max) =
The peak load current, I, = 169.71/10 = 16.97 A. The peak current of converter 1
is (16.97 + 11.25) = 28.22 A.

4-6 SINGLE-PHASE SERIES CONVERTERS

For high-voltage applications, two or more converters
to share the voltage and also to improve the po
semiconverters that are connected in series.
of turns, and the turns ratio between the prim
a; and a, are the delay angles of converter 1 and con & cly, the
maximum output voltage V,, is obtained when o) = «a, = 0.

In two-converter systems, one converter isy@perated to ok
from 0 to V,,,/2 and the i
To obtain output voltage
angle, a; = 0) and th :
shows the output voltage, input cut
the supply when both the convert

From Eq. (4-5), the average

Vi (1 + cos ;)

V
Via = == (1 + cos )
ey

The resultant output vo of converters is

| %4
Vie = Vaa a2 = (2 + cos oy + cos ) (4-35)
a

oltage for oy = a, = 0is V,, = 4V, /w. I
= 7 and a, = m, then

imum average out
is operating: 0

V

Vier + Vi = 7 (1 + cos ay) (4-36)
m

normalized average output voltage is

Vdc

V, === =025 + cos o) (4-37)
Vdm

If both converters are operating: «; = 0 and 0 = o, = 7, then

Vv
VdC = VdCl + Vdcz = = (3 + cos 01.2) (4'38)
v
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Quadrant a2 n+ ag 2n

—1,/2 ¢+ ———|_—

[¢] wt

(b) Waveforms

hase series semiconverters.
oltage is

—& = 0.253 + cos a) (4-39)
etween the primary and secondary is N,/N, = 2. Due to the fact that there
o freewheeling diodes, one of the converters cannot be bypassed and both
nverters must operate at the same time.

In rectification mode, one converter is fully advanced (o; = 0) and the delay
angle of the other converter, a,, is varied from 0 to 7 to control the dc output
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(c) Waveforms (d) Quadrant

Figure 4-6  Single-phase full converters.
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voltage. Figure 4-6b shows the 1%?& ysﬁ'gge, output voltages, input currents to
the converters, and input supply current. Comparing Fig. 4-6b with Fig. 4-2b, we
can notice that the input current from the supply is similar to that of semiconverter,
and as a result the power factor of this converter is improved, but the power factor

is less than that of series semiconverters.
In inversion mode, one converter is fully retarded, a, = , and the delay
angle of the other converter, a;, is varied from 0 to = to control the average output

The resultant output voltage is

Vae = Vae (4-40)
The maximum average ou In the
rectification mode, a; = 0
Vi = Vaa + (4-41)
and normalized dc output voltag
Vdc
V, === =051 + cos o) (4-42)
Vdm
In the inversion mode, =< qr and o, = r; then
. 2V
‘ ‘ =" (cos a; — 1) (4-43)
T
0.5(cos a; =~ 1) (4-44)

load current (with an average value of I,) of series full converters in Fig. 4-6a is
continuous and the ripple content is negligible. The turns ratio of the transformer
is N/N, = 2. The converters operate in rectification mode such that a; = 0 and «,
varies from 0 to w. (a) Express the input supply current in Fourier series, determine
the harmonic factor of input current, HF; displacement factor, DF; and input power
factor, PF. (b) If the delay angle is o, = =/2 and the peak input voltage is V,, =
162 V, calculate V,, V,, V..., HF, DF, and PF.
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Solution (a) The waveform for input current is shown in Fig. 4-6b and the instan-
taneous input supply current can be expressed in a Fourier series as

i(t) = i V2 I, sin (not + ¢,)

n=12,...
where ¢, = —na,/2. Equation (4.11) gives the rms valu he nth harmonic in
current
4Ia no, 2\/§ Ia
I, = cos — =
V2 nm 2 nw
The rms value of fundamental current is ‘
. 2V21, a,

1
w

The rms input current is found as

From Eq. (2-51), ‘
‘ (4-48)

From Egs. (2-50),

(4-47)

(8 53
> (4-49)
m Eq. (2-52),
I a V2 (1 + cosay)
PF = 2 - —_— & -
cos 3 [m(m — a)]” (4-50)

x —) (1 + cos 3) = 103.13 V

(2V,,)? sin ot d(wf)
@

l . N 1/2
Ve = V2V, [— (w -, + Sm;“—)] =V, =162V

™

2V2 g
u cos 1 0.63661, and 1. =0.70711,
™

2 12
HF = li(-—s> — 1] =0.4835 or 48.35%

1
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b, = — and DF:cos—%=0.7071

KUl

4
1, .

PF = I—cos( —&,) = 0.6366 (lagging)

Note. The performance of series full converters is similar to that of single-
phase semiconverters.

4-7 THREE-PHASE HALF-WAVE CONVERTERS

Three-phase converters provide higher average outp
frequency of the ripples on the output voltage is highe par
phase converters. As a result, the filtering requiﬁnts for smoothing o
load current is simpler. For these reasons, three-phase co

tensively in high-power variable-speed drives. Three single-phal
verters in Fig. 4-1a can be connected to form a three-phase half-w

as shown in Fig. 4-7a. !
When thyristor T is fir ot = w/6 + a, the p e v,, appears
across the load until thyristg is fited at wt = 57/6 + «
fired, thyristor T is reverse Based, b i
Up,), is negative and T is turned off. »n Appears across the
load until thyristor T3 is fired at wt = rﬂn is fired, T,
is turned off and v,,, appears across th t the beginning
cycle. Figure 4-7b shows the characteristics of the load and this is
drant converter. Figure 4-7¢ shows the input voltages, output voltage,
ent through thyristor T, for a highly inductive load. For a resistive
load and /& > w/6, the load current would be discontinuous and each thyristor is
self-commutated when rity of its phase voltage is reversed. The frequency
of output ripple voltage is 3f{qyThis converter is not normally used in practical
systems, because the supply curremts contain dc components.
If the phase voltage is v,, =AY, sin of, the average output voltage for a
‘ ‘tinuous load current is

3 [5mo+e ) 3V3V,
.= T sin wt d(wt) = — 75— cos a (4-51)
2 27
eak phas . The maximum average output voltage that
y angle, a
3V3V,,
dm — I
d the normalized average output voltage is
V
v, = Vf‘“ = oS a (4-52)

dm
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Figure 4-7 Three-phase half-wave converter.

s output voltage is found from

3 S5w/6+a 12
Vims = [2— l:f V2, sin® ot d(wt)]
s

™6+ a
v§ 1/2
=V3V, (% + g—cos2a>
v

(4-53)
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For a resistive load and o = 7/6:
3
Vdc =3

2’7T w6+ o

3V,
V ,sinwtd(wt) = 2—’" [1 + cos (% + a> (4-51a)
o

(4-52a)

3 = 1/2
Vins = 52— [ J Ve, Sinzwtd(wt)]

w6+ a

2
5 a 1 T
—\/—:;V [EZ_Z;+—8?51H<3+20L

Example 4-6
A three-phase half-wave converter in Fig. 4-7a is operated from
connected 208-V 60-Hz supply and the load resistancejs R = 10 €.
to obtain an average output‘?e of 50% of the ma i
calculate the (a) delay angle ) rms and average outpu
rms thyristor currents; ( tification efficiency; (e) transf
TUF; and (f) input powe r, P

Solution The phase voltage is V, =
= 0.5,and R = 10 Q. The maxi

169.83
X
T

= 14045V

dm = 211_ -

The average output voltage Va = 0.5 x 14045 = 70.23 V.

a) For a resis ad, the load current is continuous if « =< ©/6 and Eq. (4-
52) gives V,, = cos (m With a resistive load and 50% output, the load
current is discontinuous. Fr q. (4-52a), 0.5 = (1/V3) [1 + cos (w/6 + o)] and
the delay angle is a = 67.7°.

(b) The average output cu
‘ ‘(4-533), V. = 94.74 V and the
The average current o

‘ rms

of a thyristor, Iy
Eq. (2-44) th

t, I, = V4/R = 70.23/10 = 7.02 A. From Eq.
load current, I, = 94.74/10 = 9.47 A.
yristor, I,r = [, /3 = 7.02/3 = 2.34 A and the
JV3 = 9.47/V3 = 547 A.

tification efficiency is = 70.23 x 7.02/(94.74 x

rms input Jifie"current is the same as the thyristor rms current, and the
“ampere rating, VI = 3V,[, = 3 x 120.1 x 5.47 = 1970.84 W. From Eg.
UF = 70.23 x 7.02/1970.84 = 0.25 or 25%.
(f) The output power, P, = I3, R = 9.47> x 10 = 896.81 W. The input
ower factor, PF = 896.81/1970.84 = 0.455 (lagging).

Note. Due to the delay angle, «, the fundamental component of input line
urrent is also delayed with respect to the input phase voltage.
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Figure 4-8 Three-phase semiconverter.
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4-8 THREE-PHASE SEMICONVERTERS

Three-phase semiconverters are used in industrial applications up to the 120-kW
level, where one-quadrant operation is required. The power factor of this con-
verter decreases as the delay angle increases, but it is better than that of three-
phase half-wave converter. Figure 4-8a shows a three-phase semiconverter with
a highly inductive load and the load current has a negligible rj content.
Figure 4-8b shows the waveforms for input voltages,
current, and the current through thyristors and diodes. T
voltage is 3f,. The delay angle, «, can be varied from 0 to
w6 < wt < 7m/6, thyristor T, is forward biased. If T is fi
T, and D, conduct and the line-to-line voltage v, ear
ot = 76, v, starts to be negative and the freewhee diode"P;,*conducts.
load current continues to flow through D,,; and d D, are turned off,
If there was no freewheeling diode, T, woul ntinu
ristor 7T, is fired at wf = 5m/6 + « and the freewheeling actio
plished through 7, and D,. If a < /3, each thyrigtor conducts
freewheeling diode D,, does conduct.
If we define the three lin€é-neutral voltages as follo

During the period

=13V, sin (u)t - 5%)

=3V, sin <wt+§>

€ peak p oltage of a wye-connected source.
m/3, and discontinuous output voltage: the average output voltage

Tn/6 3 T/6 T
= —f VU, d(wt) = — V3V, sin <wt - —6—) d(wt)

27 Jwib+o 29 Jub+a

3V3V,
T (1 + cos a) (4-54)
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)

The maximum average output voltage that occurs at a delay angle of o« = 0 is Vim
= 3V/3 V,/m and the normalized average output voltage is

1%
V,==% =051 + cos a)

Vdm

=\/§Vm[i<~rr—a sin 2
41

(4-55)

The rms output voltage is found from

3 J’7-rr/6 s s ™
Vims = [277 on 3V sin? | of — 5

For o = w/3, and continuous output voltage:

3 6+ a
Vie = — (4-54a)
27 Y56+ a
V - - = . -
,, v, 0.5( (4-55a)

1/2
=V3v, [i <1'r - a + 1sin20¢>:l
T 2

Example 4-7
Repeat Example 4-6 for

three-phase semiconductor in Fig. 4-8a.

V, =208V3 = 1201 V,V, = V2V, = 169.83,
maximum output voltage is

=3\/§x16i—'83:280.9V

V,=0.5and R = 10 Q.

o
]
=
-

o
g
—
<

&

I
e
W
X
)
%
=
¥y

il
—_
e
e
ey
&
<

and Eq. (4-55) gives V,, = (1 + cos w/3)/2 = 75%. With a
ive load and 50% output, the output voltage is discontinuous. From Eq.
-55), 0.5 = 0.5(1 + cos a), which gives the delay angle, a = 90°.

(b) The average output current, I,, = V,./R = 140.45/10 = 14.05 A. From
Eq. (4-56),

1/2
V... = V3 x 169.83 [41 <1‘r - g +0.5sin2 x 90°>] = 180.13 V
T

and the rms load current, [, = 180.13/10 = 18.01 A.
(c) The average current of a thyristor, I, = I,/3 = 14.05/3 = 4.68 A and the
rms current of a thyristor, I, = I, /V3 = 18.01 V3 = 104 A.
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4-9 THREE-PHASE FULL CONVERTERS

a2 A
(d) From Eq. (2-44) the rectification efficiency is

| 140.45 x 14.05
M= 180.13 x 18.01

(€) The rms input line current is I, = 1., V(23) = 1471 A. The input volt-
ampere rating, VI = 3V[, = 3 x 120.1 x 14.71 = 5300. From Eq. (2-49),
TUF = 140.45 x 14.05/5300 = 0.372.

(f) The output power, P, = Iz R = 18.01> x 10 = 324
factor is PF = 3243.6/5300 = 0.612 (lagging).

= (.688 or 68.8%

The power

Note. The power factor is better than that of three-phase half-wave con-

Three-phase converters are extensively used in industrial applicat o the

120-kW level, where two-quadrant operation is required.
converter circuit with a highly i
of w/3. The frequency of outp
is less than that of three-ph emi-fand half-wave convert
a, thyristor Ty is already conducting and r

(/6

voltage, Vo (= Van — Vbn) appears ac : d wt =

vs a full-
an interval
g requirement
At ot = w6 +

on. During interval
t and the line-to-line
+ a, thyristor

tive load. The thy
ipple voltage is 6f; and

+ a) < ot < (w2 + o), thyristg

T, is fired and thyristor T is reverseq i ately. T¢1s turned off due
to natural commutation. During inte 12 + a) < ot < (57/6 + a), thyristors
T, an onduct and the line-to-line voltage, v,. appears across the load. If the
thyrist e numbered as shown in Fig. 4-9a, the firing sequence is 12, 23, 34,
45,56, and 61. Figure 4-9b shows the waveforms for input voltage, output voltage,
input current, and curr ough thyristors.

If the line-neutral volta re defined as

3
e
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Figure 4-9 Three-phase full converter.
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The average output voltage is found from

3 w2+ a 3 w2 +o T
Vi = —J Vp d(wt) = ;I V3V, sin (mt + 6) d(wt)

m Jul6ta w6+

3V3V,

™

(4-57)

Cos a

The maximum average output voltage for delay angle, a =
Vin = 3 V3V, /7.

and the normalized average output voltage is

Vs
V,=—==cosa
Vdm

The rms value of the output voltage is found from

3 T2+
Vims = [— J’ 3V2 sin? (u)t +
™ 6

1 3 \/5 1/2
\/6‘ 2 cos 2a

Repeat Example 4-6 for the three-p

(4-59)

I

Example 4-8
Fig. 4-‘

Solution The phase voltage, V, = = 1201V, V, =V2V, =16.83, V,
_and R = 10 Q. The maximuMm output voltage, V,, = 3 V3V, im=3V3
3w = 280.9 V. The average output voltage, V. = 0.5 x 280.9 = 140.45 V.
(a) From Egq. (4-58), 0.5 = cos a, and the delay angle, a = 60°.
(b) The avera ut current, I, = V4 /R = 140.45/10 = 14.05 A. From

V.. = V6 x 169.8

l ll and the rms current, /.., = 159

3 1/2

- cos (2 X 60°)] = 159.29 V,

10 = 15.93 A.

thyristor, Ipy = 143 = 14.05/3 = 4.68 A, and
=1,.V26 =1593V26 = 92 A.

tification efficiency is

#7140.45 x 14.05
" 159.29 x 15.93

(¢) The rms input line current, I, = L, /46 = 13 A and the input volt-ampere
ating, VI = 3V.J, = 3 x 120.1 x 13 = 4683.9W. From Eq. (2-49), TUF = 140.45
x 14.05/4683.9 = 0.421.

(f) The output power, P, = I; R = 15.932 x 10 = 2537.6 W. The power

ms

factor, PF = 2537.6/4683.9 = 0.542 (lagging).

The average current

= 0.778 or 77.8%

Note. The power factor is less than that of three-phase semiconverters, but
higher than that of three-phase half-wave converters.
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Example 4-9

The load current of a three-phase full converter in Fig. 4-9a is continuous with a
neghglble ripple content. (a) Express the input current in Fourier series, and deter-
mine the harmonic factor of input current, HF; dlsplacement factor, DF; and
input power factor, PF. (b) If the delay angle, a =
voltage, V,, = 169.83 V, calculate V,,, HF, DF, and PR

Solution (a) The waveform for input current is sho
taneous input current of a phase can be expressed i

i(t) = I + i

n=1,2,...

where

2
X
I

1 29
L i,(?) sin not d(wf)

™

o
x
I
|

Snl6+ o 117/6 +a

1, sin not d(wf) — j

Tn/6+a

1, sin nwt d(wt):'

COs na forn=1,3,5, ...

il(t)— 2 V2 1, sin (not + ¢,)

b, = tan’l% = —na (4-61)

The rms value of the nth harmonic input current is given by

2NV2I,  an
ntm

+ b2z =

1
I, = — (&2 in — -
Y (a3 sin (4-62)
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The rms value of the fundamental current is
V6

I, = —11—1“ = 0.77971,

The rms input current,

5 [swe+a 2 E
[—-J I? d(wt)] =1, [= = 0.8165],
2qr Jmi6+a 3

I =
2 172 2 1/2
1 T
HF = [(—) — 1] = [(—) - 1] = 0.3108 31.08%
I 3
DF = cos ¢; = cos —a
L ; ||
PF = —I—cos —a = —cosa = 09549 DF
s v

(b) For o = @/3, V, = cos (w/3) = 0.5 pu, !! = 31. =
0.5, and PF = 0.478 (lagging).

Note. If we compare th wer factor with th
load is purely resistive, we ca‘ice that the input ends on the
power factor of the load. ‘

4-10 THREE-PHASE DUAL CONVERTERS

In many variable-speed drives, the fo rant operation is required and three-
| converters are extensively used in applications up to the 2000-kW level.
shows three-phase dual converters where two three-phase converters
are connected back to back. We have seen in Section 4-5 that due to the instan-
Itage differe tween the output voltages of converters, a circulating
ters. The circulating current is normally limited
in Fig. 4-10a. The two converters are controlled
gle of converter 1, the delay angle of converter
ws the waveforms for input voltages, output
ctor L,. The operation of each converter is
full converter. During the interval (m/6 +
-line voltage v,, appears across the output of
converter 2.

es are defined as

by circulating reactor, L, as sho
insuch a way that if a, is the dela
o, = w — a,. Figure 4-10b
‘c:ltages, and the voltage across i

V,, sin wt

) 2m
Vp, = V,, 8IN (wt — —3—>

2
., =V, sin (m + %T)
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(b) Waveforms

Figure 4-10 Three-phase dual converter.
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the corresponding line-to-line voltagesarée

Vyp = Van — Vpn = V3 V,, sin (mt + %)
. 13
Ve = Vpn — Ven = V3V, sin ((ot - E)

. ™
Vg = Vo — Van = V3V, sin (u)t +3

SN—_——

If v,, and v,, are the output voltages of converters 1 and

he instantaneous
voltage across the inductor during interval (/6 + a;) = of i

w/

v, = Vo1 — Vo2 = Vb — Vpe

V3V,, [sin (wt + %) - si* -
(- T
6
‘)und rom
1

3V,, cos

The circulating current can

1 wt
() = — d(wt) =
W0 = 2 | g U400 = o ot
A sin| wt — =) — sin
wL, 6
Thec ing current depends on delay angle and on inductance, L,. This current

becomes maximum when ot = 27/3 and o, = 0. Even without any external load,
the converters would tinuously running due to the circulating current as a
result of/ripple voltage e inductor. This allows smooth reversal of load
current during the change ove m one quadrant operation to another and pro-
vides fast dynamic responses, espeeially for electrical motor drives.

d converters depends on delay angle o, and is
especially e low output voltage range. These converters
onics into the supply. Forced commutations can improve the input
t and reduce the harmonics levels. These forced-commutation tech-
re becoming attractive to ac—dc conversion. With the advancement of
semiconductor devices (e.g., gate-turn-off thyristors), the forced commu-
on can be implemented in practical systems. In this section the basic techniques
f forced commutation for ac—dc converters are discussed and can be classified as
follows:

1. Extinction angle control
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2. Symmetrical angle control
3. Pulse-width modulation
4. Sinusoidal pulse-width modulation

4-11.1 Extinction Angle Control

Figure 4-11a shows a single-phase semiconverter, wher ristors T, and T, a

replaced by switches §; and S,. The switching actions of §yand S, can be perform

by gate-turn-off thyristors (GTOs). The characteristies of GTOs are such t

GTOs can be turned on by applying a short positive pu 1

of normal thyristors and turned off by applying ort se to .
In an extinction angle control, the switch S| is turned on at wt d is

turned off by forced commutation at wt = = - T itch §, is on at
ot = w and is turned off at ot = (2w — B). The outp ge i rolled by
varying the extinction angle, 8. Figure 4-11b shows the s for input
voltage, output voltage, input current, and the nt throu 1stor switches.
The fundamental comp of input current he 4 voltage, and the
displacement factor (and power factor) is leading. e applications, this
feature may be desira simtllate a capacitive lo 0 compensate for line

voltage drops.

] /_\
» wt
0 ! | 2n
1 | |
v, ' |
° I g | [ I
'/\l m
+ wt
0 n-g W | 2n ¢
= | ] | |
a I [
0 I ! wt
. n—-f 0 | 2n
b is2 | &
[ |
0 n 2n—-f el
iom la
0 + wl
n-p ’" 2n-f 2n
[ | I | ]
la | |
| 2n-p
0 wt
n-f {m 2n
io ~la
la
0 -+ wt
(a) Circuit (b) Waveforms

Figure 4-11 Single-phase forced-commutated semiconverter.
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1S3
Y
+ Is3
—_ VO
N
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.|
is2 -
Circuit (b) Waveforms

Figure 4-12 Single-phase forced-commutated full converter.

average outp is found from

_2
2m Jo

can be varied from 2V, /

| %4
Ve in ot d(wt) = —= (1 + cos B) (4-65)
v

‘Qv@

0 by varying B from 0 to w. The rms output

8 172
V2, sin? ot d(wt)

1/2
_ Va1l B sin 2[3
‘xfz[w<’" P )]

Figure 4-12a shows a single-phase full converter, where thyristors T, T,, T5,
T, are replaced by forced-commutated switches S}, S5, S5, and S,. The switches
, and S, are turned on simultaneously at ot = 0 and are turned off at ot = 7 —
B. The switches §; and S, are turned on at wt = = and are turned off at wt =
2m — B. Foran inductive load, the freewheeling path must be provided by switches
$,S, or S;S,. The firing sequence would be 12, 14, 43, and 32. Figure 4-12b

(4-66)
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shows the waveforms for input voltage, output voltage, input current, and the
current through switches. Each switch conducts for 180° and this converter is
operated as a semiconverter. The freewheeling action is accomplished through
two switches of the same arm. The average and rms output voltage are expressed
by Eq. (4-65) and Eq. (4-66), respectively.

The performance of semi- and full converters with
are similar to that with phase-angle control, except the
With phase-angle control, the power factor is lagging.

ction angle contr
er factor is leading

4-11.2 Symmetrical Angle Control

a single-phase semiconverter with forced-co
switch §, is turned on at wt = (7w = B)/2 an
The switch S, is turned on at ot = (3w — B)/2 and off at wt =
output voltage is controlled by varying conducti
the waveforms for input
through switches. The fu
the input voltage and th
is improved.

+wt Figure 4-13 Symmetrical angle control.

110 Controlled Rectifiers Chap. 4




ER
) AiiSe
The average output voltage is found from

2 (m+B)2 2V
V,, sin ot d(of) = —" sin e
™

Vdc 2

T 2w Sz

(4-67)

and V,, can be varied from 2V,,/m to 0 by varying g from 0 to 7. The rms output

voltage is given by

Vrms

I

9 [m+R)2 12
[ f( V2, sin? ot d(wl)]

2w J(m—p)2

% [% (B + sin B)]

1l

|

Example 4-10

The single-phase full converter in Fig. 4-12ais oper’vith )
The load current with an average value of I,, is continuous,
is negligible. (a) Express the input current of converter in Fourier
the harmonic factor of inpﬁrrent, HF; displace actor, DE

factor, PF. (b) If the con on angle is § = w/3
= 169.83 V, calculate V..V, .., HF, DF, and PF.

Solution (a) The wave‘ for i

taneous input current can be expres

i = Iy +
n=1
€ere
1 J'(n+ B2 p J’(3’n+B)/2
I, = — I - =
@ 2 | Jm-pyz ¢ (wr) GBw-g)2 L, d(wt) 0
a, = not d(wt) = 0

41, . nB _
(oot)—rmmn2 forn=1,3,...

f " i() sin

© A= A e

forn =

0, Eq. (4-69) ca

PR

ritten as

= i V2 I, sin (not + &,)

n=1.2,...

b, = tan*lg—" =0

The rms value of the ath harmonic input current is given as

1 2V2I, . nB
n = R)
™

1n—2—

Sec. 4-11 Power Factor Improvements
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The rms value of the fundamental current is

L sin = (4-73)

HF

DF

PF =

) sing = 0.45021,

ﬁ = 0.57741,
m

2 172
(_;) - 1] = 0.803 or 80.3%

=1

a

= 0.7797 (lagging)

e power fa s improved significantly, even higher than that of
se series onverter in Fig. 4-6a. However, the harmonic factor

Pulse-Width-Modulation Control

f the output voltage of single-phase semi- or full converters is controlled by varying
the delay angle, extinction angle, or symmetrical angle, there is only one pulse per
half-cycle in the input current of the converter, and as a result the lowest-order
harmonic is the third. It is difficult to filter out the lower-order harmonics. In
pulse-width-modulation (PWM) control, the converter switches are turned on and
off several times during a half-cycle and the output voltage is controlled by varying
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Ia lo
0 i ulse-width-modulation

the width of pulses. Figure 4-14 s e input voltage, output voltage, and
rrent. The lower-order ha ics can be eliminated or reduced by se-
number of pulses per half-cycle. However increasing the number of
pulses would increase the magnitude of higher-order harmonics, which could easily

e performance parameters of the converter can be
nsidering only one pair of pulses such that if one
t of = a; + 9;, the other pulse starts at wf =

+ 8,), and (2) by combining the effects of all
and its width is 3,,, the average output voitage
from

determined in two steps: (1) b
Ise starts at wf = a, and en

i+ a, and ends at of = (7 +

pairs. If mth pulse starts at wf

ue to

otm + Bm
V,, sin o d(wt)]
(4-78)

Vv P
= > [cos a,, — cos (a, + 3,)]

he load current with an average value of , is continuous and has negligible
ripple, the instantaneous input current can be expressed in a Fourier series as

o«

i) = Ioc + 2 (a, cos nwt + b, sin not) (4-79)
n=1.3
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Due to symmetry of the input current waveform, there will be no even harmonics
and I, should be zero and the coefficients of Eq. (4-79) are:

1 2T )
a,=_ J’O i(t) cos nwt d(wt)

1 m+ dm 1 T+ am+ dm
[—f 1, cos not d(wt) — —J' I,cosn
11T

Ep:
m= am TJIm+am

=
il

fzﬂ i(t) sin not d(wt)

0

1 m + dm 1 T+ om+dm
—f 1, sin not d(wt) — —f
1|7 ™

n T+ am

q -

sin nwt d(wt)

m

2Ly i [cosn cosn(a,, +3,,)]
= a,, — o
nw =, m m m

Equation (4-79) can be r‘ten as

L

(4-81)

V2 I, sin (nwt

n=1,31%

idths of pulses are varied to control the output voltage. If there are p pulses
t-cycle of the same width, the maximum width of a pulse is 7/p. The widths
of pulses could be di nt. It is possible to choose the widths of pulses in such
could be eliminated. There are different methods
and the most common one is the sinusoidal pulse-
sinusoidal PWM control as shown in Fig. 4-15,
comparing a triangular voltage v, of amplitude
usoidal voltage v, of variable amplitude A, and
tage, v,, is in phase with the input phase voltage
¢y, f;- The widths of the pulses (and the output
the amplitude A, or the modulation index, M from
ex is defined as

A
M =7 (4-82)

of varying the widths of pu
width modulation (SPWM).
he pulse widths are generate
A, and frequency f, with a hal

e

r

In a sinusoidal PWM control, the displacement factor is unity and the power
actor is improved. The lower-order harmonics are eliminated or reduced. For
example, with four pulses per half-cycle the lowest-order harmonic is the fifth; and
with six pulses per half-cycle, the lowest-order harmonic is the seventh. Computer
programs, named PROG-1 and PROG-2, which are listed in Appendix F, can be
used to evaluate the performances of uniform PWM and sinusoidal PWM control,
respectively.
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4-12 DESIGN OF CONVERTER CIRCUITS

f converter circuits requires determining the ratings of thyristors and
¢ thyristors and diodes are specified by the average current, rms current,
peak curtént, and peakgnyerse voltage. In the case of controlled rectifiers, the
d on the delay (or control) angle. The ratings of
nder the worst-case condition and this occurs
imum average output voltage V.
‘ &,The output of converters co s harmonics that depend on the control (or
) angle and the worst-case dition prevails under the minimum output
Itage. input and output filtérs must be designed under the minimum output
The steps in d in designing the converters and filters are

power devices must be design
when the converter delivers the

hase full converter is operated from a three-phase 230-V 60-Hz supply. The
highly inductive and the average current is /, = 150 A with negligible ripple
If the delay angle is « = w/3, determine the ratings of thyristors.

Solution The waveforms for thyristor currents are shown in Fig. 4-9b. V, =
230/A/3 = 132.79 V, V,, = 187.79 V, and o = =/3. From Eq. (4-57), V4 =
3(V3/w) X 187.79 X cos (w/3) = 155.3 V. The output power, P, = 155.3 X 150
= 23,295 W. The average current through a thyristor, I,y = 150/3 = 50 A. The

rms current through a thyristor, I, = 150 V2/6 = 86.6 A. The peak current through
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a thyristor, I, = 150 A. The peak inverse voltage is the peak amplitude of line-to-
line voltage, PIV = V3V, = V3 X 187.79 = 325.27 V.

Example 4-12

A single-phase full converter as shown in Fig. 4-16 uses delay-angle control and
supplied from a 120-V 60-Hz supply. (a) Use the metho Fourier series to obt
expressions for output voltage, v, (f), and load current, , as a function of de
angle, a. (b)Ifa = n/3, E =10V, L = 20 mH, = 10 Q, determine
rms value of lowest-order harmonic current in the | (c) If in part (b), a fi
capacitor is connected across the load, determine th pacitor value to reduce,
lowest-order harmonic to 10%.

Solution (a) The waveform for output voltag‘hown 1 4-3c.
of output voltage is twice that of the main . The instantaneous
can be expressed in a Fourier series as

S

v, () = Vg + (a, cos not + b, sin (4-83)
where

Vdc =
a, = 2 V.. sin ot ¢ ) _cos(n = a 1)0‘]

T Jo n—1

T+ : +1 H _

b, = 2 V., sin ot sintrwt d(wt) = 2V,, | sin (n Jo _sin(n — 1o

T Ja m n+1 n—1

The load impedance

= R + j(neol) = [R? + (nwL)*]"? 48,

Dividing v, (1) of Eq. (4-83) by load impedance Z and
ine terms give the instantaneous load current as

and 6, = tan~!(nwL
simplifying the sine and

S

+ > V2Isin (not + &, — 9,) (4-84)

n=2,4,...

i(n

. = tan~'(a,/b,), and

I = 1 (a3 + B

"7 V2ZVRT ¥ (noly

W) Ifa=m3E=1V,L=20mH R =100, 0 =21 X 60
radfs, V,, = V2 x 120 = 169.71 V, and V. = 54.04 V.

54.04 - 10

Iy = (Vdc - E

Ly =" =440A
a, = —0.833, b, = —0.866, &, = 223.9°, 0, = 56.45°
a, = 0433, b, = —0.173, ¢, = 111.79°, 6, = 71.65°
a, = —0.029, b, = 0.297, b, = —5.5°, 0, = 77.5%°
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T4 T2 t E
Figure 4-17 valent circuit
Figure 4-16 Single-phase full converter with RL load. for harmonics
L) =44+ ————5 12s1n‘223
L( ) [RZ + ( L) 1/2 [ (

+0.47sin (4ot + 111.79° — 71.65°) + 0.3sin (6wt — 5.5° — 77.53°)
2 x 169.71

+ 0.47 sin (4ot + 40} . . e (4-85)

(c) Figure 4-17 shows the equivalent circuit for the harmonics. Using the
divider rule, the harmonic current through the load is given by

_ 1/(nwC)

(R + [noL — V(noO)A}"?

For n = 2 and o= 377,

L _
I, {102 + [

ives C = —670 pF

=0.1

3

ice from Eq. (4-85) that the load current harmonics depend on load

ces. The input power factor is calculated in Example 4-8 for a purely
ve load and in the Example 4-9 for a highly inductive load. We can also
ice that the input power factor depends on the load power factor.

In the derivations of output voltages and the performance criteria of con-
verters, we have assumed that the source has no inductances and resistances.
Normally, the values of line resistances are small and can be neglected. The
amount of voltage drop due to source inductances is the same as that of rectifiers
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be applied to
If all the line
= 6fL., for a

and does not change due to the phase control. Equation (2-¢
calculate the voltage drop due to the commutating reactance
inductances are equal, (2-99) gives the vo
three-phase full convert

The voltage dro inder normal operation.
However, the commutation (or 0 ary with the delay angle.
As the delay angle is increased, t 3 ome aller. This is illus-
trated in Fig. 4-18. The volt-ti by cr tched areas is equal
to Iy.L, and is independent of e commutating phase voltage in-
ases, the time required to com ler, but the ““‘volt-seconds’ remain

(4-86)

= Van = Valo) (4-87)
€ output voltag h overlap angle i and two commutations is
=0 -2V, -V, =V,, -2V, -V, (4-88)

ing V, from*Eq. (4-87) into Eq. (4-88) we can write the voltage drop due
ap as

y

2V, = 2fl4 L. = Vi) — Vyla + p) (4-89)

The overlap angle, w, can be determined from Eq. (4-89) for known values of load
current, I,.; commutating inductance, L ; and delay angle, a. It should be noted
that Eq. (4-89) is applicable to single-phase full converter.

Example 4-13

A three-phase full converter is supplied from a three-phase 230-V 60-Hz supply. The
load current is continuous and has negligible ripple. If the average load current, I,
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A
— 150 A and the commutating inductdnce, L, = 0.1 mH, determine the overlap angle
when (a) « = 10° (b) « = 30°, and (¢) a = 60°

Solution V,, = V2 x 230/\/3 = 187.79 V and V,,, = 310.6 V. From Eq. (4-57),
V() = 310.6 cos o and

Valo + p) = 310.6 cos (a + )

For a three-phase converter, Eq. (4-89) can be modified to
6Vx = 6fIchc = Vdc(a) - X/dc((x +
6 x 60 X 150 x 0.1 x 10~-* = 310.6[cos a — cO§

(a) For a = 10°, p = 4.66°.
(b) For a = 30°, p = 1.94°.

(c) For a = 60°, p = 1.14°. w¢r>
:gf@“’;m"'
SUMMARY '
In this chapter we have seen verage output vol

ac—dc converters can be contr
Depending on the types of s , the
phase. For each type of supply; they
The semi- and full converters are used ¢
though semiconverters provide better
verters, these converters are only suita
verters and dual converters allow tw¢ d

respec . Three-phase converters a ormally used in high-power applications
and th ency of output ripples is higher.

The input power factor, which is dependent on the load, can be improved
and the vgltage rating ¢ increased by series connection of converters. With
forced commutations, the actor can be further improved and certain lower-
order harmonics can be reduced
The load current could be co

or full converters.
applications. Al-
of full con-
Full con-

ous or discontinuous depending on the load-
the analysis of converters, the method of
techniques (e.g., transfer function approach
g function) can be used for the analysis of
angle control does not affect the voltage drop
d this drop is the same as that of normal diode

rectifiers.
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REVIEW QUESTIONS

4-1. What is a natural or ommutation?
4-2. What is a controlled rectifier?
4-3. What is a convert
4-4. What is delay-angle control of
4-5. What is a semiconverter? Dr
4-6. What is a full converter? Dr
4-7. What is a dual converter? D
What is the principle of phase

hat are the effects of removing the freewheeling diode in single-phase semicon-
verters?

Why is the po or of semiconverters better than that of full converters?
. What is the cause
. Why is a circulating cur
. What are the advantages

. How is the delay angle of o
in a dual-converter syste

lating current in dual converters?

inductor required in dual converters?

disadvantages of series converters?

onverter related to the delay angle of the other converter

f converters?

he rectificatio de of converters?

the freque the lowest-order harmonic in three-phase semiconverters?
at is the frequency of the lowest-order harmonic in three-phase full converters?

is the inversion m

hat is the frequency of the lowest-order harmonic in a single-phase semiconverter?
. How are gate-turn-off thyristors turned on and off?
. How is a phase-control thyristor turned on and off?

. What is a forced commutation? What are the advantages of forced commutation for
ac—dc converters?

. What is extinction-angle control of converters?
. What is symmetrical-angle control of converters?
4-25. What is pulse-width-modulation control of converters?
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4-26. What is sinusoidal pulse-width- modulatlon control of a converter?

4-27. What is the modulation index?

4-28. How is the output voltage of a phase- -control converter varied?

4-29. How is the output voltage of a sinusoidal PWM control converter varied?

4-30. Does the commutation angle depend on the delay angle of converters?

4-31. Does the voltage drop due to commutating inductances depend on the delay angle of
converters?

4-32. Does the input power factor of converters depend on the load p,

4-33. Do the output ripple voltages of converters depend on the del

PROBLEMS ‘

4-1. A single-phase half-wave converter in Fig. 4-1a is operated from a
If the load resistive load is R = 10 Q and the delay angle is o =
(a) efficiency; (b) form factor; ripple factor; (d) tra
(e) peak inverse voltage (PI thyristor T;.
4-2. A single-phase half-wave i
and the load resistive load
maximum possible average output volt
average output currents; (c) average a
factor.

factor?

tage is 25% of the
y angle; (b) rms and
d) input power

4-3. A single-phase half-converter in Fig. rom a 120-V 60-Hz supply and
a freewheeling diode is connected ac e load. The load consists of series-con-
n esistance, R = 10 Q, inductance, L = 5 mH, and battery voltage, E =20
V. xpress the instantaneous output voltage in a Fourier series, and (b) determine
the rms value of the lowest-order output harmonic current.

in Fig. 4-2a is operated from a 120-V 60-Hz supply.
ge value of I, is continuous with negligible ripple
nsformer is unity. If the delay angle is « = /3,
input current; (b) displacement factor; and ()

4-4. A single-phase semic
The load current with an
content. The turns ratio of th
calculate the (a) harmonic fact
input power factor.

e semiconverter in Fig. 4-2a.

ig. 4-2a is operated from a 120-V 60-Hz supply.
d resistance, R = 10 Q, inductance, L = 5 mH,

ob. 4-4 for the single-phase full converter in Fig. 4-3a.
Prob. 4-2 for the single-phase full converter in Fig. 4-3a.
epeat Prob. 4-6 for the single-phase full converter in Fig. 4-3a.

he dual converter in Fig. 4-4a is operated from a 120-V 60-Hz supply and delivers
ripple-free average current of [, = 20 A. The circulating inductance, L, = 5 mH,
and the delay angles are a; = 30° and a, = 150°. Calculate the peak circulating
current and the peak current of converter 1.

4-11. A single-phase series semiconverter in Fig. 4-5a is operated from a 120-V 60-Hz supply

Chap. 4 Problems 121



SIEES

and the load resistance, R = 10 €. If the average output voltage is 75% of the
maximum possible average output voltage, calculate the (a) delay angles of converters,
(b) rms and average output currents, (c) average and rms thyristor currents, and (d)
input power factor.

4-12. A single-phase series semiconverter in Fig. 4-5a is operated from a 120-V 60-Hz supp
The load current with an average value of I, is continuo ]
negligible. The turns ratio of the transformer is N,/N,
= 0and a, = /3, calculate the (a) harmonic factor of ig
factor; and (c) input power factor.

4-13. Repeat Prob. 4-11 for the single-phase series full con
4-14. Repeat Prob. 4-12 for the single-phase series

0
4-15. The three-phase half-wave converter in Fig.‘
Y-connected 220-V 60-Hz supply and a fre‘

load. The load current with an average valu

Y-connected 220-V supply and the load resista 0 €Q. If the average
output voltage is 25 f the maximum possible averag; put voltage, calculate the
(a) delay angle; ( e average and rms thyristor
currents; (d) rectification efficie ization factor; and (f) input
power factor.

4-17. The three-phase half-wave cg

4-16. The three-phase haé*/e converter in Fig. i 3 om a three-phase

5 mH, and battery voltage, E = 20 V. (a) Express the instantaneous output voltage
a Fourier series, and (b) determine the rms value of the lowest-order harmonic on
the output current.

220-V 60-Hz supply.
negligible ripple conten
angle is @ = 2w/3, calcula
factor; and (c) input pow
. Repeat Prob. 4-16 for the,

The turns ratio of the transformer is unity. If the delay
e (a) harmonic factor of input current; (b) displacement
ctor.

e-phase semiconverter in Fig. 4-8a.
rage output voltage is 90% of the maximum possible

peat Prob. 4-16 for the three-phase full converter in Fig. 4-9a.

epeat Prob. 4-17 for the three-phase full converter in Fig. 4-9a.

- The three-phase dual converter in Fig. 4-10a is operated from a three-phase Y-con-
nected 220-V 60-Hz supply and the load resistance, R = 10 {). The circulating
inductance, L, = 5 mH, and the delay angles are «; = 60° and a, = 120°. Calculate
the peak circulating current and the peak current of converters.

. The single-phase semiconverter in Fig. 4-11a is operated from a 120-V 60-Hz supply
and uses an extinction angle control. The load current with an average value of I,
is continuous and has negligible ripple content. If the extinction angle is B = w/3,
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4-27.
4-28.
4-29.
4-30.

4-31.
4-32.

12 e
calculate the (a) output V. and V. (b) harmonic factor of input current; (c) dis-
placement factor; and (d) input power factor.

Repeat Prob. 4-26 for the single-phase full converter in Fig. 4-12a.
Repeat Prob. 4-18 if symmetrical-angle control is used.
Repeat Prob. 4-18 if extincction-angle control is used.
The single-phase semiconverter in Fig. 4-11ais operated with a sinusoidal PWM control
and is supplied from a 120-V 60-Hz supply. The load current an average value
of 1, is continuous with negligible ripple content. There are fi Ises per half-cycle
and the pulses are o, = 7.93°, 8, = 5.82° 0, = 30°,8, =1 sa, = 52.07°,8; =
127.93% a, = 133.75°, 8, = 16.25% and a5 = 166.25°, 85 = °, Calculate the (a)
V4 and V., ; (b) harmonic factor of input current; (¢) displacement factor; and (d)
input power factor.
Repeat Prob. 4-30 for five pulses per half-cycle wit‘al p

-phase Y-connected 2

A three-phase semiconverter is operated from a
Hz supply. The load current is continuous and egligi ple. T

load current is I,. = 150 A and commutating inductance pe
Determine the overlap angle if (a) « = /6, and (b) a = w/3.

|

e
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5-1 INTRODUCTION

and off within a few microseconds may be operated
echanical and electromechanical circuit breakers.
er transistoys can also be used as switches. The
es (e.g., very high switching speeds, no moving
closing).

tions as static switches, the thyristor (or tran-
provide time-delay, latching, over- and under-
- The transducers for detecting mechanical, elec-
and so on, signals can provide the gating or control
he thyristors (or transistors).

static switches can be classified into two types: (1) ac switches, and (2)
itches. The ac switches can be subdivided into (a) single-phase, and (b)
e-phase. In the case of ac switches, the thyristors are line or natural com-
utated and the switching speed is limited by the frequency of the ac supply and
the turn-off time of thyristors. The dc switches are forced commutated and the
switching speed depends on the commutation circuitry and the turn-off time of fast
thyristors.

Thyristors that can be tu
as fast-acting switches to repla
or low-power dc applications,
tic switches have many adva
parts, and no contact bounce u

‘ In ition to normal ap
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(a) Circuit
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o (b) Waveforms

( aveforms

Figur Single-phase thyristor ac switch.

%I E-PHASE AC SWITCHES

ram of a single- e full-wave switch is shown in Fig. 5-1a, where
are conne inverse parallel. Thyristor T} is fired at ot =
5 is fire = @. The output voltage is the same as the input
e thyristors act like switches and are line commutated. The waveforms
ut voltage, output voltage, and output current are shown in Fig. 5-1b.
ith an inductive load, thyristor T, should be fired when the current passes
ugh the zero crossing during the positive half-cycle of input voltage and thyristor
’, should be fired when the current passes through the zero crossing during the
negative half-cycle of input voltage. The triggering pulses for T, and T, are shown
in Fig. 5-1c. A TRIAC may be used instead of two thyristors as shown in Fig. 5-2.
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Figure 5-2
o switch.

If the instantaneous line current is i(¢) = I, sin wz) the rms line current is

2 - 1/2
I = [ﬁfo IZ, sin® wt d(wti =

Since each thyristor carries current for only
through each thyristor is

1 f " .
I, = 71 1, sin wt d(
and the rms current of eac‘yristor is
(5-3)

2
in Fig.‘a, where the two

one half-cycle and thyristor T, and diode

The circuit in Fig. 5-1a can be m
thyristors have a common cathode
Thyristor T, and diode D, conduc

D uct for the other half-cycle.
AV Yo
Vol = - >
2n
0 wt
14 | \
1 i
' ]
i 1
: :
| |
91 Gate puise of T, ,'
1 I
!
S 0 L Ly wt
S Ru :
g2 Gate Pulse of T,
| I
0 > wt

(b) Waveforms

(a) Circuit

Figure 5-3 Single-phase bridge diode and thyristor ac switch.
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(a) Circuit

Figure 5-4 Single-phase bridge rectifier an‘istor a

A diode bridge rectifier and a thyristor T; as s
the same function as that of -la. The current
through thyristor T is dc. ransistor can replace thy he unit com-
prising of the transistor (or
switch.

5-3 THREE-PHASE AC SWITCHES

The t of single-phase ac switching can be extended to three-phase appli-
cations.| Three single-phase switches in Fig. 5-1a can be connected to form a three-
phase switch as shown in Fig. 5-5a. The gating signals for thyristors and the current
through T, are shown -5b. The load could be connected in either wye or
delta.

ristors and costs, the circuit with a diode and a
can also be used to form a three-phase switch
o thyristors connected in back to back, there
flow in every half-cycle. But with a diode and
nly be stopped in every cycle of input voltage

To reduce the number of
ristor similar to that in Fig.
shown in Fig. 5-6. In case
ibility to stop the curr

e

E REVERSING SWITCHES

reversal of three-phase power supplied to a load can be achieved by extending
e three-phase switch in Fig. 5-5a with two more single-phase switches, as shown
in Fig. 5-7. Under normal operation, thyristors T, through T\, are turned off by
gate pulse inhibiting (or suppression) and thyristors T, through T, are turned on.
Line A feeds terminal a, line B feeds terminal b, and line C feeds terminal c.
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(a) Circuit

o—{D
>
8
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o
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>

Figure 5-5 Three-phase thyristor ac

switch.

(b) Waveforms
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R

___I;i_ Ry

R,

. S—
C b
°—'J‘ Figure 5-6

L5 |
ristor ac Swi

ee-phase diode and thy-

Under phase-reversing operation, thyristors 75, "5, a
gate pulse and thyristors 15 through T, are operative. Lin
and line C feeds terminal b, resulting in a phase reyersal of the v
the load. To obtain phase rsal, all the device t be t
bination of thyristors and di
phase-to-phase short circui

ed; otherwise,

Figure 5-7 Three-phase reversing thyristor ac switch.
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Figure 5-8 Single-phase bus transfe

— B ¥ m
A a

o—] T4
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R
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Figure 5-9 Three-phase bus transfer.

5-5 AC SWIFCHES FOR B

The static switches can be u
a practical supply system, it
ormal source to an alternativ

for bus transfer from one source to another. In
metimes required to switch the load from the
rce in case of (1) unavailability of normal source,
¢ condition of normal source. Figure 5-8 shows

When thyristors T, and T, are operative, the
source; and for transfer to an alternative source,
ative, while T; and T, are turned off by gate signal
n of single-phase bus transfer to three-phase transfer is

In the case of dc switches, the input voltage is dc and power transistors or fast-
switching thyristors can be used. Once a thyristor is turned on, it must be turned
off by forced commutation and the techniques for forced commutation are discussed
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Figure 5-10 Singl transistor dc

switch.

in Chapter 3. A single-pole transistor switch is shown in Fig.
load; and in case of an inductive load, a diode (as shown by
connected across the load to protect the transistor du wi
pole switches can also be extended to bus transfer from one so

If forced commutated thyristors are used, the mutagi
tegral part of the switch and a typical dc switch for high-power a
in Fig. 5-11. If thyristor T3 is fired, the capacitor C is charged thro
L and T,. From Egs. (3-2) and (3-3), the chargi rrent an
voltage are expressed as

0, with a resistive

1/VLC.
= 1, = w VLC, the charging current becomes zero and the capacitor
is chargedto 2V,. If thygistor T is conducting to supply power to the load, thyristor
T, is fired to switch T; O iring T, causes a resonant pulse of current through

istor T,. As the resonant current increases, the
When the resonant current rises to the load
[, falls to zero and thyristor T} is turned off.

Figure 5-11 Single-pole thyristor d¢
switch.
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Ty
o
+ N +
Vs Vo 5: Ry
dc I
supply
o - Figure Single-pole GTO dc sw

The capacitor discharges through the load resistance,
D,,, across the load is necessary for an inducti
discharged completely in every switching act“
capacitor can be prevented by connecting istor and a diode as in Fig.
5-11 by dashed lines.
The dc switches can be applied for the control
voltage and high current applications (e.g., fusion reactor)
be used as fast-acting “ent breaker [2]. d of t

these can also
rs, gate-turn-off
plication of a short
wever, a GTO can be
and it does not require
is shown in Fig. 5-12.

thyristors (GTOs) can ed. A GTO is turn
positive pulse to its imilar to the normal thyris
turned off by applysﬁshort ative pulse to j

any commutation circuitry. A's

5-7 SOLID-STATE RELAYS

atic switches can be used as solid-state relays (SSRs), which are used for the

control of ac and dc power. SSRs find many applications in industrial control

(e.g., control of loads, transformers, resistance heating, etc.) to replace
electromechanical For ac applications, thyristors or TRIACs can be used;

and for dc applications, sistors are used. The SSRs are normally isolated

electrically between the coiol circuit and the load circuit by reed relay, trans-

‘ former, or optocoupler.
Figure 5-13 shows two

other with an opto
to operate as

¢ circuits for dc SSRs, one with reed relay isolation
ler. Although the single-phase circuit in Fig. 5-1a
R, the circuit in Fig. 5-2 with a TRIAC is normally

+ + +
R
r N L

-— - Reed

L - A ralay
-~ de
% supply

_____ - -

(a) Optocoupler (b) Reed relay isolation

Figure 5-13 Dc solid-state relays.
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(a) Reed relay isolation

Figure 5-14 d-state relays.

used ¢ power, because of the requirement of only one gating circuit for a
TRIAC. | Figure 5-14 s SSRs with reed relay, a transformer isolation, and an
optocoupler. If the a jon requirements demand thyristors for high power
levels, the circuit in Fig. 5-1a also be used to operate as an SSR even though
the complexity of the gating circ would increase.

commercially with limited voltage and current
om 1 At and up to 440 V. If it is necessary to design
specific reqiirements, the design is simple and requires determining
and current ratings of power semiconductor devices. The design pro-

A single-phase ac switch with configuration in Fig. 5-1a is used between a 120-V 60-
Hz supply and an inductive load. The load power is 5 kW at a power factor of 0.88
lagging. Determine the (a) voltage and current ratings of thyristors; and (b) firing
angles of thyristors.
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Solution P, = 5000 W, PF = 0.88, and V, = 120 V.

(a) The peak load current, 1,, = V2 x 5000/(120 x 0.88) = 66.96 A. From
Eq. (5-2) the average current, I,,= 66.96/7 = 21.31 A and from Eq. (5-3) the rms
current, I, = 66.96/2 = 33.48 A. The peak inverse voltage, PIV = /2 x 120 =
169.7 V.

(b) cos 8 = 0.88 or 8 = 28.36°. Thus the firing an
for thyristor 75, a, = 180° + 28.36° = 208.36°.

T, is o, = 28.36°

Example 5-2

A three-phase ac switch with configuration in Fig. 5-5218 used between a three-p
440-V 60-Hz supply and a three-phase wye-connecte
kW at a power factor of 0.707 lagging. De et

of thyristors.

Solution P, = 20,000 W, PF = 0.707, v,
The line current is calculated from the power as

L = V3 X 440 x 0.
The peak current of a¥thyristor, I, = \/2 x 37.119 =

0V,

of a thyristor, I,, .494,
52.47472 = 26.247TA"
762.1 V.

SUMMARY

ate ac and dc switches have a number of advantages over conventional
omechanical switches and relays. With the developments of power semi-
ctor devices mtegrated circuits, static switches can find a wide range of
applications in indus trol. Static switches can be interfaced with digital or
computer control systems.

EFERENCES

y “Detailed of a 13-kA, 13-kV DC solid state turn-off switch.” IEEE
pplication ference Record, 1985, pp. 1221-1226.

awson, L. E. Lansing, and S. B. Dewan, “A fast dc current breaker.” IEEE
sactions on Industry Applications, Vol. IA21, No. 5, 1985, pp. 1176-1181.

REVIEW QUESTIONS

5-1. What is a static switch?
5-2. What are the differences between ac and dc switches?
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5.3, What are the advantages of static switches over mechanical or electromechanical
switches?
5.4. What are the advantages and disadvantages of inverse-parallel thyristor ac switches?
5.5. What are the advantages and disadvantages of TRIAC ac switches?

5.6. What are the advantages and disadvantages of diode and thyristor ac switches?

5.7. What are the advantages and disadvantages of bridge rectifier and thyristor ac switches?
5.8. What are the effects of load inductance on the gating requiremen
5.9. What is the principle of operation of SSRs?
5.10. What are the methods of isolating the control circuit from the
5-11. What are the factors involved in the design of dc switches?
5-12. What are the factors involved in the design of ac switches?
5-13. What type of commutation is required for dc switches
5-14. What type of commutation is required for ac switcha

ac switches?

a power factor
Tistors.

. Determine the firing angles of thyris

5-3. ingle-phase ac switch with config g. 5-3a is used between a 120-V 60-
in supply and an inductive load. The load power is 15 kW at a power factor

90 Jagging. Determine the voltage and current ratings of diodes and thyristors.

5-4. A single-phase ac switch with configuration in Fig. 5-4a is used between a 120-V 60-

tive load. The load power is 15 kW at a power factor
of 0.90 lagging. Determin voltage and current ratings of the thyristor and diodes

in the bridge rectifier.

Determine the firing angles of thyfistors 7' in Prob. 5-4.

ration in Fig. 5-5a is used between a three-phase
ase wye-connected load. The load power is 20
g. Determine the voltage and current ratings of

|

- A three-phase ac switch with co

“phase ac switch with configuration in Fig. 5-6 has a three-phase 440-V 60-Hz
and a three-phase wye-connected load. The load power is 20 KW at a power
actor of 0.86 lagging. Determine the voltage and current ratings of diodes and

0. A thyristor dc switch in Fig. 5-11 has a load resistance, R, = 5 €; dc supply voltage,
V, = 220 V; inductance, L = 40 pH; and capacitance, C = 40 wF. Determine the
(a) peak current through thyristor 75, and (b) time required to reduce the current of
thyristor 7, from the steady-state value to zero.
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5-11. For Prob. 5-10, determine the time required for the capacitor to discharge from 2V,
to zero after the firing of thyristor 7,.

5-12. A thyristor dc switch in Fig. 5-11 has a load resistance, R, = 0.5 Q; supply voltage,
V, = 220 V; inductance, L = 40 wH; and capacitance, C = 80 pF. If the switch is
operated at a frequency of 60 Hz, determine the (a) peak,,rms, and average curre
of thyristors T}, T, and T;; and (b) rms current rating o acitor.

5-13. For Prob. 5-12, determine the time required for the ca
to zero after the firing of thyristor T,.

1 to discharge from
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6-1 INTRODU

We have séen in Chapter
switch is connected between

yristors can be operated as switches. If a thyristor
ply and load, the power flow can be controlled
e applied to the load; and this type of power
oller. The most common applications of ac
ing, on-load transformer tap changing, light
induction motors, and ac magnet controls.
rol are normally used:

by varying the rms value of ac vo

it is known as an ac voltage ¢
e controllers are: industrial

‘:trols,

ff control, thyristor switches connect the load to the ac source for a
of input voltage and then disconnect it for another few cycles. In phase
, thyristor switches connect the load to ac source for a portion of each cycle
ut voltage.

The ac voltage controllers can be classified into two types: (1) single-phase
controllers and (2) three-phase controllers. Each type can be subdivided into (a)
unidirectional or half-wave control and (b) bidirectional or full-wave control. There
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are various configurations of three-phase controllers depending on the connections
of thyristor switches.

Since the input voltage is ac, thyristors are line commutated; and phase-control
thyristors, which are relatively inexpensive and slower than fast-switching thyristors,
are normally used. For applications up to 400 Hz, if TRIACs are available
meet the voltage and current ratings of a particular applig
commonly used.

Due to line or natural commutation, there is no
circuitry and the circuits for ac voltage controllers ar
nature of output waveforms, the analysis for the deriva
for the performance parameters of circuits a
angle-controlled converters with RL loads.
loads are considered in this chapter to com
figurations.

6-2 PRINCIPLE OF ON-OFF (“I’ROL

The principle of on ONtre
controller as shown :I“ 6-14
load for a time t,; the switch is
The on-time, #,, usually consists

are turned on at the zero-volta
for thyristors T and T, and the

single-phase full-wave
onnects the ac supply to

inhibiting for time #,.
‘les. The thyristors
ac input voltage. The gate pulses
orms for input and output voltages are shown

his type of control is applied in applications, which have a high mechanical
inerfia and high thermal time constant (e.g., industrial heating and speed control
of motors). Due voltage switching of thyristors, the harmonics generated
uced.

tage, v, = V,, sin ot = V2 V, sin wt. If the input
n cycles and is disconnected for m cycles, the rms
found from

For a sinusoidal inpu
voltage is connected to load
output (or load) voltage can

e

2ar 1/2
2V2 sin? wt d(wt)]
(6-1)

e k = n/(m + n) and k is called the duty cycle. V is the rms phase voltage.
he circuit configurations for on—off control are similar to those of phase control
and the performance analysis is also similar. For these reasons, the phase-control
techniques are only discussed and analyzed in this chapter.

Example 6-1

A ac voltage controller in Fig. 6-1a has a resistive load of R = 10 Q and the rms
input voltage is V, = 120 V, 60 Hz. The thyristors switch is on for n = 25 cycles
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(a) Circuit 0
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Power factor, PF
\ 0
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0.2+ ‘

N
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(c) Power factor

(b) Waveforms

Figure 6-1

is off for m = 75 cycles. Determine the (a) rms output voltage, V,; (b) input
actor, PF; and (c) average and rms current of thyristors.

Solution R = 10
= 25/100 = 0.25.
(a) From Eq. (6-1),

=120V,V,, = V2 x 120 = 169.7 V, and k = n/(n + m)

s value of output voltage is

n 25
= [ £ = vV
\/m +n 120 100 60

JR = 60/10 = 6.0 A.
I2R = 6 x 10 = 360 W. Since the input current
the input volt-amperes is

vV, =V.Vk

and

s load current is I,
load power is
the load cu

A=Vl =VI =120 x6=T70W
nput power factor is

P n

= Q = = k
PE VA m+n \/_ (6-2)
= V05 = 20 _ 05 (lagging)
. 720 . £eimg

(c) The peak thyristor current is I,, = V,/R = 169.7/10 = 16.97 A. The

Sec. 6-2 Principle of On-Off Control 139



A daiSa

average current of thyristors is

n " . _ I.n _ ’jl_m
L= 2m(m + n)L L sin ot d(wr) = wm +n) o« ((63)
16.97

x 025 =135A

The rms current of thyristors is

- 1/2
I = [# f 12, sin? ot d(wt)]

2n(m + n) Jo
= 162ﬁ X V025 = 424 A
Note. The power factor and output vo’ge vary oot of the

ycle, k, and is

duty cycle. The power factor is poor at the low value of d

| e

shown in Fig. 6-1c.

6-3 PRINCIPLE OF PHASE ‘TRO

The principle of phase control ca
power flow to the load is contrg

ce to Fig. 6-2a. The
i ‘gle of thyristor Tj.
or T, and the waveforms for the

input and output voltages. Due e presence of diode D, the control range is
ited and the effective rms output voltage can only be varied between 70.7 and
The output voltage and input current are asymmetrical and contain a dc
component. If there is an input transformer, it may be saturated. This circuit is
a single-phase ha controller and is suitable only for low-power resistive
loads, such as heating ighting. Since the power flow is controlled during the
positive half-cycle of inpu Itage, this type of controller is also known as a

I ‘ unidirectional controller.

Vs
e

|
1
0 5 —
| n 2n
!
Vo :

Vm - = .
lo
io ,: 5
0 n 2n ot
R ‘ \/
@ 1
914 Gate pulse of T4

0 ” ”7mt

(a) Circuit (b) Waveforms

Figure 6-2 Single-phase angle control.
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If v, = V,,sin ot = V2 V, sin ot is the input voltage and the delay angle of
thyristor T, is ot = «, the rms output voltage is found from

vV, = {i [ f 2V2 sin? ot d(wt) +
2w a

2w

12
2V?2 sin? wt d(mt)]}

{ZVE [J'“ (1 — cos 2wt) d(wt) + 2" (1 — cos 2wt) d( } (6-5)

4 |Ja

1 in 2 "
sin 2«

= — -+

V, [ o <21‘r o > )]

The average value of output voltage is

V2V,

= 5 (cosa — 1)

If « is varied from 0 to m, V, es from V, to V/ from 0 to

—\2 V.
Example 6-2 ‘
A single-phase ac voltage controller i

the input voltage is V, = 120 V, 60

e load of R = 10  and

‘ T,is o = w/2.

Determine the (a) rms value of out input po factor, PF; and
(c) average input current.

R=10Q,V,=120V,a = w/2,and V,, = V2 x 120 = 169.7 V.
) From Eq. (6-5), the rms value of the output voltage,

, = 120 \/:% =103.92V

103.92
= 0 = 10.392 A

(b) The rms load curren

1 sin 20\ |
= 2— 2w — o + )
" (6-7)

3 _1079.94
4 1247.04

= (.866 (lagging)
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(c) From Eq. (6-6), the average output voltage,
V2
Vee = =120 X — = =27V
2%

and the average input current,

Ve 2T
Ip = 2= -0 = -27

Note. The negative sign of I, signifies that
positive half-cycle is less than that during the negati
input transformer, the transformer core ma‘
control is not normally used in practice. ‘

6-4 SINGLE-PHASE BIDIRECTIONAL CONTROLLERS WITH™
RESISTIVE LOADS

The problem of dc inp‘rrent can be prevented'b
wave) control, and agifigle-phase full-wave controlle
in Fig. 6-3a. Durinﬂ posit alf-cycle of i
controlled by varying the delay 0 thyristor 7, controls the
power flow during the negative ﬂ The firing pulses of
T, and T, are kept 180° apart. Or the input voltage, output voltage,
and gating signals for T, and T3 own in Fig. 6-3b.

If v, = V2 V, sin ot is the input voltage and the delay angles of thyristors

T, are equal a; = a, = a, the rms output voltage can be found from

2 - 1/2
= [— f 2VZsin? ot d(wt):l
21 Ja

g'bidirectional (or full-
a resistive load is shown
oltage, the power flow is

= v Lﬁ (1 — cos 2w¢) d(wt)] (6-8)

1 < sin 2a>]”
= -7 a +
™ 2

from 0 to » can be varied from V, to 0.
. 6-3a, th ng circuits for thyristors 7, and T, must be isolated. It
le to have a"common cathode for T, and T, by adding two diodes as shown
- 6-4. Thyristor T and diode D, conduct together during the positive half-
e; and thyristor T, and diode D, conduct during the negative half-cycle. Since
this circuit can have a common terminal for gating signals of T, and T,, only one
isolation circuit is required, but at the expense of two power diodes. Due to two
power devices conducting at the same time, the conduction losses of devices would
increase and efficiency would be reduced.

A single-phase full-wave controller can also be implemented with one thyristor
and four diodes as shown in Fig. 6-5a. The four diodes act as a bridge rectifier.
The voltage across thyristor T, and its current, are always unidirectional. With

is
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)y Al

Vs
Vol

Vm
e
0
+ o—>——9
i T +
L 2 ylo g4
Vs Vo 5, R

(a) Circuit

Figure 6-?&gle-phase full-wave controller.

atural commutation

1e is“ge inductance
fi alf-cycle’ofinput voltage,

a resistive load, the thyristor current wo
in every half-cycle, as shown in Fig. 6-
in the circuit, thyristor T}, may not be t every
and this may result in a loss of control. =e power devices conduct at the same
time the efficiency is also reduced” The bridge rectifier and thyristor (or
transis t as a bidirectional switch, which is commercially available as a single
device with a relatively low on-state conduction loss.

Example

3
e

A single-phase full-wave ac
R = 10 Q and the input voltag
T, and T, are equal: o; = o,
V,; (b) input power factor, PF
current,of thyristors, Ir.

tage controller in Fig. 6-3a has a resistive load of
V. = 120 V, 60 Hz. The delay angles of thyristors
= g/2. Determine the (a) rms output voltage,
) average current of thyristors, I,; and (d) rms

o g o
T

Figure 6-4 Single-phase full-wave controlier with common cathode.
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)

p Vs

D

Dy

Vs

(a) From Egq. the rms output voltage,

e

(b) The rms value of lo
load power, P, = IR = 8.4
same as the load current, the

VA = VI, SV = 120 x 8.485 = 10182 W

P, v, [1 ( , sin 2a>]”2
. =TT = I e I ¢ 4
V, T 2 (6-9)

= = = 0.707 (lagging)

Solution R = 10 Q‘z 120V, a0 = w/2,

10 = 8.485 A and the
e input current is the

e input power factor,

_ 1 f” ,
=5 V2 V, sin ot d(wf)

V2V,
= R (cosa + 1) (6-10)

120
—\/ZXm-ZjA

(d) The rms value of the thyristor current,

1 - 1/2
,: f 2VZ?sin? wt d(wt)]

2wR?

= [ Ve fﬂ (1 — cos 2wt) d(wt)]

I

4 R?
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1 sin 2a B
S LA
120
T2x 10 6A

6-5 SINGLE-PHASE CONTROLLERS WITH INDUCTIVE LOADS N

Section 6-4 deals with the single-phase controllers with resistiv ds. In practice,
most loads are inductive to a certain extent. A full-wave comfroller with an RL
load is shown in Fig. 6-6a. Let us assume that thyris i

positive half-cycle and carries the load current. Due duc e circui
the current of thyristor 7, may not fall to zero at wZ_=a, when the input vo
starts to be negative. Thyristor T, will continue to ‘uct ufitibits curren

to zero at ot = B. The conduction angle of thyristor 7, is 8 = an ds

Vs
Vil — =

pulse of T,
1 Iﬂ wt
| Gate pulse of T, |
| |
1 } n + 1 > ot
| L4 i on |
| : |
|
| | !
/\ :
1 + » wt
a atn g8 on 2n+a

(a) Circuit (b) Waveforms

Y

l l wt

a1
0 ﬂﬂﬂﬂﬂﬂﬂ ann, .
@ g nre 2
O QOAnNOnn ., .
n+a

Figure 6-6 Single-phase full-wave controlier with RL load.
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on the delay angle, «, and the power factor angle of load, 8. The waveforms for
the thyristor current, gating pulses, and input voltage are shown in Fig. 6-6b.

If v, = V2 V, sin ot is the instantaneous input voltage and the delay angle

of thyristor T is a, thyristor current i, can be found from

L% + Ri; = V2 V, sin wt

The solution of Eq. (6-12) is of the form

5

il_

sin (wt — 0) 1€

where load impedance, Z = [R? + (wL)?]'?
The constant A, can be determined fro
= 0. From Eq. (6-10) A, is found as

V2V,

€ 1t

(6-14)

Substitution of A, fr q. (6;314) in Eq. (6-13) yiel

[sin ( : ) e(RIL)(o/w— z)]

(6-15)
hyristor ll is turned off, can be

0in Eq. (6-15) and is given by the relation

The angle B, when current i, f;
found from the condition: i,(wt

sin (B — 8) = sin (o — B)e®L)a—pye (6-16)

Therangle B, which is also known as an extinction angle, can be determined from
thisltranscenden:a ion and it requires an iterative method of solution. Once
B is known, the con angle () of thyristor 7 can be found from

=8 -« (6-17)
‘ ‘ The rms output voltage,
e v

12
2VZsin? wf d(wt)]

fﬁ (1 — cos 2wi) d(mt)] (6-18)

172
1 sin 2o sin 28
JECEEE )
he rms thyristor current can be found from Eq. (6-15) as

o 12
[% fa i d(wt):l

V 1 8 12
= Es [; L {sin (0t — 6) — sin (@ — §)e®RDNw-112 d(wt)]

Il

Ig

1l

(6-19)
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) A
and the rms output current can then be determined by combining the rms current
of each thyristor as

I, = Uk + 1" = VI (6-20)

The average value of thyristor current can also be found from Eq. (6-15) as

1 (8.
L= 52 L i, d(wt)
V2V, [®

= 7 Ja [sin (ot — 6) — sin (a — (—))e(R/L)(u/

The gating signals of thyristors could be short
resistive loads. However, such short pulses are no
This can be explained with reference to Fig. 6-6b.
ot = w + a, thyristor T is still conducting due t inde
the current of thyristor 7 falls to zero and T is turned off &
the gate pulse of thyristor T, has already ceased and consequently & not be
turned on. As a result, only thyzistor T; will operat&jgeausing asyx 1cal wave-
forms of output voltage and ent. is diffi e ed by using
continuous gate signals wit
as the current of T, falls
Fig. 6-6¢) would be turned on. Howg
switching loss of thyristors and require

Pulses as shown in
e pulse increases the
r for the gating

circuit. In practice, a train of pulses n in Fig. 6-6d
are normally used to overcome these ms.
uation (6-15) indicates that thédoad voltage (and current) will be sinusoidal
if th angle, a, is less than the load angle, 6. If a is greater than 6, the load
current would be discontinuous and nonsinusoidal.
Nagtes
1. If « = 6, from Eq.
‘ ‘ sin (B =sin(B—a)=0 (6-22)
‘ a=8=m (6-23)

e conduction
and the ¢

, & cannot exceed , the delay angle, a, may
range of delay angle is

f=a=m (6-24)

o =< 0 and the gate pulses of thyristors are of long duration, the load
nt would not change with «, and both thyristors would conduct. Thyristor
ould turn on at of = 6 and thyristor 7, would turn on at wf = 7 + 6.

xample 6-4

The single-phase full-wave controller in Fig. 6-6a supplies an RL load. The input
rms voltage is V, = 120 V at 60 Hz. The load is such that L = 6.5 mH and R =
2.5 Q. The delay angles of thyristors are equal: a; = @, = 7/2. Determine the (a)
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conduction angle of thyristor T;, 8; (b) rms output voltage, V,; (c) rms thyristor
current, Ir; (d) rms output current, I,; (e) the average current of a thyristor, /,; and
(f) input power factor, PF.

Solution R =25Q,L = 65mH, f = 60 Hz, » = 2 x 60 = 377 rad/s, V, =
120V, a = 90°, and 6 = tan~! (wL/R) = 44.43°,

(a) The extinction angle can be determined from the,
an iterative solution yields = 220.35°. The conducti
220.43 — 90 = 130.43°.

(b) From Eq. (6-18), the rms output voltage is V,

(c) Numerical integration of Eq. (6-19) between
the rms thyristor current as I, = 15.07 A.

(d) From Eq. (6.20), I, = V2 x 15.07

(e) Numerical integration of Eq. (6-21
1, = 823 A.

(f) The output power, P, = 21.32 x 2.5 = 1134.2 W
rating, VA = 120 x 21.3 = 2556 W; therefore,

i€lds the average thyristor t as

Olt-ampere

Note. The switchﬁ quations for currents
nonlinear. A numerica . stor conduction angle and
currents is more efficient than clas computer program named
PROG-3 is used to solve this exa I oCram i d in Appendix F.
Students are encouraged to verify d to appreciate the

1s example an
usefulness of a numerical solutio Specially in solving nonlinear equations of

t tor circuits.
6-6 THREE-PHASE HALF- CONTROLLERS ™
The circuit diagram of a t -phase half-wave (or unidirectional) controller is

shown in Fig. 6-7 with a wyeseonnected resistive load. The current flow to the
‘ ‘oad is controlled by thyristor§'#;, T, and Ts; and the diodes provide the return

| ;
A I

ia a
Dy
R
VaN L T Van
~ 3
} - + - b R
~ 5 VWA n
~—
i
VBN b Vbn R
- DS
a¥3
v
7 Ven

Ven

- :
Figure 6-7 Three-phase unidirectional controller.
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current path. The firing sequence ogthyristors is Ty, T;, Ts. For the current to
flow through the power controller, at least one thyristor must conduct. If all the
devices were diodes, three diodes would conduct at the same time and the con-
duction angle of each diode would be 180°. We may recall that a thyristor will
conduct if its anode voltage is higher than that of its cathode and it is fired. Once
a thyristor starts conducting, it would be turned off only when jts current falls to
zZero.

If V, is the rms value of input phase voltage and we defi
input phase voltages as

€ instantaneous

van = V2 V, sin ot

vy = V2V, sin (u)t - ’
| .

UCN - \/2_ V_y Sin ((l)t - ?)

then the input line voltages are

v

aveforms for input voltages, conduction angles of devices, and output
voltages are shown in Fig. 6-8 for @ = 60° and « = 150°. For 0 = & < 60°, either
two or three devices ¢ uct at the same time and the possible combinations
are (1) two thyristors an iode, (2) one thyristor and one diode, and (3) one
thyristor and two diodes. If thre@devices conduct, a normal three-phase operation

urs as shown in Fig. 6-9a an output voltage of a phase is the same as the
‘ ﬁut phase voltage, for example
‘ ~ = V2V, sin ot (6-25)

if two devi nduct at the same time, the current flows only
i ne can be considered open circuited. The line-
across two terminals of the load as shown in Fig.
output phase voltage would be one-half of the line voltage (e.g., with
being open circuited),
Van = 5~ = > sin | w. 5

The waveform for an output phase voltage (e.g., v,,) can be drawn directly
from the input phase and line voltages by noting that v,,, would correspond to v,y
if three devices conduct, to v45/2 (or v,/2) if two devices conduct, and to zero if

(6-26)
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)

|
NN

|
ANNNN ot

wt

(b) For « = 150°

for three-phase unidirectional controller.

r 60° < o < 120°, at any time only one thyristor
h is shared by one or two diodes. For 120° = o
d one diode conduct at the same time.

extinction afigle, B, of a thyristor can be delayed beyond 180° (e.g., B
10°). This is due to the fact that an output phase voltage may depend
input line-to-line voltage. When v, becomes zero at wt = 150°, the current
thyristor 7, can continue to flow until v, becomes zero at ot = 210° and a
elay angle of a = 210° gives zero output voltage (and power).

The gating pulses of thyristors should be continuous, and for example, the
pulse of T, should end at wt = 210°. In practice, the gate pulses consist of two
parts. The first pulse of T, starts anywhere between 0 and 150° and ends at ot =
150°, the second pulse, which can start at wt = 150°, always ends at wt = 210°.
This allows the current to flow through thyristor T; during the period 150° < wt
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R b
(a) Three conducting devices (b) T‘ndu
Figure 6-9 Wye-connected res‘load.

= 210° and increases the control range of output voltage.
0=a=210°

The expression for the rms‘ut phase voltage dep

angle. The rms output v‘e forya wye-connected load found as follows.
For 0 = a < 90°

v, - [i [, d(wo] 9

1 2w/3 w24 a Sll’l ot
=16V, {5; [J'O g d(ot) + J:T/Z d(wt)

417/3 t 3In2+a 2
N J' sin? w d(wt) + J’ sin? wt d(ot) (6:29)

J‘ 21
_+_
4n3+a 3

w\3
120°:

(6-27)

range of delay

1/

21/3 2 12
J' sin? wt d(wt) + f sn4wt d(w)

417/3 2 27
+J’ sin’ wtd( H + J sin? wtd( )
(6-29)

2w/3+

2w s1n2 wt v
+ J‘4‘n’/3+a d( t)]}
12
11« a
-vav [ (5 -3)]

Three-Phase Half-Wave Controllers
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(a) Three conducting devices

For 120° = o < 210°;

V, = V6 V‘ [ f
w2-2w/3+a
+
~Jl‘l'rr/2—21'r/3+m
172
]

the case of delta-connected load, the output phase voltage would be the
sa s the line-to-line voltage. However, the line current of the load would
depend on the nu f devices conducting at the same time. If three devices
conduct, the line a currents would follow the normal relationship of a
three-phase system, as showfin Fig. 6-10a. If the current in phase aisi,, = I,
sin wt, the line current will beN, = i, — i,, = V3 I, sin (ot — w/6). If two
devices conduct at the same time, one terminal of load can be considered open-

(6-30)

e

ircuited as shown in Fig. 6-1 nd i, = i, = —i,/2. The line current of load

‘ woul j = 1.51,, sin wt
i connected together as shown in Fig. 6-11. This
arr i sembly as a compact unit, is possible only if the

e three-phase unidirectional controller in Fig. 6-7 supplies a wye-connected resistive
load of R = 10 Q and the line-to-line input voltage is 208 V, 60 Hz. The delay is
a = m3. Determine the (a) rms output phase voltage, V,; (b) input power factor,
PF; and (c) expressions for the instantaneous output voltage of phase a.

Solution V, =208V, V, = V,/\/3 =208\V3 =120V, a = w/3,and R = 10 Q.
(a) From (6-28) the rms output phase voltage is V,, = 110.86 V.
(b) The rms phase current of the load, I, = 110.86/10 = 11.086 A and the
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R Ip
B A >

A Figure 6-11 ternative arrangement
Co— vy pidirecti olle

output power, ‘

P, = 3I’R = 3 x 11.086* X 10 = 3686.98
Since the load is connected_in wye, the phase curre
= I, = 11.086 A. The ‘volt-ampere rating,

VA ‘IL =

The power factor,

is equal to e current, I,

— Po
T VA

PF

ot = 169.7 sin wt, the instantancous input line voltages are

= 208 \/2 sin (wt + %) = 294.2 sin <wt + %)

Va

oltage, v,,, which depends on the number of con-
ed from Fig. 6-8a as follows:

=0

Vv = 169.7 sin wt

= Vyef2 = —Vea/2 = 147.1 sin (of — Tw/6 — )
T < o < 3u/2: ' = VUan = 169.7 sin ot

V)
For 3m/2 = wt < 5u/3: v, = v.p/2 = 147.1 sin (wt + w/6)
For 57/3 = ot < 2m: VU, = Van = 169.7 sin wt

Note. The power factor of this power controller depends on the delay angle,
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The unidirectional con! , whi
content due to the asymmetrical
normally used in ac motor drives;

used. The circuit diagram of a tk
is shown in Fig. 6-12 with a wye

controller is similar to that of a ha
is provided by thyristors T, T,, and T instead of diodes.
) storsis Ty, T, T5, Ty, Ts, T

If we define

= V2V, sin

V2V, sin

ltages are

= 16 V, sin

= V6 V, sin

[+
[
o
(

154

t

V2V, sin (mt

wl

w!

wl

t and higher harmonic
Oltage waveform, are not
ontrol is commonly
ectlonal) controller

ave controller, except that the return current

The firing sequence

instantaneous input phase voltages as

1

5

6

The waveforms for the input voltages, conduction angles of thyristors, and
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output phase voltages are shown 1nblgré 6-13 for a = 60° and a = 120°. For 0 =
a < 60°, immediately before the firing of T, two thyristors conduct. Once T} is
fired, three thyristors conduct. A thyristor turns off when its current attempts to
reverse. The conditions alternate between two and three conducting thyristors.
For 60° < a < 90°, only two thyristors conduct at any time. For 90° = a <
150°, although two thyristors conduct at any time, there are periods when no
thyristors are on. For o = 150°, there is no period for two conducting thyristors
and the output voltage becomes zero at a = 150°. The rang delay angle is

0=a=150° (6-31)

Similar to half-wave controllers, the expression for rms output phase

l VCcA

o

VaB vac VeA VaB wv vVas VBC AB VBC
) |
}T £ P H\ b wt | n } . wt
{A L VAR Vil
| 6 I ' ‘
\ | d ‘
R N
| i |VAN| P lven | AN
TNAT |
l l ! | wt
| ™ 2,,| | 3n
™ |
I [ b
(] l (I I [
5NN LR T 1
I Pl P T vty |
L B LI
||'||'|||ll||||I
SN !l I || ] l || l@k\“ ot
[ ! [ | | i
(I ||
C ) BN Ly [ ! L ot
T T
BRI N\ [
|II|'|‘||I|.i|II||
B = NN\ | BRN ot
5| Igl 141 2 Tal Tal 151 l6l
el 111 120 13! 141 T8l 161 111
L L I L A R
vaB vec vca vVaB
\Q'SVAB 0.5vac /\/ \/\/
/7 VAN \ \
- IX‘P(/ N A S
\ 7 \\/ \\/ l/\// \//
av > X A > X
0 //\\ N 4 AN .
5v _ ~— ~_ — -
0.5vas AC * 0.5va8 0.5vac
(a) For a = 60° (b) For a = 120°

Figure 6-13 Waveforms for three-phase bidirectional controller.
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voltage depends on the range of delay angles. The rms output voltage for a wye-
connected load can be found as follows. For 0 < o < 60°:

1 (o 172
= —_ 2
v, [ 7 J; v, d(wt):l
2 f ™3 sin2 of j
Ve Vs {211' [ o 3 d(wr) + /2

w3 2 w24a 2
sin® ot sin
+ f d(wt) + f

w3+« 3 w2
™ sin? wt . ‘
+ Lﬂ/3+oz 3 d(wt)]}
12
1{m «a sin2a
= V _ - -
VeV, [‘n‘ (6 17 7

For 60° < o 90°: ‘
2 51/6 — + o

V,= VeV, [_{ | )
211' ™2 — + o

(6-33)
1/m 3sin2a
= VeV, [; <E T
90° = o < 150°:
2 v Sinzwt .[-W Sinz(.l)t "
=V6V, {Z J’ﬂ/z_ﬂ/Ha 4 d(wt) + w2—w3ta 4 d(wt)]} (6-34)
1 : V3cos2a\ 1"
_vev |1 sin2« .
. 6 16

The power devices of a
together as shown in Fig. 6-1

e-phase bidirectional controller can be connected
This arrangement is also known as fie control and
as one unit.

3

e three-phase bidirectional controlier in Fig. 6-12.

vV, = VoV, =V,/V3=208V3=120V,a =3, andR = 10 Q.
(a) From (6-32) the rms output phase voltage is V, = 100.9 V.,
(b) The rms phase current of the load is I, = 100.9/10 = 10.09 A and the output
power is

P, =3I2R = 3 x 10.09% x 10 = 3054.24 W

Since the load is connected in wye, the phase current is equal to the line current, J 3
=1, =10.09 A. The input volt-ampere,

VA =3V, =3 x 120 x 10.09 = 3632.4 VA
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The power factor,

(c) If the input phas = 1202 sin

‘age is taken as the r
ot = 169.7 sin wt, the inst eous input line voltages a

Vag = 2 sin
Vpe = 294.2 sin <wt
Vea = 294.2 sin (wt

Thelinstantaneous output phase voltage, v,,, which depends on the number of con-
ducting devices, ca termined from Fig. 6-13a as follows:

For 0 = wt < w/3:
For w/3 < wt < 2w/3:
For 2w/3 = ot < m:

v 2 = 147.1 sin (0t + 7/6)
v
For w = wt < 4w/3: V,, =
v
v

2
2 = —vea/2 = —147.1 sin (0t — T77/6 — )

For 47/3 = ot < 5n/3: /2 = 147.1 sin (wt + 7/6)

12 = 1471 sin (ot — Tw/6 — =)

the terminals of a three-phase system are accessible, the control elements (or
power devices) and load may be connected in delta as shown in Fig. 6-15. Since
the phase current in a normal three-phase system is only 1/\/3 of the line current,
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A e s a
+ _ +
Vi
Vag
vea
B -
A+ Ip
vVec
- Y '
c phase controller.

the current ratings of thyristors would be less than that if (or control

elements) were placed in the line.
Let us assume th instantaneous line

input line voltages, phase and line currents, and thyristor gating signals are
shown in Fig. 6-16 for « = 120° and resistive load.
For resistiv , the rms output phase voltage can be determined from

172 2 - 172
V, = [ d(wt)] = [ﬂf 2 V2 sin wt d(wt)]

(6-35)
sin 2a) |
-, o) |
output v ¢ would be obtained when o = 0 and the control range
ngle is
0=a=mx (6-36)
he line currents, which can be determined from the phase currents, are
Iy = lop = lcq
Iy = lpe = Iap (6-37)

1. =

c lea = lpe

We can notice from Fig. 6-16 that the line currents depend on the delay angle and
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may be discontinuous. The rms value of line p
circuits can be determined by numerical solutio Four :
rms value of the nth harmonic component of asphase current, the rms ue of
phase current can be found from ‘)
lpy =0T+ B+ +DB+B+D5,+ (6-38)

Due to the delta connection, the triplen harmon
n = 3m, where m is an nteger) of the phase‘curie d flow around the
delta and would not appgar in the line. This is due > fact that the zero-
sequence harmonics ar haselin Y. The rms line current

becomes
: ‘ (6-39)

would not follow the normal relationship

I, = \3 (I3

As a result, the rms value of line
of a three-phase system such that

I,<\31I, (6-40)

delta-connected controllers which requires only three thy-
trol circuitry is shown in Fig. 6-17. This arrangement
nnected controller.

An alternative for
ristors and simplifie
is also known as a polygo
Example 6-7
‘ ‘ The three-phase bidirectional|delta-connected controller in Fig. 6-15 has a resistive
-to-line voltage is V, = 208 V, 60 Hz, and the delay
‘ a = 2m/3, determin (a) rms output phase voltage, V,; (b) expressions for
and i,; (c) rms output phase current, ,,, and rms line
factor, PF; and (e) rms current of a thyristor, /.

=208V,a =27/3, R = 10 Q, and peak value of phase current,
V2 X 208/10 = 29.4 A.

(a) From Eq. (6-35), V, = 92 V.

(b) Assuming i,, as the reference phasor and i,, = I, sin wt, the instantaneous
currents are:

For 0 = wt < w/3: i, =0
i, = I, sin (wf — 4m/3)
lo = i — o, = ~1,sin (ot — 4w/3)

Formn3 <et<2uw/3: i,=i,=i =0

ca
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For 27/3 < ot < m: iy = 1, sin of
i.=0
i, = iy — lea = L,sinwt
For w < wt < 4w/3: i =0
i, = I, sin (ot — 4m/3)
i =iy — iy = —1L,sin (of — 47/3)

For 4m/3 < @f < 5w3: iy = i =i, =0
For 5m/3 < wt < 2w iy = 1, sin wf
i, =0

i, = iy — Iy = I, sin ot

(c¢) The rms values of i, and i, are determine
a computer program named PROG-4, which is giv

encouraged to verify the results. ‘
1

L,=932A I =1I=1318A

a

1, 9.32

(d) The output power
P, :‘,,,,R =3 x 9.322 x 10 =

The volt-amperes,

VA = 3VI, =
The power factor,
P
PF = =% =
VA

¢) The thyristor current can be determined from the phase current,

10 = 93.2 V, whereas Eq. (6-35) gives 92 V.
f in the numerical solution.

Note. V, = I,R = 9.32

‘ ‘ difference is due to roundin
6-9 &LE-PH

p changers fiave the advantage of very fast switching action. The
can be controlled to cope with load conditions and is smooth. The
agram of a single-phase transformer tap changer is shown in Fig. 6-18.
ugh a transformer may have multiple secondary windings, only two secondary
dings are shown, for the sake of simplicity.
The turn ratio of input transformer are such that if the primary instantaneous
voltage is

v, = V2 V,sin of = V2V, sin wt
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the secondary instantaneous voltages are

v; = V2V, sin

and

loads When only
= (, the load
full output Voltage is required,

voltage is held at a reduced level .
flred with a delay angle of « = 0 and the

only thyristors T and T, are alter
f oltage isV, = V,and V,.

ing pulses of thyrlstors can be controlled to vary the load voltage. The
rms Value of load voltage, V,, can be varied within three possible ranges:

0<V,<V,

<V, <(V, + V)

Vo, <(V, + V,)

o = V,. Tovary the load voltage within this range,
ed off. Thyristors T, and T, can operate as a single-
The instantaneous load voltage v, and current i, are
Fig. 6-19c for a resistive load. The rms load voltage which can be
ined from Eq. 6-8) load is

X 172
v, =V, [1 (17 — o« + 51“22"‘)] (6-41)
v

and the range of delay angle is 0 < o = 7.

Control range 2: 0=V, =< (V, + V,). Thyristors T; and T, are turned
off. Thyristors T, and T, operate as a single- phase voltage controller. Figure
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Figure 6-19 Waveforms for trans-
former tap changer.

d current i, for a resistive load. The rms load

[—1— <1T — o + sin 2a>] (6-42)
T 2

Controlrange 3: V, <V, < (V, + V,). Thyristor T; is turned on at ot
= 0 and the secondary voltage, v,, appears across the load. If thyristor 7 is
turned on at wt = «, thyristor T} is reverse biased due to secondary voltage v,,
and T is turned off. The voltage appearing across the load is (vi + vy). Atot
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= w, T is self-commutated and T, is turned on. The secondary voltage v, appears
across the load until 7, is fired at ot = m + a. When T, is turned on at ot = T
+ a, T, is turned off due to reverse voltage v, and the load voltage is (v, + v,).
Atwt = 2m, T, is self-commutated, T; is turned on again and the cycle is repeated.
The instantaneous load voltage v, and current i, are shown in Fig. 6-19¢ for 3
resistive load.

A tap changer with this type of control is also kno
changer. 1t uses two-step control. A part of secondary
on a sinusoidal voltage v;. As a result the harmonic cg
would be obtained by a normal phase delay as discusse

2. The rms load voltage can be found from
1/2

v, = [i fo 2ﬂv%d(wt):| ‘

2| [ "
= {g [ L 2Visinwrd(wt) + f 2(Vy £ Vo)’ sin*wtd

[v%( sin g
=|l—fja-— to—\|7T-
N

O

With RL loads, the gating ci
careful design. Let us assume t Zgturned off, while
thyristors T, and T, are turned on d ; : cyele. The load current
would then be

As a synchronous taj
age v, is superimposec
ents are less that whic

1bove = 1B

(6-43)

0s tap changer requires a

Vi

i, = Z sin (wt — 0)
wher¢/Z = [R? + 2 and § = tan~' (wL/R).
The instantaneo current i is shown in Fig. 6-20a. If T, is then turned

¢ second winding of transformer would be short
still conducting and carrying current due to the
ntrol circuit should be designed so that T is not
lp = 0. Similarly, T, should not be turned on
e waveforms of load voltage v, and load current
0.

on at wt = a, where a <
circuited because thyristor T,
ductive load. Therefore, th
turned on until T, turns off
until ns off and i, < 0.
in Fig. 6-20b fi

e

ircuit in Fig."6-18 is controlled as a synchronous tap changer. The primary
age is 240 V, 60 Hz. The secondary voltages are V; = 120 V and V, = 120 V.,
the load resistance is R = 10 Q and the rms load voltage is 180 V, determine the
(a) delay angle of thyristors 7, and T; (b) rms current of thyristors 7, and T5; (c)
rms current of thyristors T, and T; and (d) input power factor, PF.

Solution V, =180V, V, =240V, V, = 120V, V, = 120 V, and R = 10 Q.

(a) The required value of delay angle « for V, = 180 V can be found from Eq.
(6-43) in two ways (1) plot V, against o and find the required value of «, or (2) use
an iterative method of solution. A computer program is used to solve Eq. (6-43) for
a by iteration and this gives o« = 98°.
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V3NV + Vo)L -

Vv,

yavi|

(a) Waveforms without top changer

Figure 6-20 Voltage and

Ip, = [ﬁ + V,)? sin? wt d(wf)
v+ Vv, [1 sin 2\ 1"
1 2 a
=1 2| - + 6-44
G [ (e 5| 649

(¢) The rms current o istors T; and T, is found from

Iy =

1/2
> J:) 2V?2 sin® ot d(wt)]
. 1/2
I:_l_ (a _sin 2a>:| (6-45)
™ 2

) The rms cufrent of a second secondary winding is I, = V2 I = 154 A,
s current of the first secondary winding, which is the total rms current of

istors Ty, T», Ty, and T, is

I = [(VZ I))? + (V2 Is)?]"? = 17.94 A
The volt-ampere rating of primary or secondary, VA = ViI, + V,I, = 4000.8. The
load power, P, = V¥R = 3240 W, and the power factor,

P, 3240 _ .
PF = VA = 10008 0.8098 (lagging)

3
e
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6-10 CYCLOCONVERTERS

The ac voltage controllers provide a variable output voltage, but the frequency of
output voltage is fixed and in addition the harmonic content is high, especially at
a low output voltage range. A variable output voltage at
be obtained from two-stage conversions: fixed ac to varia

which are discussed in Chapter 8). However, cycloco
need of one or more intermediate converters. A ¢
frequency changer that converts ac power at one frequer
frequency by ac—ac conversion, without an inte
The majority of cycloconverters are natural

in the range up to 15 000 kW with frequencies from 0 to 20
discussed in Chapter 11.

With the developm f power conversio iques modern control
methods, inverter-fed ac r drives are taking ove onverter-fed drives.

However, recent adva ents lin_fast-switching po
essors permit synthesizing and i
to optimize the efficiency

and reduce the harmonic contents s of FCDFCs can
be programmed to combine the s h [ of ac—dc and dc—ac converters.

onversion strategies for

c rters will not be discussed further.

6-10.1| Single-Phase Cycloconverters

The principle of operatio
plained with the help of Fig.
are operated as bridge rectifi

‘ ‘)utput voltage of one converte

If conyerter P is operating a

single-phase/single-phase cycloconverters can be ex-
la. The two single-phase controlled converters
However, their delay angles are such that the
qual and opposite to that of the other converter.
, the average output voltage is positive and if
put voltage is negative. Figure 6-21b shows the

, is the delay angle of positive converter, the delay angle of negative
erisa, = m — a,. The average output voltage of the positive converter
qual and opposite that of the negative converter.

Voa = _Vol (6-46)

Similar to dual converters in Sections 4-5 and 4-10, the instantaneous values
of two output voltages may not be equal. It is possible for large harmonic currents
to circulate within the converters.

The circulating current can be eliminated by suppressing the gate pulses to
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n Neconverter
l‘_ i
o=
o 7| :
| T2 Td |
©
8 i
- |
' |
Vo2 | T4 4 I
+ l |
L _ ___]
(a) Circuit  ~
AVs fs=60Hz
Vave [~
4] wst

2n
e e
,/

/

2n

3 2
|
0 P-converter on > wet
1
[ N-converter on Ly g
(b) Waveforms for resistive load
Fi -21 Single-phase/single-phase cycloconverter.

the converter not deliver ad current. A single-phase converter with center-
tap transformer as shown in 6-22 has an intergroup reactor, which maintains
‘ ‘continuous current flow and limits the circulating current.

1 Positive
| converter

La Intergroup
reactor

in

—————— -
|
!

l Negative
converter o
Figure 6-22 Cycloconverter with inter-

I, 1 group reactor.
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Example 6-9

The input voltage to the cycloconverter in Fig. 6-21a is 120 V, 60 Hz. The load
resistance is 5 () and the load inductance is L = 40 mH. The frequency of the output
voltage is 20 Hz. If the converters are operated as semiconverters such that 0 = «
= w and the delay angle is o, = 2m/3, determine the (a) rmg,value of output voltag
V,, (b) rms current of each thyristor, I,; and (c) input po

Solution V., =120V, f, = 60Hz, f, = 20Hz,R = §
w, = 27 X 20 = 125.66 rad/s, and X, = w,L = 5.027

(a) For 0 = o = m, Eq. (6-8) gives the rms outpu
V,=V, l:l <'rr —a + a)
gt

53V

(b) Z = [R* + (w,L)]" = 7.09 Q and 8 = tan~(w,L/
loadcurrent, I, = V,/Z = 53/7.09 = 7.48 A. T
I, =1,=1V2 = A and the rms curr
V2 =374 A

() The rms irnurren . pere rating VA = VI,
= 897.6 VA, and t tput 79.65 W. From Eq. (6-

8), the input sower factor,

= 40 mH, o, = 27/3

The rms
each converter,
ryistor, I = [,/

PF = -2 =

(6-48)

ote. Equation (6-48) does not include the harmonic content on the output
voltage and gives th ximate value of power factor. The actual value will
be less than that given by (6-48). Equations (6-47) and (6-48) are also valid
for resistive loads.

hase/single-phase cycloconverter is shown in Fig.
ers are three-phase controlled rectifiers. The syn-
for an output frequency of 12 Hz is shown in Fig.
he positive converter operates for half the period of output frequency
negative converter operates for the other half-period. The analysis of this
oconverter is similar to that of single-phase/single-phase cycloconverters.

The control of ac motors requires a three-phase voltage at variable frequency.
he cycloconverter in Fig. 6-23a can be extended to provide three-phase output
by having six three-phase converters as shown in Fig. 6-24a. Each phase consists
of six thyristors as shown in Fig. 6-24b, and a total of 18 thyristors are required.
If six full-wave three-phase rectifiers are used, 36 thyristors would be required.
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0
2n
|
|
!
|
Vo 4 |
N
ap T, |
- 2 |
I
|
P-Converter on ] l ot
0 t W
l f(‘)ot

nd 6-23b that the output voltage is not purely
output voltage contains harmonics. Equation
ower factor depends on the delay angle of thyristors
, especially at the low output voltage range.
output voltage of cycloconverters is basically made up of segments of
t voltage(s) and the average value of a segment depends on the delay angle
that segment. If the delay angles of segments were varied in such a way that
e average values of segments correspond as closely as possible to the variations
of desired sinusoidal output voltage, the harmonics on the output voltage can be
minimized. Since the average output voltage of a segment is a cosine function of
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Three-phase Supply

P N P N P N

@ & ® &

=
R
O

Phase a pha’ Phas,
load io |

Neutral
(a) Schematic

T1 T2 ﬁ T2 TSV

IPhése a

load

(b) Phase a

hree-phase/three-phase cycloconverter.

‘ ‘delay angle, the delay angles egments can be generated by comparing a cosine
‘ i source frequency ( V2 V, cos wyt) with an ideal sinusoidal output
(v, = V2 V, sin wyt). Figure 6-25 shows the
i i i the thyristors of the cycloconverter in Fig. 6-23a.
voltage of a segment (which occurs for o, = 0) should

ue of output voltage, for example,

2\V2V,
V,=———=V2Zv, (6-49)

and Eq. (6-49) gives the rms value of output voltage as

R CAZ (6-50)

i1
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Sec. 6-10

(b)Z =

a3 l ay |~/}:;L/I ay /
T
2

w X 20 = 125.66 rad/s, and X, = w,L =
(a) From Eq. (6-50), the rms value of the output voltage,

[R2 + (woL)?]*? = 7.09 Q and 6

Cycloconverters

angles of the cycloconverter are generated by com-
rce frequency with a sinusoidal signal at the output

.f, =60Hz,f, =20Hz, R = 5Q, L = 40 mH, o, = 27/3,
5.027 Q.

V2V,

= 0.6366V, = 0.6366 x 120 = 76.39 V

= tan (w,L/R) = 45.2°. The rms

17
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load current, I, = V,/Z = 76.39/7 = 10.77 A. The rms current through each
converter, I, = I, = 1,/\/2 = 7.62 A, and the rms current through each thyristor,
I = 1)V2 = 539 A.

(c) The rms input current, I, = I, = 10.77 A, the volt-ampere rating, VA =
VI, = 1292.4 VA, and the output power,

P, =V, cos 0 = 0.6366V,I, cos 6 = 58

The input power factor,

PF = 0.6366 cos 8

580.25 )
C 12924 0.449

Note. Equation (6-51) shows that the in ower factor is indepg

delay angle, « and depends only on the load an

angle, 8. If we compare Eq. (6-48) with Eq. (6-51), there is
delay angle o, which is gi by

For a < a,, the normal delay-anglg
and the solution of Eq. (6-52) yield

6-11 DES OF AC VOLTAGE-CONTROLLER CIRCUITS

The ratings of power devices must be designed for the worst-case condition, which

occurgywhen the con delivers the maximum rms valiie of output voltage V,,.

The input and output fi ust also be designed for worst-case conditions. The

output of a power controller c@htains harmonics, and the delay angle for the worst-
ase condition of a particular cif€uit arrangement should be determined. The steps

‘volved in designing the powdr @ircuits and filters are similar to that of rectifier

circuit design in Section 2-11.

e

oltage controller in Fig. 6-3a controls power flow from
nto a resistive load. The maximum desired output power
W.  Calculdte the (a) maximum rms current rating of thyristors, Igu; (b)
mum average current rating of thyristors, 1,,,; (c) peak current of thyristors, L,;
d (d) peak value of thyristor voltage, V..

Solution P, = 10,000 W, V, =230 V, and V,, = \/Z x 230 = 3253 V. The
maximum power will be delivered when the delay angle is « = 0. From Eq. (6-8),
the rms value of output voltage V, = V, = 230 V, P, = Vi/R = 230%R = 10,000,
and load resistance is R = 5.29 Q.

(a) The maximum rms value of load current, I,,, = V,/R = 230/5.29 = 43.48
A and the maximum rms value of thyristor current, Iens = Ly,/NV2 = 30.75 A,
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(b) From Eq. (6-10), the maximum average current of thyristors,
I V2 x 230

M % 5.29

(c) The peak current of thyristors, [, = V,,/R = 325.3/5.29 = 61.5 A.
(d) The peak thyristor voltage, V, = V,, = 3253 V.

= 1957 A

Example 6-12

A single-phase full-wave controller in Fig. 6-6a controls pow
source voltage is 120 V, 60 Hz. (a) Use the method of
expressions for output voltage v,(¢) and load current i,(f) as
«. (b) Determine the delay angle for the maximum amount
current in the load. (¢) If R = 5Q, L = 10 mH, =
value of third harmonic current. (d) If a capacitor i$€Onnecte

6-26), calculate the value of capacitance to redu third_harmonic curre
load to 10% of the load current.

a RL load and the
ier series to obtain
nction of delay angle

Solution (a) The waveform for the output voltage is shown in Fi
stantaneous output voltage can be expressed in Founier series as

a, cos nwt + (6-53)
.. n=12_.
V2V, [cos(n+ a—cos(n+1)m  cos(n—1)a — cos(n — Dm
T n—1
forn=3,5,... (6-54)
=0
2" .
== V2V, ssinorsinhe! d(wt)
V2V, [si 1 in(n — 1
_ sin(n + 1) sin(n — Da forn=3.5,... (6-55)
™ n—1

"
N
T, L
Vo

Vs = V2V sinwt

Figure 6-26 Single-phase full converter

|

|

|
€L
T
|

|

|
4 — with RL load.
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- V2V,
a, = %L V2V, sinotcoswtd(wt) = — - sin?a (6-56)

b, = -%J V2V, sin wtsin ot d(wt)
TMa

= WV:[%<w—a+§irlzil>:|

The load impedance,

Z = R + j(noL) = [R* + (nwl)

and 8, = tan~! (nwL/R). Dividing v,(¢) in E 53)
simplifying the sine and cosine terms give the “current as

ity = > 2I,sin (not — 8, +

n=24,...

where ¢, = tan‘(a,,/b“d

(b) The third harmonic is t
harmonic for various values of d
/2.

The calculation of third
maximum for a =

(c)Fora = w2, L = 10
120 v,

io(t) = [16.06 sin (wt — 32.48° — 37°) + 4.37 sin (3wt + 90° — 66.15%)

5Q,0 =27 x 60 =377 rad/s and V, =

+ 0,923 sin (Swt — 90° ~ 75.14°) + 0.67 sin (Tt + 90° — 79.27°)

+ 0. wt — 90° — 81.62°) + - - -]

L =%=3.09A

equivalent circuit for harmonic current. Using the
nic current through load is given by
— XC

R + (noL — X7

Figure 6-27 Equivalent circuit for har-
monic current.
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where X, = 1/(nwC). Forn = 3 and w = 377,
L _ X
I, [32+ (3 x 3.77 — X))
which yields X, = —1.362 or 1.134. Since X, cannot be negative, X, = 1.134 =
1/(3 x 377C) or C = 779.85 pF.

= 0.1

6-12 EFFECTS OF SOURCE AND LOAD INDUCTANCES

In the derivations of output voltages, we have assumed
inductance. The effect of any source inductance b
of thyristors. Thyristors would not turn off at the
as shown in Fig. 6-28b, and gate pulses of short du’
harmonic contents on the output voltage would also 1

We have seen in Section 6-5 that the load inductance plays
on the performance of power controllers. Althoug
waveform, the load inductan es to maintain a co ow as shown
in Figs. 6-6b and 6-28b. We'€an also notice from Egs.

input power factor of pov?onve depends on the wer factor. Due
to the switching characteristics of th s, any indu in the circuit makes

e

the analysis more complex.

Figure 6-28 Effects of load inductance
on load current and voltage.
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SUMMARY

The ac voltage controller can use on—off control or phase-angle control. The on—
off control is more suitable for systems having a high time constant.
dc component on the output of unidirectional controllers,
are normally used in industrial applications. Due to the
of thyristors, an inductive load makes the solutions of
performance of controllers more complex and an itera
more convenient. The input power factor of controlle
angle, is generally poor, especially at the low out
trollers can be used as transformer static tap ch

The voltage controllers provide an output v
phase-controlled rectifiers connected as dual
frequency changers known as cycloconverters.
switching power devices, the forced commutation of cycloco
however, it requires synthesizing the switching fuan

e

1. P. D. Ziogas, S. I. Khan, and
cycloconverter structures.” IEER
No. 5 (September—October) 1985,

2 Venturi, “A new sine wave in sine wave out conversion technique eliminates reactive

nts.”  Proceedings Powercon 7, 1980, pp. E3-1-E3-13.

3. L./Gyugi, and B. R. Pelly, Static Power Frequency Changes— Theory, Performance, and
Applications, New Wiley-Interscience, 1976.

4. B. R. Pelly, Thyristor- Controlled Converters and Cycloconverters. New York:

Wiley-Interscience, 1971.

. “IEEE standard definition an

Standard, No. 428-1981, 1981

ations describing th
method of solution i

quirements for thyristor ac power controllers,” [EEE

IEW QUESTIONS

at are the advantages and disadvantages of on-off control?

hat are the advantages and disadvantages of phase-angle control?

. What are the effects of load inductance on the performance of ac voltage controllers?
-4. What is the extinction angle?

-5. What are the advantages and disadvantages of unidirectional controllers?

. What are the advantages and disadvantages of bidirectional controllers?

. What is a tie control arrangement?

6-8. What are the steps involved in determining the output voltage waveforms of three-
phase unidirectional controllers?
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6-10.
6-11.
6-12.
6-13.
6-14.
6-15.
6-16.
6-17.
6-18.
6-19.
6-20.
6-21.
6-22.
6-23.

6-24.

6-25.

6-26.
6-27.

6-2

A daiSa

. What are the steps involved in determining the output voltage waveforms of three-

phase bidirectional controllers?

What are the advantages and disadvantages of deita-connected controllers?

What is the control range of the delay angle for single-phase unidirectional controllers?
What is the control range of the delay angle for single-phase bidirectional controllers?

What is the control range of the delay angle for three-phase unidirectional controllers?
What is the control range of the delay angle for three-phase bi
What are the advantages and disadvantages of transformer
What are the methods for output voltage control of transfg
What is a synchronous tap changer?

tional controllers?

What is a cycloconverter?
What are the advantages and disadvantages of cyc‘vert
ltage controllers?

What are the advantages and disadvantages of
What is the principle of operation of cycloconve ?

What are the effects of load inductance on the performance o
What are the three possible arrangements for agsingle-phase f

controller? ‘
What are the advantagesbof sinusoidal harmonic reduc
verters?

What are the gate sig
loads?

What are the effects of source ang

require

What are the conditions for the
controllers?
at are the conditions for the worst-case design of load filters for ac voltage con-
1s?

ROBLEMS

6-1a is used for heating a resistive load of R = 5
0V, 60 Hz. The thyristor switch is on for n = 125
is off for m cles. Determine the (a) rms output voltage, V,; (b)

ac voltage controller in

4 O and the put voltage is V, = 208 V, 60 Hz. If the desired output power
= 3 kW, determine the (a) duty cycle, k; and (b) input power factor, PF.
he single-phase half-wave ac voltage controller in Fig. 6-2a has a resistive load of R

= 5 O and the input voltage is V, = 120 V, 60 Hz. The delay angle of thyristor T,

is @ = w/3. Determine the (a) rms output voltage, V,; (b) input power factor, PF;
and (c) average input current.

. The single-phase half-wave ac voltage controller in Fig. 6-2a has a resistive load of R

= 5 (0 and the input voltage is V, = 208 V, 60 Hz. If the desired output power is
P, = 2 kW, calculate the (a) delay angle, a; and (b) input power factor, PF.
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6-5. The single-phase fuli-wave ac voltage controller in Fig. 6-3a has a resistive load of R
= 5 () and the input voltage is V, = 120 V, 60 Hz. The delay angles of thyristors
T, and T, are equal: a; = o, = a = 27/3. Determine the (a) rms output voltage,
V,; ((b) input power factor, PF; (c) average current of thyristors, I,: and (d) rms
current of thyristors, .

6-6. The single-phase full-wave ac voltage controller in Fig. 6-32
= 1.5 Q and the input voltage is V, = 120 V, 60 Hz. 1
is P, = 7.5 kW, determine the (a) delay angles of thyristo
voltage, V,; (¢) input power factor, PF; (d) average cur
rms current of thyristors, I.

6-7. The load of an ac voltage controller is resistive, wi
is V, = 120V, 60 Hz. Piot the power factor ag‘
half-wave and full-wave controllers.

6-8. The single-phase full-wave controller in Fig. ‘suppli
voltage is V, = 120 V at 60 Hz. The load is such that

a resistive load of R
desired output powe
1 and T; (b) rms outpu
of thyristors, I,; and (e

current, I; (d) rms ou urrent, [,; (e) averag g f yristor, 1 ,,; and (f)

the (a) conduction angle of ihynstor T,, 3; (b) rm

input power factor, PF.

6-9. The single-phase fu’
voltage is V, = 120 V at 60 Hz.
a,for@L =5mHandR = §

6-10. The three-phase unidirectional cg
load with R = 5 Q and the lin VO tage is 208 V, 60 Hz. The delay

angle is & = 7©/6. Determine t ms output phase voltage, V,; (b) input power;
nd (c) expressions for the instantaneous output voltage of phase a.

6- three-phase unidirectional controller in Fig. 6-7 supplies a wye-connected resistive
ad with R = 2.5 Q and the line-to-line input voltage is 208 V, 60 Hz. If the desired
tput power is

voltage, V,; and (c ower factor, PF.

6-12. The three-phase unidirecti controller in Fig. 6-7 supplies a wye-connected resistive

load with R = 5 () and th e-to-line input voltage is 208 V, 60 Hz. The delay

angle is o = 2n/3. Determingithe (a) rms output phase voltage, V; (b) input power

factor, PF; and (c) expressi or the instantaneous output voltage of phase a.

-phase bidirectional controller in Fig. 6-12.

ob. 6-11 for the e-phase bidirectional controller in Fig. 6-12.

ree-phase bidirectional controller in Fig. 6-12.

ee-phase bidifectional controller in Fig. 6-12 supplies a wye-connected load of
5Qand L = 10 mH. The line-to-line input voltage is 208 V, 60 Hz. The
ay angle is a = w/2. Plot the line current for the first cycle after the controller
1s switched on.

. A three-phase al voltage controller supplies a wye-connected resistive load of R = 5

€) and the line-to-line input voltage is V, = 208 V at 60 Hz. Plot the power factor,

PF, against the delay angle, o, for the (a) half-wave controller in Fig. 6-7, and (b)

full-wave controller in Fig. 6-12.

- A three-phase bidirectional delta-connected controller in Fig. 6-15 has a resistive load

of R = 5. If the line-to-line voltage is V, = 208 V, 60 Hz and the delay angle a
= m/3, determine the (a) rms output phase voltage, V,; (b) expressions for instanta-

an RL load. The input

-connected resistive
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6-19.

6-20.

6-21.

6-22.

6-23.

6-24.

6-25.
6-26.

6-27.

. The single-phase fu

A Ay

neous currents i,, i,,, and i_; (c) rms output phase current, I,, and rms output line
current, L,; (d) input power factor, PF; and (e) rms current of thyristors, I.

The circuit in Fig. 6-18 is controlled as a synchronous tap changer. The primary
voltage is 208 V, 60 Hz. The secondary voltages are V, = 120 Vand V, = 88 V.
If the load resistance is R = 5 Q and the rms load voltage is 180 V, determine the
(a) delay angles of thyristors T, and T3; (b) rms current of thyristors T, and T,; (c)
rms current of thyristors Ty and T,; and (d) input power factor,
The input voltage to the single-phase/single-phase cycloconver
V, 60 Hz. The load resistance is 2.5 €) and load inductanc
frequency of output voltage is 20 Hz. If the delay angle of
determine the (a) rms output voltage; (b) rms current of eac

power factor, PF. I

Repeat Prob. 6-20if L = 0.

For Prob. 6-20, plot the power factor against the angle, a.

Repeat Prob. 6-20 for the three-phase/single-phas in Fig. =
0.

Fig. 6-21a is 120
= 40 mH. The
istors is o, = 2m/4,
yristor; and (c) input

Repeat Prob. 6-20 if the delay angles are generated by comparing signal at
source frequency with a wn in Fig
6-25.

For Prob. 6-24, plot th

The single-phase full-w‘

a 208-V 60-Hz ac source into a resis
is 10 kW. Calculate the (a) maxim
average current rating of thyristor;
The three-phase full-wave ac volta roller in Fig. 6-12 is used to control the
er from a 2300-V 60-Hz ac so into a delta-connected resistive load. The
um desired output power is 100 kW. Calculate the (a) maximum rms current
ra of thyristors, Izy; (b) maximum average current rating of thyristors, I,y; and
(c) the peak value ristor voltage, V..
ontroller in Fig. 6-6a controls power to a RL load and
0 Hz. Theloadis R = 5Qand L = 10 mH. (a)
harmonic current. (b) If a capacitor is connected
of capacitance to reduce the third harmonic current
nt, a = w/3.

the source voltage is 208
Determine the rms value of t
across the load, calculate the v
in the load to 5% of the load
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9
DC Choppers
‘ p

|

7-1 INTROBUCTION

In many industrial applic
into a variable-voltage dc s
and is also known as a dc-t
equivalent to an ac transfor

s, it is required to convert a fixed-voltage dc source
A dc chopper converts directly from dc to dc
converter. A chopper can be considered as dc
with a continuously variable turns ratio. Like a
step-down or step-up a dc voltage source.

for traction motor control in electric automobiles,
ift trucks, and mine haulers. They provide smooth
ficiency, and fast dynamic response. Choppers can
raking of dc motors to return energy back into the supply,
feature results in energy savings for transportation systems with frequent
Choppers are also used in dc voltage regulators.

e

RINCIPLE OF STEP-DOWN OPERATION
The principle of operation can be explained by Fig. 7-la. When switch SW is

closed for a time t,, the input voltage V, appears across the load. If the switch
remains off for a time ¢,, the voltage across the load is zero. The waveforms for
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Vo
Vu
|
Z Vs —
* Chopper
io 4—(1 — 4——(2_.___’
+ SW + Y -t
| —T >
pi |
Vs Vo $R !RS
-t —|—ot,
- _ 0
kT
(a) Circuit (b) Wavefor

Figure 7-1 Step-down chopper with re‘

the output voltage and load current are also shc‘
switch can be implemented by using a (1) power BIT, (2)
GTO, or (4) forced-commutated thyristor. The a finite
voltage drop ranging from () 2 V, and for the i he voltage
drops of these power semico tor devices are neg

The average output ‘ge is

Ve = s (7-1)

V. re Tis t&‘nopping period,

and tl;e average load current, [, = V, /RS
f is the chopping frequency. The rms

k = t,/T is the duty cycle of choppe

valul output voltage is found from
1 kT 1/2
V, = <? J'O v} dt) = VkV, (7-2)

Assuming a lossless choppe
output power and is given by

e input power to the chopper is the same as the

ve NS VR LF P
Pi_T dt—T0 Rdt—kR (7-3)
‘fhe effec input resistance sgén by the source is
V R
AN a4

T TkV/R &k

uty cycle, k, can be varied from 0 to 1 by varying t,, T, or f. Therefore,
ut voltage V, can be varied from 0 to V, by controlling k and the power
can be controlled.

1. Constant-frequency operation. The chopping frequency, f (or chopping
period T), is kept constant and the on-time, £, is varied. The width of the pulse
is varied and this type of control is known as pulse-width-modulation (PWM)
control.
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2. Variable-frequency operation. The chopping frequency, f, is varied. Either
on-time, ¢;, or off-time, ¢,, is kept constant. This is called frequency modulation.
The frequency has to be varied over a wide range to obtain the full output voltage
range. This type of control would generate harmonics at unpredictable frequencies
and the filter design would be difficult.

Example 7-1

The dc chopper in Fig. 7-1a has a resistive load of R
is V, = 220 V. When the chopper switch remains on
and the chopping frequency is f = 1 kHz. If the dut
(a) average output voltage, V,; (b) rms output v €,
effective input resistance of the chopper, R;; )1

component of output harmonic voltage. ’

Solution V, =220V, k =0.5,R =10 Q, Uy = &
(a) From Eq. (7-1), V, = 0.5 x (220 — 2) = 109 V.
(b) From Eq. (7-2), V, = V0.5 x (220 — 2) = 154.15

Q) and the input voltag
voltage drop is v, = 2

P, =
(7-5)
The input power to the choppe
kT — _
P‘- — l Vs(Vs vch) dt — k V:(Vx vch)
T R R (7-6)
= 0.5 x 220 x 3201—0—3 = 2398 W
The chopper ef
P, 23762
P 308 99.09%

(d) From Egq. (7-4),
(e) The output volta

10/0.5 = 20 Q.
shown in Fig. 7-1b can be expressed in a Fourier series

vV =
kV, + A nwk cos2nmft + —= > (1 — cos2nwk)sin 2nmft (7-7)
nmw nTp=1

fundamental
Eq. (7-7) as

mponent (for n = 1) of output voltage harmonic can be determined

v(t) = Y. [sin 2wk cos 2mft + (1 — cos 2mk) sin 2mft]
T (7-8)
220 x 2

sin (2w X 1000f) = 140.06 sin (6283.21)

and its rms value is V, = 140.06/\/2 = 99.04 V.

Note. The efficiency calculation, which includes the conduction loss of the chopper,
does not take into account the switching loss due to turn-on and turn-off of the chopper.
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Chopper
o— >
+ SW  + i
L
Vs Vo A Dm
R
+
_ < E
T o— T Figure 7-2 Cho

7-3 STEP-DOWN CHOPPER WITH RL LOAD

A chopper with an RL load is shown in Fig. 7-2. T

can be divided into two modes. During mode 1, th PP
the current flows from the supply to the load. ng mode 2, the chop
switched off and the load current continues to fl rou ewheeli

D,,. The equivalent circuits for these modes are shown in
current and output voltage waveforms are shown in Fig. 7-3b.
The load current for m(“ can be found fro

(7-9)

gives the load current

e

(7-10)

This is valid 0 < t < 1, (= kT); and at the end of this mode, the load current
become

(7-11)

0 ! Lt
Mode 2 KT T

(a) Equivalent circuits (b) Waveforms

Figure 7-3 Equilvalent circuits and waveforms for RL loads.
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The load current for mode 2 can be found from

0
0=Ri2+Lﬁ+E (7-12)

With initial current i(f = 0) = I, and redefining the time Qrigin at the beginning
of mode 2, we have

E
iz(t) = 12 e RIL _ ﬁ (1 — e IR/

This mode is valid for 0 = r =1, [= (1 — K)T]. At
load current becomes

Lt =1) =1

At the end of mode 2, the chopper is turned ogain in
T=1f=1 +u,.

Under steady-state conditions, I, = I;. Thg ! ipple current

can be determined from (7-10), (7-11), (7-1 ) om Eqgs. (7-10)

and (7-11), 1, is given by

(7-15)
From Egs. (7-13) and (7-14), 1; is
L=1=1Le( "R (1 — e U-WTRL) (7-16)
T -to-peak ripple current is
Al = 1, - I,
which after simplification
Vsl —kTR/L + e*TR/L _ e—(lfk)TR/L
Al = R =T (7-17)
ition for maximum ripple,
d(Al)
— =0 7-1
K (7-18)

KL — e -BIRL = Qor —k = —(1 — k) or k = 0.5. The maximum

eak ripple current (at k = 0.5) is
V R
= —tanh — 7-1
Al R tan AL (7-19)
For 4fL >> R, tanh 6 ~ 6 and the maximum ripple current can be approximated
to
|4

= 3 7-
Moy = 37 (7-20)

184 DC Choppers Chap. 7




Nt

RiW
Note. Equations (7-9) to (7-20) ‘z{re'valid only for continuous curent flow.
For a large off-time, particularly at low frequency and low output voltage, the load
current may be discontinuous. The load current would be continuous if L/R >>
T or Lf >> R. In case of discontinuous load current, I, = 0 and Eq. (7-10)
becomes

.,

V., - E
i) = = (1= e

and Eq. (7-13) is valid for 0 = ¢ = 1, such that Lt =1t)=1

Example 7-2

A chopper is feeding an RL load as shown in Fig. 7-“
=75mH, f=1kHz,and E = 0V. Calculate the ( nimu
curent, I,; (b) peak instantaneous load current, Iz‘(maximum
ripple current; (d) average value of load current, U e) rm

effective input resistance seen by the source, R;; and (g) rms chopp

Solution V, =220V, R=5€Q,L =75mH, Ew 0V, k=0.
Hz. From Eq. (7-15), I, ‘16511 + 12.473 and
+ 0.
(a) Solving these t uatioms yields I, = 18.37 A.
(b) I, = 25.63 A.
(YAl =1, — I, = 25.63 — 18
A and Eq. (7-20) gives the approxi
(d) The average load current i

(e) Assuming that the load current rises linearly from I, to I,, the instantaneous
loadicurrent can be sed as

Alt

+—k7 for 0 <t < kT

i =
¢ found from

L — LY 12
= [E + (—23—12—'" L, - 11)]

(7-21)
ce current,
=05x2=11A
nd the input resistance, R, = V/I, = 220/11 = 20 Q.
(g) The rms chopper current can be found from
1 T 172 I _ I 5 1/2
Ip= —f gdt] =vVk 1%+(—2—‘)+11(12—1,)

TJo 3 (7-22)

=vVkl,=VvV05x221=1563A
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Example 7-3

The chopper in Fig. 7-2 has a load resistance, R = 0.25 Q, input voltage, V, = 550
V, and battery voltage, E = 0V. The average load current, /, = 200 A, and chopping
frequency, f = 250 Hz. Use the average output voltage to calculate the load in-
ductance, L, which would limit the maximum load ripple current to 10% of I,

Solution V, =550V, R =025Q0,E=0V,f =250 = 1f =0.0045, a
Ai =200 x 0.1 = 20 A. The average output voltage, V,
across the inductor is given by

LQ=V5—RIa=Vx—kVS=
dr
If the load current is assumed to rise linearly, df'= ¢, =

_va

Al kT

L

For the worst-case ripple conditions,

and this gives k = ‘nd

AiL =20

and the required value of indu

7-4 PRI OF STEP-UP OPERATION

A chopper can be
operation is shown i
current rises and energy is
L, the energy stored in the i

to step up a dc voltage and an arrangement for step-up
4a. When switch SW is closed for time ¢,, the inductor
ed in the inductor. If the switch is opened for time
ctor is transferred to load through diode D, and

‘ ‘the inductor current falls. A ing a continuous current flow, the waveform for
the inductor current is shown ig. 7-4b.
‘ n the chopper is t on, the voltage across the inductor is

_ L di

/UL_ Et

ives the peak-to-peak ripple current in the inductor as

V
Al = zs 4 (7-23)
The instantaneous output voltage is
Al t Al
v,=V,+L—=V,([1+21] =V, — (7-24)
t2 tz 1 - k

If a large capacitor, C,, is connected across the load as shown by dashed lines
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|
Ve Chopper _L ‘ Loaﬂ Vo
l -G
|
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(a) Step-up arrangement

1—{1—->'<——t2

(b) Current w‘v

We can notice from Eq.
by varying the duty cycle, k, and the minimum output voltage is V;
when k = 0. However, the chopper cannot be switched on continuously such that
ding to unity, the output voltage becomes very large
in k, as shown in Fig. 7-4c.

to transfer energy from one voltage source to
equivalent circuits for the modes of operation
rrent waveforms in Fig. 7-5c. The inductor

and is very sensitive to
This principle can be ap
other as shown in Fig. 7-3a.
shown in Fig. 7-5b and th

‘current or mode 1 is given by

di,
Vi=1L7,
sed as
Vv
L) = ft + I, (7-25)

ere I, is the initial current for mode 1. During mode 1, the current must rise

and the necessary condition,
di
7; >0 or V,>0 (7-26)

Sec. 7-4 Principle of Step-Up Operation 187




LYY\ . i~
+ i BT
+
Vs Chopper __'-WL: E

(a) Circuit diagram

Mode 2
(b) Equivale‘its

Figure 7-5 A

The current for mode 2 is given by

and is/solved as

= V‘——Et + I, (7-27)

ere I, is initial current for

‘and the condition is

2. For a stable system, the current must fall

or V,<E (7-28)

-28) is not satisfied, the inductor current would continue
an unstable situation would occur. Therefore, the conditions for per-
potentials of the two voltages are

0<V,<E (7-29)

quation (7-29) indicates that the source voltage V, must be less than the voltage
E to permit transfer of power from a fixed (or variable) source to a fixed dc voltage.
In electric braking of dc motors, where the motors operate as dc generators, the
chopper permits transfer of power to a fixed dc source or a rheostat.
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7-5 PERFORMANCE PARAMETERS

The power semiconductor devices require a minimum time to turn on and turn off.
Therefore, the duty cycle, k, can only be controlled between a minimum value
k..., and a maximum value K, thereby limiting the minimum and maximum value
of output voltage. The switching frequency of the chopper is also limited. It
could be noticed from Eq. (7-20) that the load ripple current d ds inversely on
the chopping frequency. The frequency should be as high ssible to reduce
the load ripple current and to minimize the size of any addi
in the load circuit.

7-6 SWITCHING-MODE REGULATORS ‘

The dc choppers can be used as switching-mode re&ors to
normally unregulated, to a regulated dc output voltage. The regu
achieved by pulse-width modulation at a fixed frequency and the
is normally a power BJT or ET. The element itchi
are shown in Fig. 7-6. Weca ice from Fig. 7-1b that
with resistive load is disco us and contains harmonic
normally reduced by an L ter.

of dc choppers
ripple content is

Input
4+ o +
Vs Va
Control
< + Reference
_ Amplifier -
P — o

Figure 7-6 Elem of switching-mode regulators.

Switching regulators are ¢ ercially available as integrated circuits. The

select the switchin quency by choosing the values of R and C of

tor. Asaru thumb, to maximize efficiency, the minimum

hould be 100 times longer than the transistor switching

e,ifatr or has a switching time of 0.5 ws, the oscillator period

ws, which gives the maximum oscillator frequency of 20 kHz. This

e switching loss in the transistor. The transistor switching loss increases

e switching frequency and the efficiency decreases. In addition, the core

of inductors limits the high-frequency operation. There are four basic to-
ologies of switching regulators:

1. Buck regulators
2. Boost regulators
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3. Buck-boost regulators
4. Cuk regulators

7-6.1 Buck Regulators

the input voltage
ircuit diagram of
d this is like a step
two modes. Mode

In a Buck regulator, the average output voltage V_, is less
V,—hence the name “buck,” a very popular regulator.
buck regulator using a power BJT is shown in Fig. 7-7
down chopper. The circuit operation can be divided i
begins when transistor Q, is switched on att = 0. The
flows through filter inductor L, filter capacitor
begins when transistor Q, is switched off at ¢ =
conducts due to energy stored in the inductor t

to flow through L, C, load, and diode D,,. The‘c

Q, is switched on again in the next cycle. The equivale

are shown in Fig. 7-7c for a_ centinuous current fl
on the switching frequenc‘er inductance, and
could be discontinuous

The voltage acros‘ i

inductor current

Assuming that the inductor curren s linearly from I, to I, in time ¢,,

12'_11— AI

V,—-V,=1L L — (7-30)
L 4
or
Al'L
t, = ———— -
N (7-31)
- l and the inductor current falls rly from I, to I, in time ¢,,
Al
V,=L— (7-32)
L
AlL
L = v (7-33)

ere Al is the peak-to-peak ripple current of the inductor, L. Equating the value
of Al in Eqgs. (7-30) and (7-32) gives
(Vs — Va)tl Vatz

Al =~ — T
L L
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is: |s Q‘ L
) X_f i b
Dm
Vs
Control
(a) Circuit diagram

Mode 2
(b) Equivalent circuits

Figure 7-7
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Substituting #;, = kT and t, = (1 — k)T yields the average output voltage as
V, = kV, (7-34)

Assuming a lossless transistor switch, VI, = V,I, = kV,I, and the average input
current,

I, = kI,

The switching period T can be expressed as

o S 1)
- f - 2 Vs - Va
which gives the peak-to-peak ripple current as
_ YV,

Al

or
‘ Al = (7-38)
Using Kirchhoff’s curr!nt law, w
If we assume that the load ripple t, Ai,, 1s very small and negligible, Ai, = ™
The average capacitor curr hich flows for #,/2 + 1,2 = T/2, is
Al
I = 7
The’capacitor volta ressed as
lfidtwtv (r=0)
C c c -
‘ ' and the peak-to-peak ripple age of the capacitor is
‘ 1 f T2 AI AIT Al
AV, == dt = —— = — ;
' O=¢l T%=%¢ “5c (7-39)
the valu I from Eq. (7-37) or (7-38) in Eq. (7-39) yields
V.V, =V,
Vv = 1aas — Ya) 7-4
ave 8LCf*V, (7-40)
Vk(1 — k)
== 7-41
av. 8L Cf? (7-41)

The buck regulator requires only one transistor, is simple, and has high
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efficiency. The di/dt of the load current is limited by inductor L. However, the
input current is discontinuous and a smoothing input filter is normally required.
It provides one polarity of output voltage and unidirectional output current. It
requires a protection circuit in case of possible short circuit of the diode path.

Example 7-4

The buck regulator in Fig. 7-7a has an input voltage of V, =
average output voltage is V, = 5 V and the peak-to-peak o
The switching frequency is 25 kHz. If the peak-to-peak rip
limited to 0.8 A, determine the (a) duty cycle, k; (b) filt
filter capacitor, C.

Solution V, = 12V, AV, = 20mV, Al = 0.8 A, f 525
(a) From Eq. (7-34), V, = kV,and k = V,/ 5/12

(b) From Eq. (7-37), ‘

= 145.84 u

V. The required
voltage is 20 mV.
rrent of inductor is
uctance, L; and (¢)

B 512 - 5)
T 0.8 x 25,000 x 12

(c) From Eq. (7-39),

“ x 2Q x 1073 x 25,000

In a boost regulator, the output vol an the i* voltage—hence
the name “boost.” A boost regula ng a power MOSFET is shown in Fig.
d this is similar to a step-up chopper. The circuit operation can be divided
odes. Mode 1 begins when transistor Q, is switched on at 7 = 0. The
input cgrrent, which rises, flows through inductor L and transistor Q,. Mode 2
hen transisto is switched off at ¢t = ¢,. The current which was flowing
through the transistor wo ow flow through L, C, load, and diode D,,. The
inductor current fails until tra or Q, is turned on again in the next cycle. The
ergy stored in inductor L is tramsferred to the load. The equivalent circuits for
modes of operation are showmin Fig. 7-8b. The waveforms for voltages and
continuous load current.

7-6.2 Boost Regulators

g that the induct rrent rises linearly from I, to [, in time f,
L, -1 Al
L2— = L— (7-42)
L b
Al L
= —— 7-43
= (7-43)

d the inductor current falls linearly from [, to I, in time £,

Al
-V,=1L . (7-44)
2

V.

a
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(c) Waveforms
Figure 7-8 Boost regulator.
AI'L
= ——" 7-45
T (7-45)

where Al is the peak-to-peak ripple current of inductor L. From Eqgs. (7-42) and
(7-44),

Vstl _ (Va - VS)IZ
L L
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Substituting ¢, = kT and , = (1 — k)T yields the average output voltage,
Vs

Vo=1"%

(7-46)

Assuming a lossless transistor, VI, = V I, = VL/(1 - k) and the average input
current is

I
I, = —*
1 -k
The switching period T can be found from

AlL Al L
Vi V.-V,

and this gives the peak-to-peak ripple current, ‘
- V)

1
=?=t1+t2=

or

(7-50)
When the transistor is on, the capacito rt=t. The
average capacitor current is I, = I, 3 peak ripple voltage of the
capacitor is
1" 1 (" It
AV. = v, — t=0) == dt = = = 4l -
Equation’(7-46) gives — V)/(V,f) and substituting ¢, in Eq. (7-51) gives
LV, = V)
Vv IC (7-52)
Lk
V, == 7-53
.= 17 (7-53)

p the output voltage without a transformer. Due
efficiency. The input current is continuous. How-
peak current has to flow through the power transistor. The output
very sensitive to changes in the duty cycle k and it might be difficult to
ze the regulator. Since the transistor is in shunt with the load circuit, it
t also be difficult to protect the output circuit in case of short circuit. The
erage output current is less than the average inductor current by a factor of
(1 — k), and a much higher rms current would flow through the filter capacitor,
resulting in the use of a larger filter capacitor and a larger inductor than those of
a buck regulator.
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Example 7-5

A buck regulator in Fig. 7-8a has an input voltage of V, = 5 V. The average output
voltage, V, = 15V and the average load current, I, = 0.5 A. The switching frequency
is 25 kHz. If L = 150 uH and C = 220 uF, determine the (a) duty cycle, k; (b)
ripple current of inductor, A/; (c) peak current of inductog, /,; and (d) ripple volt
of filter capacitor, V..

Selution V, =5V, V, =15V, f=25kHz, L = 15
(a) From Eq. (7-46), 15 = 5/(1 ~ k) or k = 2/
(b) From Eq. (7-49),

5x (15 -5
AL = 35,000 x 130 XT‘TS
(c) From Eq. (7-47), I, = 0.5/(1 — 0 = 1.

L=1+3_15.9%_ '

2 :
(d) From Eq. ),
:

7-6.3 Buck-Boost Regulators

,and C = 220 uF.
0.6667 = 66.67%.

0.5 x 0.6667
00 x 220 x 10-¢

A buck-boost regulator provid
ter than the input voltage—hence the name “buck—boost”; the output voltage
y is opposite to that of the input voltage. This regulator is also known as
an mverting or flyback regulator. The circuit arrangement of a buck—boost reg-
‘ulator is shown in -9a.
The circuit op can be divided into two modes. During mode 1, tran-
e D, is reversed biased. The input current, which
and transistor ;. During mode 2, transistor Q,
which was flowing through inductor L, would now
load. The energy stored in inductor L would be
inductor current would fall until transistor Q, is
cycle. The equivalent circuits for the modes are
veforms for steady-state voltages and currents of the
¢ shown in Fig. 7-9¢ for continuous load current.
suming that the inductor current rises linearly from [, to 1, in time t,,

rises, flows through inducto
is switched off and the curre
flow through L, C, D,,, and

e
e

L —1 Al
V.=L2—1=p1= (7-54)
t f
Al L
4 = v (7-55)
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(a) Circuit diagram io: la
4 Vo
VS
0 kT
A |
I | |
b — — - |
|
Iy | t
0 T
I
bt — — — -
‘ e —————
T —t

Mode 2
ivalent circuits

(c) Waveforms

Buck-Boost regulator.

y, - LM (7-56)
L
, = —AL (7-57)
Va
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where Al is the peak-to-peak ripple current of inductor L. From Egs. (7-54) and
(7-56),

_vh Ve

L L
Substituting t;, = kT and 1, = (1 — k)T, the average o

Vk
V = ——=—_
“ 1 -k

Assuming a lossless circuit, V,I, = VI, = V,Lkil
current, [, is related to the average output cur

m’
I = %

The switching period, T, can be found from

Al

1

a?

(7-59)

1 ‘ AL Al
= - = = —_— 7-

T 7 t v v (7-60)

and this gives the peal‘)eak current,
(7-61)

0
V.k

Al = A (7-62)

i3] 1 ftl Iatl
= — d = — 7-
1. dt C Jo 1, dt C (7-63)
« — Vyf] and Eq. (7-63) becomes
LV
V = —ta’a :
e W vore (769
o Ik
Vo -
AV, 7C (7-65)

A buck—boost regulator provides output voltage polarity reversal without a
transformer. It has high efficiency. Under a fault condition of the transistor, the
di/dt of the fault current would be V,/L and is limited by the inductor L. Output
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short-circuit protection would be easy‘eo implement. However, the input current
is discontinuous and and a high peak current flows through transistor Q.

Example 7-6

The buck—boost regulator in Fig. 7-9a has an input voltage of V, = 12 V. The duty
cycle, k = 0.25 and the switching frequency is 25 kHz. The inductance, L = 150
pH and filter capacitance, C = 220 pF. The average load curgent, I, = 1. 25 A.
Determine the (a) average output voltage, V,; (b) peak-to-peak o t voltage ripple,
AV,: (c) peak-to-peak ripple current of inductor, Al; and (d current of the
transistor, I,,.

Solution V, = 12V, k = 025, 1, = 1.25 A, f = 25 kI
C = 220 uF.
(a) From Eq. (7-38), V, = —12 x 0.25/(1 —
(b) From Egq. (7-65), the peak-to-peak output r

1.25 x 0.25
25,000 x 220 x 10°°
(c) From Eq. (7-62), the peak-to-peak inducto

12 x 0.25
x 150 x 10~°

(d) From Eq. (7-59,‘= 1.2 . . 167 A. Since [ is the
average of duration kT, the peak-to-g ] q i

I Al
+_

150 pH, and

AV, =

Al

t regulator, the Cuk regulator provides an output
than the input voltage and the output voltage
input voltage. It is named after its inventor
d on and transistor Q; is switched off, diode
| is charged through L,, D,,, and the input

voltage which is less than or gre
polarity is also opposite to that o
When the input voltage is t

m

vided into two modes. Mode 1 begins when

The current through inductor L, rises. At
capacitor C; reverse biases diode D,, and turns it
aator C, discharges its encrgy to the circuit formed by C,, C,, the
,. Mode 2 begins when transistor Q; is turned off at t = 1,. The
r C, is charged from the input supply and the energy stored in the inductor
ransferred to the load. The diode D,, and transistor Q, provide a synchronous
tching action. The equivalent circuits for the modes are shown in Fig. 7-10b
and the waveforms for steady-state voltages and currents are shown in Fig. 7-10c
for continuous load current.
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Mode 2 .
(b) Equivalent circuits (c) Waveforms

Figure 7-10 Cik regulator.
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Assuming that the current of ind{mt'or L, rises linearly from /,,, to I, , in
time t,.

I, — 1 Al
V,=1L, —m—[—ﬂ =1L, t—l (7-66)
1 1

or

AL,
t, = —V—

and due to the charged capacitor C,, the current of inductor

I, > to I, in time f,,
v B
Vi —Vaq = L, —

"8

or

AL L,
V.- V.

s cl

(7-69)

where V, is the average Volkﬁof capacitor C;. From Eq and (7-68),

oltage of!pacitor Cis

Vi,
AL = ==t
1 Ll

Substituting r, = kT and t, = (1 — k)

Vo= 7-
Assuming/that the curr filter inductor L, rises linearly from I;,, to I, in
time ¢,
Iy = Iy _ L2% (7-71)
t t
AL L,
—_— 7-72
Vcl - Va ( )
> falls linearly from 1, ,, to I;,; in time 1,
Al
V,= -L,—= (7-73)
L
ALL,
L, = ——— 7-74
- (7-74)
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From Egs. (7-71) and (7-73),

s = Va =V _ Vi
L, L,
Substituting t;, = kT and t, = (1 — k)T, the average voltage of capacitor C, i
V.(1 — 2k)
V. = — Lo T %)
cl k

Equating Eq. (7-70) to Eq. (7-75), we can find the a

Assuming a lossless circuit, VI, = V, I, =
current,

(7-78)

rent of inductor L, as

Vs(Vs - Vcl)

I, = -
MLy, v 77
or
V.k
== 7-80
1 le ( )
be found from Eqs. (7-72) and (7-74):
LL, AL L, AL L2(2Va - Vcl)
- = 7-81
- Va Va Va(vcl - Va) ( 8 )
eak ripple current of inductor L, as
Va(Vcl - Vs)
Al, = 22— 7-82
* T LAV, V) (52
AL = — Vol = k) = kv, (7-83)

fL, fL,

When transistor Q, is off, the energy transfer capacitor C, is charged by the input
current for ¢ = ¢,. The average charging current for C, is I,; = I, and the peak-
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to-peak ripple voltage of the capacitor C, is

1 ftz 1 J‘tz I t,
AVcl C] 0 cl Cl 0 s Cl (7 8 )

Equation (7-76) gives t, = V,/[(V, — V,)f] and Eq. (7-84) becomes

LV
AV, = —
! (Vs - Va)fcl
or
LA - k)
av, ==
' fG

If we assume that the load current ripple, Ai,, i
average charging current of C,, which flows for ti
peak-to-peak ripple voltage of capacitor C, is

ligible, Ai;, = Ai,.
12, 1

1 T2 1 T2

AVCZ = 6* 162 dt = E; o (7'87)

or
(7-88)
The Cuk regulator is based on t ergy transler and as a result,
the input current is continuous. The t has low switching losses and has high
effici When transistor Q, is turned on, it has to carry the currents of inductors
L, an As a result a high peak current flows through transistor ;. Since

energy transfer, the ripple current of the capacitor C;

The input voltage of a Cuk c
k = 0.25 and the switching fr
wH and filter capacitance is C.

rter in Fig. 7-10a, V, = 12 V. The duty cycle,
ncy is 25 kHz. The filter inductance, L, = 150
220 wF. The energy transfer capacitance is C, =
wH. The average load current is [, = 1.12 A.
voltage, V,; (b) average input current, I; (c) peak-
L,, AlL; (d) peak-to-peak ripple voltage of capacitor

L, = 150 uH, and C, = 220 uF.
(a) From Eq. (7-76), V, = —0.25 x 12/(1 — 0.25) = —4V.
(b) From Eq. (7-77), I, = 1.25 x 0.25/(1 — 0.25) = 0.42 A.
(c) From Eq. (7-80), AI, = 12 x 0.25/(25,000 x 180 x 10-¢) = 0.67 A.
(d) From Eq. (7-86), AV,, = 0.42(1 — 0.25)/(25,000 x 200 x 10-%) = 63 mV.
(e) From Eq. (7-83), AL, = 0.25 x 12/(25,000 x 150 x 10-9) = 0.8 A.
(f) From Eq. (7-87), AV,, = 0.8/(8 x 25,000 X 220 x 10-¢) = 18.18 mV.
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7-6.5 Limitations of Sinile-Stage Conversi

These four regulators us
and require inductors
dling limitation of a single transis
typically tens of watts. At highe
with increased component losse
is no isolation between the inp
iterion in most applications.

a
are

7-7 THYRISTOR CHOPPER CIRC

‘ ‘ A thyristor chopper circuit,

A daiSa

(g) The average voltage across the diode can be found from

(1 — 2k)

Vim = kV, = =V k 3

= —V,(1 - 2k) (7-89)

For a lossless circuit, I,,V,,, = V,I, and the average value,of the current in induct
L, is

Ia

1 - 2k
1.25

I, =

2.

1 -2 X 0254
Therefore, the peak current of transistor is ‘

1 =IS+—+IL2+—2——:O.42

ne stage conversion,
ue to the current-han-

nly one transistor, employin
paci for energy tran

mponents increases,
In addition, there
utput voltage, which is a highly desirable
igh power, multistage conversions are used,
a dc voltage is converted to ac by an inverter. The ac output is isolated by
sformer and then converted to dc by rectifiers. The multistage conversions

iscussed in n 9-4.

h uses a fast turn-off thyristor as a switch, requires
t off. There are various techniques by which a
hese are described in detail in Chapter 3. During
thyristors, a number of chopper circuits have been
cuits are the outcome of meeting certain criteria: (1)
on-time limit, (2) high frequency of operation, and (3)

ation circuitry to t

las I

Dy’

204

Figure 7-11 Impulse-commutated chopper.
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reliable operation. However, with ffne development of alternative switching de-
vices (e.g, power transistors, GTOs), the applications of thyristor chopper circuits
are limited to high power levels and especially, to traction motor control. Some
of the chopper circuits used by traction equipment manufacturers are discussed in
this section.

7-7.1 Impulse-Commutated Choppers

The impulse-commutated chopper is a very common circuit 1 two thyristors as
shown in Fig. 7-11 and is also known as a classical chopper t the beginning of
the operation, thyristor T is fired and this causes the commutation capacitor C to
charge through the load to voltage V., which shoul the
the first cycle. The plate A becomes positive with re
operation can be divided into five modes, and the ‘/
state conditions are shown in Fig. 7-12.

(7-92)

The capacitor voltage is found from

(7-93)

Gl 3 [©d)

Figure 7-12 Mode equivalent circuits.
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where w,, = UVL, C. After time t= t, = wVL,C, the capacitor voltage is
reversed to — V.. This is sometimes called commutation readiness.

Mode 2 begins when the commutation thyristor T, is fired. A reverse voltage
is applied across the main thyristor T, and it is turned off. The capacitor
discharges through the load from — V. to zero and this diseharging time, which
also called the circuit (or available) turn-off time, is given

v.C
tq = I_

m

where 1, is the peak load current. The circuit
than the turn-off time of the thyristor, t.. ¢,
must be designed for the worst-case condition

ich occurs at the maxi

of load current and the minimum value of ca or vo
The time required for the capacitor to recharge ba
called the recharging time and is given by

|

(7-95)

ge and recharge is called

9 (7-96)
. starts ‘eonducting.

ode 3 begins when the freewheeling diode D,, starts conducting and the
urrent decays. The energy stored in the source inductance L, (plus any stray
tance in the it) is transferred into the capacitor and the current is

it) = I, cos wit (7-97)

Thus the total time ne‘:ry fo
the commutation time, which is

voltage is

L
V. + 1, \/ ES sin w,t (7-98)

time t = t, = 0.57 VL,C, the overcharging current
citor is recharged to

V.=V, + AV (7-99)

ue
e

re AV and V, are the overvoltage and peak voltage of commutation capacitor,
espectively. Equation (7-98) gives the overcharging voltage as

L
V=1 = 7-100
AV =1, \/C_ (7-100)

Mode 4 begins when the overcharging is complete and the load current con-
tinues to decay. It is important to note that this mode exists due to diode D,
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because it allows the resonant oscﬂlzﬁlon to continue through the circuit formed
by D,,, D,, C, and the supply. This will undercharge the commutation capacitator

C and the undercharging current through the capacitor is given by

. C .
i(ty = —AV \/(Ls . sin w,t

The commutation capacitor voltage is
vt) =V, = AV(1 — cos o)
where w, = 1/w VC(L, + L,,). After time ¢ = ¢,

dercharging current becomes zero and the diode D,
(7-102) gives the available commutation voltage of t

V.=V, - 24V =V,

(7-101)

If there is no overcharge, there will not be any undercharge.

Mode 5 begins when the commutation process i
continues to decay through D,.. This mode
is refired at the beginning of ycle. The different wa

and voltages are shown in 7-13.
The average output v

r the currents

(7-104)

It could be noticed from Eq. (7-104) th en at k = 0, the output voltage becomes
V(k = 0) = 0.5ft(V, + V) (7-105)

um output voltage of the chopper. However, the thy-
imum time of ¢t, = w\VL,,C to allow the charge
fixed for a particular circuit design. Therefore,
um output voltage are also set.

T =aVL,C (7-106)

Thi§ limits the mipi
ristor 7/ must be on f
reversal of the capacitor and #;
the minimum duty cycle and mi

duty cycle,
tf = wfVL,C (7-107)

Vo(min) = kminVs + OStd(Vc + Vs)f
= f[Vd, + 0.5tV + V)]

he minimum output Voltage o(min)» €an be varied by controlling the chop-
g frequency. Normally, V., is fixed by the design requirement to a per-
issible value.

The maximum value of the duty cycle is also limited to allow the commutation
capacitor to discharge and recharge. The maximum value of this duty cycle is

(7-108)
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Figure 7-13 Waveforms for impulse-
t  commutated chopper.

T:T_td_tx_tu
(7-109)

ty +t + 8,

The maximum output voltage,
Vo(max) = kmasz + O'Std(Vc + Vs)f (7'110)

An ideal thyristor chopper should have no limit on the (1) minimum on-time,
(2) maximum on-time, (3) maximum output voltage, and (4) maximum chopping
frequency. The turn-off time, ¢,, should be independent of the load current. At
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higher frequency, the load ripple currents and the supply harmonic current become
smaller. In addition, the size of the input filter is reduced.

This chopper circuit is very simple and requires two thyristors and one diode.
However, the main thyristor 7 has to carry the resonant reversal current, thereby
increasing its peak current rating and limiting the minium output voltage. The
discharging and charging time of commutation capacitor are dependent on the load
current and this limits the high-frequency operation, especially at@low load current.
This chopper cannot be tested without connecting the load. T, ircuit has many
disadvantages. However, it points out the problems of thyrj commutation.

Example 7-8

An inductive load controlled by the chopper in Fig. 7.
of I, = 425 A with peak current of [, = 450 Al
V., = 220 V. The chopping frequency is f = 400
main thyristor is £, = 18 pus. If the peak current t h the
to 180% of I,, and the source inductance (including the stray i
(L, = 0), determine the (a) commutation capacitance, C; (b) inducta
minimum and maximum output voltage.

Solution [, = 425 A, 1, A V.=V, =220 = 18 ps, and
L, =0.
(a) From Egs. (7 age is AV = 0 and
o ;

V.=V,=V,=20V.

(b) From Eq. (7-92), the peak Tesonant current

= 1.8 x 450 — 450 = 220 2—0

m

(¢) From Eq. (7-94), di
Eq. (7-95), recharging time, ¢,
total time, t, = 19.56 X 2 =

rging time, £, = (220 x 40)/450 = 19.56 ps, from
(220 x 40)/450 = 19.56 ps, and from Eq. (7-96),
us. From Eq. (7-106), resonant reversal time,

x 40) x 10-°]"2 = 76.8 ps

uty cycle, ki = t,f = 0.0307. From Eq. (7-108),

0.5 x 39.12 x 107¢ X
2 x 220 X 400 = 6.75 + 3.44 = 10.19V

ce there is no overcharging, there will be no overcharging period, and the over-
charging and undercharging time, ¢, = ¢, = 0. From Eq. (7-109), the maximum duty
cycle, kpue = 1 — (t; + 1, + £,)f = 0.984, and from Eq. (7-110), the maximum output
voltage,

Voo = 0.984 x 220 + 0.5 X 39.12 x 107¢ x
2 X 220 X 400 = 216.48 + 3.44 = 219.92V
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7-7.2 Effects of Source and Load Inductance

The source inductance plays a significant role on the operation of the chopper,
and this inductance should be as small as possible to limit the transient voltage
within an acceptable level. It is evident from Eq. (7-100) that the commutatio
capacitor is overcharged due to the source inductance L, d the semiconducty
devices would be subjected to this capacitor voltage. If ¢
source inductance cannot be guaranteed, an input filteg
systems, the stray inductance always exists and its val
wiring and the layout of the components. Therefore, I
value and the capacitor gets overcharged.
Due to inductance L; and diode D, in
undercharged and this may cause commutatio’
(7-20) indicates that the load ripple current is artinverse
and chopping frequency. Hence the peak load current is dep
inductance. Therefore, the performances of the
the load inductance. A othing choke is no i les with the load
to limit the load ripple ¢ t.

Example 7-9

If the supply in Example 7-8 has
capacitor voltage, V,; (b) availa
1.

Solution I, = 425 A, 1, = 4
pH, and C = 40 pF.

(a) From Eq. (7-100), overvoltage, AV = 450 x \/4/40 = 142.3 V. From Eq.
7-99), peak capacitor, V, = 220 + 142.3 = 362.3 V and from Eq. (7-103), available
ommutation V., =220 - 1423 = 77.7.

4), available turn-off time, 1, = (77.7 X 40)/450 = 6.9 ps.
echarging time, ¢, = (220 x 40)/450 = 19.56 ws and from
sty = 6.0 + 19.56 = 26.46 pus.

. =220V, f = 400 Hz, t, = 18 ps, L, = 4

Eq. (7-96), commutation

irement of the main thyristor is 19 ps, whereas the
.9 us. Therefore, a commutation failure would occur.

Note. The turn-off
available turn-off time is o

hree-Thyristor Choppers

lem of undercharging can be remedied by replacing diode D, with thyristor
own in Fig. 7-14. The available turn-off time, t,, commutation time, ¢,,
the overvoltage depend on the peak value of the load current rather than the
erage value. In a good chopper, the commutation time, t,, should ideally be
independent of the load current. ¢, could be made less dependent on the load
current by adding an antiparallel diode D, across the main thyristor as shown in
Fig. 7-14 by dashed lines. A modified version of the circuit is shown in Fig. 7-15,
where the charge reversal of the capacitor is done independently of main thyristor
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pb D
b | N/o
Vc+ [o] ! :
~|B T2
) ©
Ve B Dy, §
Lm
Ts Figure 7-14 Im e-commutated three
thyristors chop

T, by firing thyristor T;. There are four possible
circuits are shown in Fig. 7-16.

Mode 1 begins when the main thyristor T, is!
to the supply. Thyristor T; may be fired at the (3
charge on capacitor C. If this charge reversal is done independen
output voltage would not be limited due to the resopant reversal a
classical chopper in Fig. 7-11

Mode 2 begins when co
charges and recharges thro

Mode 3 begins when thecapacito pply voltage and the
freewheeling diode D, starts conducti i ode ﬁapacitor over-

tation thyristor T, is fire apacitor C dis-

charges due to the energy stored in the L,a e load current
decays through D,,. This mode ends i rrent reduces to

Zero.
e 4 begins when the thyristor T, stops conducting. The freewheeling

diode ntinues to conduct and the load current decays.

All the equations for the classical chopper except Egs. (7-101), (7-102), and
(7-103) are valid for t i i
applicable. The available C utation voltage

V, =V, + AV (7-111)

dent of the main thyristor and the minimum

the chopper is not li d. However, the commutation time is de-

load and the hi equency operation is limited. The chopper
ested withou necting the load.

‘ The resonant reversal is ind

Load

Figure 7-15 Impulse-commutated
chopper with independent charge rever-
sal.
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Mode 3 Mode 4

7-7.4 Resonant Pulse Choppers

A resonant pulse choppe!hown in Fig. 7-17. pply is switched
on, the capacitor is char 0 a voltage V. through L, d load. The circuit
operation can be dividﬁto fi odes and the equi t circuits are shown in
Fig. 7-18. The waveforms for ¢ shown in Fig. 7-19.
Mode 1 begins when main nd theasupply is connected
to the load. This mode is valid
Mode 2 begins when com
capacitor reverses its charge thro

thyristor 7, is fired. The commutation
, L,,,and T,. The reversal current is given

C
.=V, \/L— sin w,,t = I, sin w,,f (7-112)

and the capacitor voltage is
() = V. cos w,,t (7-113)

t =t, = w\VL,c, the capacitor voltage is reversed
nt oscillation continues through diode D,. The
be greater than load current /,, and the circuit is
of 1,/1,, = 1.5.

= 1VL,C. After ti
owever, the re

current, [,

Figure 7-17 Resonant pulse chopper.
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e capagdischarges due

Mode 3 begins when T, is self-c ; :
to resonant oscillation through diode This mode ends when the capacitor
curr ises to the level of I,,. Assuming that the capacitor current rises linearly
from and that the current of thyristor T, falls from [,, to 0 in time ¢,, the
time durdtion for this mode is

1, =~ (7-114)

d
xm oy (7-115)

ent through T, falls to zero. The capacitor

ff time,
v,C
1, = —— (7-116)
1,
time required for the capacitor to recharge to the supply voltage,
V.C
t. = ——IS— (7-117)

m

The total time to discharge and recharge to the supply Vis ¢, = 1, + .
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ic Capacitor current

I
Im } Current through T,
0 : N
V=V b — — — — — 4
Voltage across T, I
b
0 +
Y
L i

i Ll
V= \\;x _______ L1 __ /" Capacitor voltage
s | Ll
1 T
T [ X
I |

A

o

»t Figure 7-19 Chopper waveforms.

ode 5 begi
load’current decays
L,, and source inductanc

aV/(L, + L,,)C, the overch

‘ ‘charged to

en the freewheeling diode D,, starts conducting and the
D,,. The energy stored in commutation inductance
is transferred to capacitor C. After time, ¢, =
ing current becomes zero and the capacitor is re-

V, =V, + AV (7-118)

L,+L
AV =1, \/ om s (7-119)

ode 6 begins when the overcharging is complete. Diode D, turns off. The
ad current continues to decay until the main thyristor is refired in the next cycle.
the steady-state condition V, = V,. The average output voltage is given by

v, -;:[VskT + Vit + 1) + 0.5t,(V, + V)]

(7-120)
= Vik + fl(t, + 1)V, + 0.5t,(V, + V)]

Although the circuit does not have any constraint on the minimum value of duty
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cycle k, in practice the value of k cannot be zero. The maximum value of k i is
Kmax = 1 — (tr +6 + td)f (7'121)

Due to commutation by a resonant pulse, the reverse di/dt of thyristor T is
limited by inductor L,,, and this is also known as soft commutation. The resonant
reversal is independent of thyristor T;. However, the inductance, L,,, overcharges
capacitor C and this would increase the voltage ratings of the ponents. After
thyristor T, is fired, the capacitor has to reverse its char fore turning off
thyristor 7;. There is an inherent delay in commutation a is limits the min-
imum on-time of the chopper. The commutation time is ndent on the load.

Example 7-10

An inductive load that is controlied by the choppe
current, I, = 425 A with a peak current, I, = 450 he supply voltage V, =
The chopping frequency, f = 400 Hz, commut indu

commutation capacitance, C = 40 pF. If the source induct
inductance) is L, = 4 pH, determine the (a) peak resonant current eak load
voltage, V,; (c) turn-off time, ¢,; and (d) minimu

ig.

Solution The reversing .
voltage, AV = 450 ), peak capacitor
voltage, V., = V, = 2
(a) From Eq. (7-112), 1, =
(b) From Eq. (7-114), ¢, = 8
peak load voltage,

V. = 466.5 —

c) From Eq. (7-116), the turn-off time, ¢, = 423.1 X 40/450 = 37.6 us.
(d) From Eq. (7-117), ¢, = 220 x 40/450 = 19.6 psand r, = 37.6 + 19.6 =
572 ps. From E , the maximum duty cycle,

Ky = 1 — +7.72 + 56.2) x 400 x 106 = 0.952
For k = k., Eq. (7-120) gi
Voo = 220 X 0.952 + 400

he maximum output voltage,

2 4+ 7.72) x 220 + 0.5 x 57.2
3.1 + 220)] x 10-¢ = 209.4 + 12.98 = 2234V
output volta, rk = 0), Vo = 12.98 V.

main requirement for the design of commutation circuit is to provide an
quate turn-off time to switch the main thyristor off. The analyses of the mode
quations for the classical chopper in Section 7-7.1 and resonant pulse chopper in
Section 7-7.4 show that the turn-off time depends on the voltage of commutation
capacitor V..

It is much simpler to design the commutation circuit if the source inductance
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can be neglected or the load current is not high. But in the case of higher load
current, stray inductances, which are always present in practical systems, play a
significant part in the design of the commutation circuit because the energy stored
in the circuit inductance increases as the square of the peak load current. The
source inductance makes the design equations nonlinear and an iterative metho
of solution is required to determine the commutation co ents. The volta
stresses on the power devices depend on the source indugtance and load curren

There are no fixed rules for the design of a choppercircuit and the desig
varies with the types of circuits used. The designer wide range of choi

3

thyristors, peak resonant reversal current, and p
The voltage and current ratings of the L,.C ¢
minimum limits, but the actual selection of ¢
designer based on the considerations of price, @vailabili in. In
general, the following steps are involved in the design:

1. Identify the modes of operation for th
2. Determine the

3. Determine the currents and voltages for the d their waveforms

4. Evaluate the »C that would satisfy
the design limits.

5. Determine the voltage a i ire s of all components
and devices. “

We can notice from Eq. ( t the output voltage contains harmonics.

utput filter of C, LC, L type may be connected to the output in order to
r the output harmonics. The techniques for filter design are similar to that
of EXamples 2-15 and 4-12.

A chopper ighly inductive load is shown in Fig. 7-20a. The load
current ripple is negli I = 0). If the average load current is [, the peak
load current is [, = I, + = [,. The input current, which is of pulsed shape
as shown in Fig. 7-20b, cont harmonics and can be expressed in Fourier series
as

+i > sin 2n

os 2nft
AT p=1

1, & .
+ == > (1 - cos 2nmk) sin 2nmft  (7-122)
nw op=1
Chopper ic
la la
D
" Lan,
, 0 KT T ~t
(a) Circuit diagram (b) Chopper current

Figure 7-20 Input current waveform of chopper.
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Chopper
o— YT >
* Le ic la
=Ce Dm 'g
Vs S
To—— ¢ Figure 7-21 Chgpper with an input filter.
The fundamental component (n = 1) of the chopper-gener, harmonic current

into the supply is given by

1 1
i, (1) = = sin 2wk cos 2mft + = (1 — ‘211
T ™

In practice, an input filter as shown in Fi
filter out the chopper generated harmonics from th

[ . =

ns

where f is the chopping frﬂency a
frequency. If (fifop) >> 1, the nth h

(7-124)

is the filter resonant

e suiily becomes

1, (7-125)
A opping frequency reduces the sizes of input filter elements. But the
freq ies of chopper-generated harmonics in the supply line are also increased,

and thi§ may cause i

signals

If the source has som

7-1a is turned on, a certain
*i;lctance. If an attempt is
‘ iconductor devices might be

energy. The LC in

ference problems with the control and communication

uctances, L,, and the chopper switch as in Fig.
unt of energy would be stored in the source
e to turn off the chopper switch, the power
aged due to the induced voltage resulting from
filter provides a low-impedance source for the

X = 2nnfle

Ins
1 Figure 7-22 Equivalent circuit for har-
monic currents.

Example 7-11

It is required to design the impulse-commutated chopper in the circuit of Fig. 7-14 to
operate from a supply voltage of V, = 220 V and the peak load current is /,, = 440 A.
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it
Current through T,
440

Current through T,
M= ———— —— — = — %
0
ita
352 Current through‘

° |
|y
ica tr

3521 Current through capacitor C

ipm

Figure 7-23 aveforms for Example 7-11.

he minimum o ltage should be less than 5% of V,, the peak resonant current
should be limited to f I,,, the turn-off time requirement is t, = 25 ps, and the
source inductance is L, = H. Determine the (a) values of L,,C components; (b)
maximum allowable chopping\frequency; and (c) ratings of components and devices.

Solution V, =220V, I, 2440 A, 1, = 25 ps, L, = 4 uH, and V.., = 0.05 x

r the various currents and capacitor voltage are shown

rom Egs. (7- -99), and (7-100), the turn-off time is

V L v.C
I, = ICC:[Vs+Im\/E::|}C': Ix +\/R

m m

2 2
V. 2V.Ct
[tq - ‘;’C] =8+ (I;C> - —I———ﬂ = LC

m m m

Substituting the numerical values, 0.25C> — 29C + 625 = 0 and C = 87.4 uF or
28.6 pF. Choose the lowest value, C = 28.6 uF, and let C = 30 pF.

(b) From Eq. (7-100), the overvoltage is AV = 440 v/4/30 = 160 V, and from
Eq. (7-99), the capacitor voltage, V, = V, = 220 + 160 = 380 V. From Eq.
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ER
(7-92), the peak resonant currents) i

I, = 380 [%9 = (0.8 x 440 = 352 or L, = 34.96 uH

Let L, = 35 uH; then the reversing time, f, = 7V35 x 30 = 101.8 ps. From Eq.
(7-94), the turn-off time, 7, = 380 X 30/440 = 25.9 ps, from Eq. (7-95), t. = 220 x
30/440 = 15 us, and from Eq. (7-96), the commutation time, £, 5.9 + 15 = 40.9
ps. The chopping frequency can be determined from the ¢ ition of minimum
voltage to satisfy Eq. (7-108):

11 = f[220 x 101.8 + 0.5 x 40.9 (380 + 220)] x
The maximum chopping frequency is f = 317 Hz; let fo=

(c) At this stage, we have all the particulars erm
T,: The average current, I,, = 440 A. ‘z

The peak current, I, = 440 + 0.8 x 440 A.

The maximum rms current due to the load, I,, = 440 A
The rms current due to resonant reversal,

I, =038 V2 = 0.352

forf = 317THz

SA

The effective rm

T,: The peak curren
The rms current, [, =
The average current, I,, = 1,

T,: The peak current, {, = 0.8
The rms current, I, = I,
The average current,

I, = 2L ft/m = 2 x 352 x 300 x 101.8 X 10=%w = 6.84 A
C:} The value o, acitance, C = 30 pF.

The peak current, 440 A.
The rms current, I 48.7° + 43.5)V2 = 65 A.

L,: The peak current, I, =
The rms current, I, = 5A.

D, s The average current, I, 440 A.

eversal process as in Fig. 7-15. If V, varies between V., and V.o and L,
varies between L,y and Lyga., then Vg, and L, should be used to
calculate the values of L,, and C. V., and L., should be used to determine
the ratings of components and devices.

xample 7-12

It is required to design the resonant pulse chopper circuit in Fig. 7-17 to operate from
a supply voltage of V, = 220 V and a peak load current, [,, = 440 A. The peak
resonant current should be limitd to 150% of I,,; the turn-off time requirement,
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) A
t, = 25 ps, and the source inductance, L, = 4 pH. Determine the (a) values of L,,C
components; (b) overcharged voltage, AV; and (c) available commutation voltage,

\Solution L, =440 A, I, = 1.5 x 440 = 660 A, L, = 4 pH, t, = 25 ps, and
Vi, =220 V. From Egs. (7-115) and (7-116), the turn-offtime is given as

I
P
o f = v.e L,i,
6& " I, 2V,
N From Eq. (7-112), the peak resonant current, I, = m From Egs. (7-1
A\ A and (7-119), the capacitor voltage,

A\
v

Vo=V, =V, + [

Find the values of L,, and C that would satisfy the conditi® ! An iterative
method of solution yields:
(a) L, = 25.29 pH, C = 18.17 pF.
(b) AV = 558.
(o) V. =220 + .67 = 778.68 V, and Eq.

Note. For L , L, §21.43 pH, C = 21.43
and V, = 513.33

Example 7-13

A highly inductive load is co y

I, = 100 A and the load ripp nt can be considered negligible (A7 = 0). A

simple LC input filter with L, -3 mH and C, = 4500 wF is used. If the chopper

is operated at a frequency of 350 Hz and a duty cycle of 0.5, determine the maximum
s value of the fundamental component of chopper-generated harmonic current.

es V, = 605.63 V.
=440V, V. =660V,

where A, = (I /) sin 2x
this current is calculated f

d B, = (I/w) (1 — cos 2mk). The peak magnitude of

a

2 4+ By = (1 — cos 2mk)'"?

value of rrent is

1
I, = ;" (1 — cos 2wk)"> = 45.02 A

and this becomes maximum at k = 0.5. The fundamental component of chopper-
generated harmonic current in the supply can be calculated from Eq. (7-124) and is
given by

1 45.02

I, = = = 5,
Y1+ (fif,)? L 1 + (350/136.98)2 598 A
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If f/f, >> 1, the harmonic currér'l"f‘ #h The supply becomes
2
I, =1, (?0>

7-9 MAGNETIC CONSIDERATIONS

tage reversal of
storage elements
dut the current har-

Inductances, which are used to create resonant oscillation fo
commutation capacitor and turning off thyristors, act as eng
in switched-mode regulators and as filter elements to smoo
monics. We can notice from Egs. (B-17) and (B-18) in
magnetic loss increases with the square of frequenc
frequency reduces the size of inductors for the sam
filtering requirement. The design of dc—dc co
among switching frequency, inductor sizes, and s

SUMMARY

down a fixed dc
age regulators and
armonics are generated
; : 1 be reduced by

I mt frequency or
opper generates harmonics of variable
difficult. A fixed-frequency chopper is

dc transformer to step up O
be used,for switching-mog

A dc chopper can be used
voltage. The chopper can

input and output filters. A chopper '
variable frequency. A variable-frequg
frequ@ncies and a filter design becos

ing frequency should be high. Thyristor choppers require extra 01rcu1try
, and as a result the chopping frequency and minimum
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REVI

7-1. What is meant by a dc choppe dc converter?

What is the principle of operati f a step-down chopper?

at is the principle of operation of a step-up chopper?
hat is pulse-width-modulation control of a chopper?
hat is freque ulation control of a chopper?

. What are the advan
. What is the effect of loa
. What is the effect of chop
. What are the constraints f

nd disadvantages of a variable-frequency chopper?
uctance on the load ripple current?

frequency on the load ripple current?

ansfer of energy between two dc voltage sources?
at are the performance/parameters of a chopper?
is a switching-mod lator?

he four basi s of switching-mode regulators?

and disadvantages of a buck regulator?

t are the advantages and disadvantages of a boost regulator?

at are the advantages and disadvantages of a buck—boost regulator?

- What are the advantages and disadvantages of a Cuk regulator?

- What is the purpose of the commutation circuit of a chopper?

. What is the difference between the circuit turn-off time and the turn-off time of a
thyristor?

- Why does the commutation capacitor get overcharged?

7-20. Why is the minimum output voltage of the classical chopper limited?

7-21. What are the advantages and disadvantages of the classical chopper?
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7-22.
7-23.
7-24.

7-25.
7-26.
7-27.
7-28.
7-29.

7-30.

7-2.

7-3.

. The dc chopper in Fig. 7-1a has a resistive load, R =

. The dc chopper shown in Fig.

BRI .~S
What are the effects of source ir?a‘ut’tance‘
Why should the resonant reversal be independent of the main thyristor?

Why should the peak resonant current of the resonant pulse chopper be greater than
the peak load current?

What are the advantages and disadvantages of a resonant pulse chopper?
At what duty cycle does the load ripple current become maximum?

Why may the design of commutation circuits require an iterative method of solution?
What are the general steps for the design of chopper circuits?

Why is the peak load current rather than the average load cu
of thyristor choppers?

used in the design

What are the effects of chopping frequency on filter sizes?

|

prosLEMS T

. =

220 V. When the choppe
frequency, f = 10 kHz. I
voltage, V,; (b) rms 0‘
resistance, R;; and (e) r

output voltage.
A chopper is feeding an RL load as
L = 155mH, f = 5kHz, and E
load current, [;; (b) peak instantan pad current, I,; (¢) maximum peak-to-peak

le current in the load; (d) average load current, /, (e) rms load current, I,; (f)
ive input resistance, R;; and (g) rms value of chopper current, Ix.

ains on, its voltage d
duty cycle is 80%, deter
ge, V,; (c) chopper effici

d) effective input
of harmonics on the

The chopper in Fig. 7-2 has load resistance, R = 0.2 Q, input voltage, V, = 220 V,
and battery volta 10 V. The average load current, I, = 200 A, and the
chopping frequency 0 Hz (T = 5 ms). Use the average output voltage to
calculate the value of load in@uctance, L, which would limit the maximum load ripple
current to 5% of I,.

a is used to control power flow from a dc voltage,
E = 220 V. The power transferred to the battery
he inductor is negligible. Determine the (a) duty
nce, R.,; and (c) average input current, L.
plot the insta ous inductor current and current through the battery
i ueof L = 7.5mH, f = 250 Hz, and k = 0.5.

load as showffin Fig. 7-2 is controlled by a chopper. If load resistance, R =
, inductance, L = 20 mH, supply voltage, V., = 600, battery voltage, E = 150
nd chopping frequency, f = 250 Hz, determine the minimum and maximum load
current, the peak-to-peak load ripple current, and average load current for k = 0.1
to 0.9 with a step of 0.1.

V., = 110 V to a battery volt
i W. The current ripple

. Determine the maximum peak-to-peak ripple current of Prob. 7-6 by using Eqs.

(7-19) and (7-20), and compare the results.

. The buck regulator in Fig. 7-7a has an input voltage, V, = 15 V. The required average

output voltage, V, = 5V and the peak-to-peak output ripple voltage is 10 mV. The
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switching frequency is 20 kHz. The peak-to-peak ripple current of inductor is limited
to 0.5 A. Determine the (a) duty cycle, k; (b) filter inductance, L; and (c¢) filter

__ capacitor, C.
7-9. The boost regulator in Fig. 7-8a has an input voltage, V, = 6 V. The average output
. voltage, V, = 15 V and average load current, I, = 0.5 A. The switching frequenc
< is 20 kHz. If L = 250 pH and C = 440 wF, determine the duty cycle, k; (b) ripp
\‘E,_,current of inductor, A/; (¢) peak current of inductor, l;a ripple voltage of filte

( capaciior,/ AV,.

7-10. The buck-boost regulator in Fig. 7-9a has an input vg
cycle, k = 0.6 and the switching frequency is 25 kHz.
and filter capacitance, C = 220 uF. The average load ¢
the (a) average output voltage, V,; (b) peak-t
peak-to-peak ripple current of inductor, Al; a
L.

7-11. The Cuk regulator in Fig. 7-10a has an input voltage, V)
= 0.4 and the switching frequency is 25 kHz. The filter indu
and filter capacitance, C, = 220 uF. The energ
and inductance, L, =
the (a) average outp‘tage, V,; (b) average input
ripple current of i r LiyAlL; (d) peak-to-peak ri
AV, (e) peak-t0~rpwipple ent of inductor 4
voltage of capacitor C,, AV,,: a e .

7-12. An inductive load is controlled per in Fig. 7-11 and
peak load current, I,, = 450 A at & of 220 V. The chopping frequency,
f = 275 Hz, commutation capa and reversing inductance, L,, = 20

8 wH. Determine the circuit turn-off time and

inimum and maximum output voltage limits.
~IRepeat Prob. 7-12 for the case when the source inductance is negligible (L, = 0).

7-14. JAn inductive 1 is,controlled by the chopper in Fig. 7-15 and peak load current, [,

ltage, V, = 750 V. The chopping frequency, f = 250 Hz,
= 15 pF, and commutation inductance, L, = 70 wH.

10 uH, determine the turn-off time, t,; minimum and

output voltage for a duty cycle of k = 0.5.

ant pulse chopper circuit in Fig. 7-17 if commutation

mmutation inductance, L, = 35 uH.

tion components L,, and C to provide a turn-off time,

ig. 7-11. The specifications for the circuit are V, = 600

ge, V. = 12 V. The dut
e inductance, L = 250

d) peak current of the

v L; (¢) peak-to-peak
oltage of capacitor C,,
25 (f) peak-to-peak ripple
e transistor, /

commutation capacitan
If the source inductance,
maximum output voltage;

7-17. r the chopper circuit in Fig. 7-14 if the peak current of diode D,

ited to 21,,. Determine C and L,.

epeat Prob. 7-16 for the chopper circuit in Fig. 7-15 if the peak resonant reversal

current is limited to [ .

- Repeat Prob. 7-16 for the circuit in Fig. 7-17 if the resonant reversal current through

7T, is limited to 21I,,.

7-20. Design the value of the commutation capacitor C to provide a turn-off-time require-
ment of £, = 20 ps for the circuit in Fig. P7-20 if V., =600V, I, =350 A, and L,
= 8§ pH.
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7-21. A highly inductive load is controlled by a chopper a

C
+
Vg ‘___D‘AO_L—DQL

Figure P7-20

load current is 250 A, which has negligible ripple cﬂ

with L, = 0.4 mH and C, = 5000 pF is used. If t“
f = 250 Hz, determine the total chopper genera
for k = 0.5. (Hint: Consider up to the seventh harmonic.)

Chap.7

Probiems’

e

armo
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8-1 INTRODUCTION

Dc-to-ac converters are
a dc input voltage to a sym
requency. The output volta
equency. A variable outpu

as inverters. The function of an inverter is to change
ical ac output voltage of desired magnitude and
ould be fixed or variable at a fixed or variable
ltage can be obtained by varying the input dc
f the inverter constant. On the other hand, if
it is not controllable, a variable output voltage
n of the inverter, which is normally accomplished
M) control within the inverter. The inverter gain
o of the ac output voltage to dc input voltage.
utput voltage waveforms of ideal inverters should be sinusoidal. How-
¢ waveforms of practical inverters are nonsinusoidal and contain certain
onics. For low- and medium-power applications, square-wave or quasi-square-
ve voltages may be acceptable; and for high-power applications, low distorted
inusoidal waveforms are required. With the availability of high-speed power
semiconductor devices, the harmonic contents of output voltage can be minimized
or reduced significantly by switching techniques.
Inverters are widely used in industrial applications (e.g., variable-speed ac
motor drives, induction heating, standby power supplies, uninterruptible power
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supplies). The input may be a battery, fuel cell, solar cell, or other dc source.
The typical single-phase outputs are (1) 120 V at 60 Hz, (2) 220 V at 50 Hz, and
(3) 115 V at 400 Hz. For high-power three-phase systems, typical outputs are
(1) 220/380 V at 50 Hz, (2) 120/208 V at 60 Hz, and (3) 115/200 V at 400 Hz.

Inverters can be broadly classified into two types: (1) single-phase inverters,
and (2) three-phase inverters. Each type can be subdivided into four categories,
depending on the type of thyristor commutations: (a) pulsefWidth modulation
(PWM) inverter, (b) resonant inverter, (¢) auxiliary commutated inverter, or (d)
complementary commutated inverter. An inverter is called/@voltage-fed inverter
(VFI) if the input voltage remains constant, a current-fed in
current is maintained constant, and a variable dc linked inve
is controllable.

8-2 PRINCIPLE OF OPERATION

The principle of single-phase inverters can be explai
. verter circuit consists of two ‘pers. When only
' a time T,/2, the instantaneou tage across the load v,
only is turned on for a tim appears across the
should be designed such tha :

urned on for
f transistor Q,
The logic circuit
e same time. Figure

>

1and O

8-1b shows the waveforms for the ou : ansistor, currents with a
resistive load. This inverter requires a c-V urce, a en a transistor
> 1
L To
______ 2
-t
I To
2
>t
T To
2

D,
on

(c) Load current with inductive load

Figure 8-1 Single-phase half-bridge inverter.
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is off, its reverse voltage is V; instead of V. /2. This inverter is known as a half-

bridge inverter.
The rms output voltage can be found from

2 fr"/z %3 2y

- = s g4 _ s
Vo <T0 0 4 ! 2
F

The instantaneous output voltage can be expressed in

o

2V .
Vo = — 81N nw!
n=135,..

. AT
0 forn = 2‘..
where w = 27f; is the frequency of output ge i
(8-2) gives the rms value of fundamental com

2V
V, = == = 04

=
For an inductive loa&ne load current cannot ¢
output voltage. If Ql’rned rrent would continue
to flow through D,, load; and the Towe d urce until the current falls
to zero. Similarly, when Q, is tury rrent flows through
D, load, and the upper half of t } , or D, conducts,
energy is fed back to the dc sour| diode is known as a feedback diode.
Figure 8-1c shows the load curre
i tive loads. It can be noticed that for purely inductive loads, a transistor
s only for Ty/2 (or 90°). Depending on the load power factor, the con-
ducti@n period of a_transistor would vary from 90 to 180°.

e replaced by GTOs or forced-commutated thyristors.
thyristor, there must be a minimum delay time of
r and firing of the next incoming thyristor. Other-
uld result through the two thyristors. Therefore,
f a thyristor would be 7,/2 — t.4. In practice,
rtain turn-on and turn-off time. For successful
circuit should take these into account.

For

(8-3)

t,¢ between the outgoing thy

wise, a short-circuit condition
‘ ‘the maximum conduction ti
transistors require
f inverters, the 1

utput of practical inverters contain certain harmonics and the quality of an
verter is normally evaluated in terms of the following performance parameters.

Harmonic factor, HF. The harmonic factor (of »™" harmonic), which is a
measure of individual harmonic contribution, is defined as

=2z 8-4
HE, = (8-4)
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where V| is the rms value of the fundamental component and V,, is the rms value
of the nth harmonic component.

Total harmonic distortion, THD. The total harmonic distortion, which is
a measure of closeness in shape between a waveform and its fundamental com-
ponent, is defined as

1 o 172
THD = —( > vg)

Vl n=2.3,...

Distortion factor, DF. The THD gives the total ha
does not indicate the level of each harmonic compo |
output of inverters, the higher-order harmonics wou
tively. Therefore, knowledge of both the freque
monic is important. The distortion factor indicates the amo
tortion that remains in a particular waveform after the harmonics o
have been subjected to a second-order attenuation (iggs, divided b
is a measure of effectiveness educing unwanted nics

(8-6)

The distortion factor of an individua ic comp&t is defined as
V

= 8-7

- (87)

in Fig. 8-1a has a resistive load of R = 2.4 {) and
Determine the (a) rms output voltage at the
utput power, P,; (c) average and peak currents of

on V,=48VandR = 2.4 Q.

(a) From Eq. (8-3), V, = 0.45 x 48 = 21.6 V.

(b) From Eq. (8-1), V, = V,/2 = 48/2 = 24 V. The output power, P, =
V2R = 24%32.4 = 240 W.

(c) The peak transistor current, I, = 24/2.4 = 10 A. Since each transistor
conducts for a 50% duty cycle, the average current of each transistor is [, = 0.5 X
10 = 5 A.

(d) The peak reverse blocking voltage, V; = 2 X 24 = 48 V.
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(e) From Eq. (8-3), V, = 0.45V, and

= 172
< > V&) = (V} — V)2 = 0.2176V,

n=357,..

From Eq. (8-5), THD = 0.2176V/(0.45V,) = 48.34%.
(f) From Eq. (8-2),

i L 2712 _ _‘é 2 . 2 2 . v, 2
n=35.. \N* 3 5 7
From Eq. (8-6), DF = 0.01712V/(0.45V,) = 3.

(g8) The lowest-order harmonic is the thir
= V,/V, = 1/3 = 33.33%, and from Eq. (8-7

= 0.01712V,

F, = (Vy/3)/V, = 127

8-4 SINGLE-PHASE BRIDGE INVERTERS

A single-phase bridge inv‘ is shown in Fig. 8-2a.
When transistors @, a , areyturned on simultane
appears across the load. trans
the voltage across the load is rever
voltage is shown in Fig. 8-2b.

of four choppers.
the input voltage V,
ed on at the same time,

waveiorm for the output

Vs
2 N
. o 0 > t
Lo %yl
v D, 21
2 0 T, To -t
b 2
Load . b Vab
a i Ve —_—
‘ D. @
2 4 Dg 0 —
Q, T To
2
ircuit (b) Waveforms

4o

V,
.y
| |
[ t ! .
0 + + >t
|
|

T

' !

! [

D| Dz 01 02 l Dg D4 l 03 041
on on on on

(c) Load current with inductive load

Figure 8-2 Single-phase full-bridge inverter.
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The rms output voltage can be found from

2 Tol2 172
Vv, = (—T; L V% dt) =V, (8-8)

Equation (8-2) can be extended to express the instantaneous output voltage in a
Fourier series as

and for n = 1, Eq. (8-9) gives the rms value of fundament;

v,
Vi=5a~
When diodes D, and D, conduct, the energy is‘bac dc source

they are known as feedback diodes. Figure 8-1¢ sh‘he waveform of load
for inductive loads.

Example 8-2
Repeat Example 8-1 for a single-phase bridge inverte

Solution V, = 48 V and 2.4 Q.
(a) From Eq. (8-10)V, = 0.90 x 48 = 432 V.
(b) From Eq. (8 . = . p bwer, P, = VIR =

482/2.4 = 960 W.
. e each transistor
‘stor isI, = 05

(c) The peak transistor currel
conducts for a 50% duty cycle, the
x 20 = 10 A.

(d) The peak reverse blockin

(e) From Eq. (8-10), V, = 0.5%

172
vz,) = (V3 — V)1 = 04352V,

From Eq. (85), T

ol 3 ()]

352V/(0.9V,) = 48.34%.

03424V,

(0.9V,) = 3.804%.

nic is the third, V, = V,/3. From Eq. (8-4), HF;
om Eq. (8-7), DF, = (Vy/3)/V, = 1127 = 3.704%.
peak reve ocking voltage of each transistor and the quality
age for half#bridge and full-bridge inverters are the same. However,
ge inverters with resistive loads, the output power is four times higher
undamental component is twice than that of half-bridge inverters.

ple 8-3

The bridge inverter in Fig. 8-2a has an RLC load with R = 10 Q, L = 31.5 mH, and
C = 112 pF. The inverter frequency, f, = 60 Hz and dc input voltage, V, = 220
V. (a) Express the instantaneous load current in Fourier series. Calculate the (b)
rms load current at the fundamental frequency, I,; (c) harmonic factor of load current,
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HF; (d) power absorbed by the load, P,; (e) average current of dc supply; [, and (f)
rms and peak current of cach transistor. (g) Draw the waveform of fundamental
load current and show the conduction intervals of transistors and diodes. Calculate
the conduction time of the (h) transistors, and (i) diodes.

Solution V, = 220V, f, = 60Hz, R = 10 Q, L = 31.
w = 27w X 60 = 377 rad/s. The inductive reactance for

h harmonic voltage

n )

X, = 2nm X 60 x 31.5 x 1073 = j

The capacitive reactance for the nth harmonic voltage

10¢ —J
X, = —‘—‘
‘ 2nm X 60 x 11

The impedance for the nth harmonic voltag

Z, = [10° + (11.87n — 23.6/n)

and the power factor angle for the nth harmonjc voltage is

0 = ta‘1'87n — 23.6/n _ ta
n = 10 -
(a) From Eq.‘, the

v, () = 280.1 sin (377¢)

can be expressed as

02sin (5 x 377r)

+ 40.02 sin (7 + -

Dividing the output voltage by ad impedance and considering the appropriate
delay due to the power factor angles, we can obtain the instantaneous load current

i(f) 5gl8.1 sin (377t + 49.72°) + 3.17 sin (3 X 377t — 70.17°)

X 377t — 79.63°) + 0.5sin (7 x 377t — 82.85°)
X 377t — 84.52°) + - - -

(b) The rms load cu at fundamental frequency, 7, = 18.1/7/2 = 12.8 A.
(c) Considering up t ninth harmonic, the peak load current,

77+ 1.02 + 0.5 + 0.39)12 = 1841 A
nic factor o current,

2 1/2
(I2, — I2,)2 18.41
- — 1| = 18.59%
I 18.1 18.59%

ml

(d) The rms load current, I, = 18.41/v/2 = 13.02 A, and the load power,
P, =13.022 x 10 = 1695 W.

(e) The average supply current, I, = 1695/220 = 7.7 A.

(f) The peak transistor current, I, = 18.41 A. The rms current of each tran-
sistor, Ip = I,/V2 = [,/2 = 18.4112 = 9.2 A.

(g) The waveform for fundamental load current, i,(r), is shown in Fig. 8.3.

(h) From Fig. 8-3a, the conduction time of each transistor is found from t, =
180 — 49.72 = 130.28° or 1, = 130.28 x /(180 x 377) = 6031 Ws.
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25

21.14
207

154

T — — = — -

-5 1.944 ms 16.667 ms

1.8638 ms
-10 -
—-15 -
204" T,on
—-25-

t, = (180 — 13

Note. To calculate the exact va the peak current, the conduction time
istors and diodes, the instantaneous load current i,(f) should be plotted as
ig. 8-3. The conduction time of a transistor must satisfy the condition
= 0, and a plot of i,(f) by a computer program gives I, = 21.14 A,
ps, and ¢,

8-5 THRiE-PHASE INVERTERS

hree-phase inverters are normalljtised for high-power applications. Three single-
can be connected in parallel as shown in Fig.
a three-phase inverter. The gating signals of

ary windings must be isolated from each other, while the secondary
ay be connected in wye or delta. The transformer secondary is normally
cted in wye to eliminate triplen harmonics (7 = 3,6, 9, . . .) appearing on

output voltages and the circuit arrangement is shown in Fig. 8-4b. 'This ar-
ngement requires three single-phase transformers, 12 transistors (or thyristors),
and 12 diodes. If the output voltages of single-phase inverters are not perfectly
balanced in magnitudes and phases, the three-phase output voltages will be un-
balanced.
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Inver ter '
D

\}V

Inverter
2

—\V

Inverter
3

T

(b) Circuit diagram

Figure 8-4 Three-phase inverter formed by three single-phase inverters.

A three-phase output can be obtained from a configuration of six transistors
and six diodes as shown in Fig. 8-5a. When transistor Q, is switched on, terminal
a is connected to the positive terminal of the dc input voltage. When transistor
Q. is switched on, terminal 4 is brought to the negative terminal of the dc source.
There are six modes of operation in a cycle and the duration of each mode is 60°.
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)

Q
—4 Vv ° Ds
7 2
ib
0 b
_—'~L MS D5
2 Qe
(a) Circuit

n in Fig. 8-5b are shifted from each other by 60° to obtain three-phase balanced
damental) voltages.

The load may be connected in wye or delta as shown in Fig. 8-6. For a delta-
connected load, the phase currents can be obtained directly from the line-to-line
voltages. Once the phase currents are known, the line currents can be determined.
For a wye-connected load, the line-to-neutral voltages must be determined to find
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a a
R R A
n
R R R
be A%
C o——— o
(a) Delta-connected (b) Wye-connected

the line (or phase) currents. There are three modes o
and the equivalent circuits are shown in Fig. 8-7
During mode 1 for 0 = wt < 7/3,

R

‘lh
‘ Van

eq

Figure 8-

elta/wye-connected load.

c R
s ° VvV Vg
2 a R -I— c
Mode 2 Mode 3
(a) Equivalent circuits
] » wt
2n 3n
2n l ot
n 3n
1;! 3n ot

Ny

44

IS

(b) Phase voltages

q

Figure 8-7 Equivalent circuits for wye-connected resistive load.
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During mode 2 for /3 = ot < 273,

R 3R -
R = + — = —
«w = R 2 2
S /A A
, = - =3
R, 3R
2V -
Vo = LR = —°

vbn =
During mode 3 for2m3 = ot <m,

R., =

q

The 1 o-neutral voltages are show Fig. 8-7b. The instantaneous line-to-
line v b v,,, in Fig. 8-5b can be expressed in a Fourier series, recognizing that
v, is shifted by 7/6 and the even harmonics are zero,

4V nm . Tr
Vgp = cos —- sin n{ ot + — (8-11)

n=1,3,5. ™ 6

‘ ’nd v,, can be found from E -11) by phase shifting v,, by 120° and 240°,
pectively,
I Vpe = * cos 262 sin n(mt - %) (8-12)
4V, nmw . T
Vg = - cos sin n(wt — 6) (8-13)

notice from Eqs. (8-11), (8-12), and (8-13) that the triplen harmonics
3,9, 15, . ..) would be zero in the line-to-line voltages.
The line-to-line rms voltage can be found from

2 2w/3 1z 2
Ve = |5z f Vidot| = [3V:= 0.8165V, (8-14)

0
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For n = 1, the rms value of fundamental component can be found from the peak
magnitude in Eq. (8-11):

_ 4V cos 30°

Vi aa 0.7797V (8-15)
The rms value of line-to-neutral voltages can be found fr
vV, V2V,
V, = —==—— = 04714
N3 3 4

With resistive loads, the diodes across the transi
the load is inductive, the current in each arm ot'
its voltage as shown in Fig. 8-8. When transist
path for the negative line current i, is throu
connected to the dc source through D, until t
att = r,. During the period for 0 < ¢ < ¢, transistor Q, will no
transistor Q, will only start to conduct at ¢ = The transi
must be continuously g since the conducti
depends on the load po ctor.

polarity
. Similarly,
or thyristors)
stors and diodes

f Van

2Vy/3 m
Vy/3

\7~t

Figure 8-8 Three-phase inverter with
RL load.

‘ ‘:xample 8-4

¢ three-phase inverter i . 8-5a has a wye-connected resistive load of R = 10

fo = 60 Hz and the dc input voltage is V, = 220 V.
line-to-line voltage, v,,(¢), and line current, i (f), in a
e (b) rms line voltage, V,; (c) rms phase voltage, Vs
e fundamental frequency, V,;; (¢) rms phase voltage at the
mental frequency, V,,,; (f) total harmonic distortion, THD; (g) distortion factor,
(h) harmonic factor and distortion factor of the lowest-order harmonic; (i) load
ower, P,; (j) average transistor current, I5,; and (k) rms transistor current, /.

Solution V, =220V, R =10Q, f, = 60 Hz, and v = 2w x 60 = 377 rads.
(2) The instantaneous line-to-line voltage v,,(f) can be written as

Va(t) = 242.58 sin (377¢ + 30°) — 48.52 sin 5(377¢ + 30°)

— 34.66 sin 7(377t + 30°) + 22.05 sin 11(377¢ + 30°)
+ 18.66 sin 13(377¢ + 30°) — 14.27 sin 17(377¢ + 30°) + - - -
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The phase voltage is v,,(f) = Vah(1’)/ 3 with a delay of 30°, and dividing the phase

voltage by the load resistance (R = 10 Q) gives the instantaneous (or phase) current

as
i(t) = 14 sin (377¢) — 2.801 sin 5(3771)

— 2.0sin 7(377¢) + 1.273 sin 11(377)

+ 1.077 sin 13(377f) — 0.824 sin 17(3771)

(b) From Eq. (8-14), V, = 0.8165 x 220 = 179.63 V.
(c) From Eq. (8-16), V, = 0.4714 x 220 = 103.7 V.
(d) From Eq. (8-15), V,,, = 0.7797 x 220 = 171.53

(&) V,y = Vi/V3 = 99.03 V.
(f) From Eq. (8-14), V,, = 0.7797V,
( > vz,) = (V3 — V2= 0.2423
From Eq. (8-5), THD = 0.24236V,/(0.7797V,) =!1.08%.
- v,
() [ 2 <"—2>
n=5711,.. \N

n=5711....
From Eq. (8-6), DF = 0. 8V/(0.7797V,) = 0.857%.
(h) The lowest-or armofiic is the fifth, V,; = V,
=V,/V,, = 15 =20%,
(i) For wye-connected loads,
and the rms line current, I, = V,/

P, =3V, =3

rom Eq. (8-4), HF;
'V, = 1125 = 0.8%.

ame as_the phase current
. iload power,

(j) The average supply current)’l; = P,/220 = 3226.4/220 = 14.67 A and the

e transistor current, I, = 14.67/3 = 4.89 A.

(k) Since the line current is shared by two transistors, the rms value of a transistor
curfent is [, = I,/@p= 10.37/\/2 = 7.33 A.

W“GE CONTROL OF SINGLE-

ustrial applications,

SE INVERTERS

often required to control the output voltage
ariations of dc input voltage, (2) for voltage

(PWM) control within the inveriers. The commonly used techniques

Single-pulse-width modulation
Multiple-pulse-width modulation

Sinusoidal pulse-width modulation
Modified sinusoidal pulse-width modulation
Phase-displacement control

A
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A€
Carrier signal

Ac K— -
Reference
A, A - / e signal
T B
wt

|
|
}
!
!
|

914 <«—— J ——»| Gate signal for transistor Q;

0 + +

n_d n =n
%4t 2 2z 2

Gate signal for Q4

8-6.1 Single-Pulse-Width Mod

In single-pulse-width modulation ol, there is only one pulse per half-cycie and
idth of the pulse is varied to control the inverter output voltage. Figure
s the generation of gating signals and output voltage of single-phase full-
inverters. The gating signals are generated by comparing a rectangular
itude, A,, with a triangular carrier wave of amplitude, A..
wave determines the fundamental frequency of output
to A, the pulse width, 3, can be varied from 0 to
e control variable and defined as the modulation

The frequency of the ca
voltage. By varying A, fro
180°. The ratio of A, to A,
index. The modulation inde

M=—= -1
A (8-17)
output v e can be found from
9 [G=+d)2 172 g
Vo= | — f V2 d(wt =V, |- 8-18
\ [Zﬁ oV (w)] o (8-18)
he Fourier series of output voltage yields

-~ 4 )
vty = D, id Sin == sin not (8-19)

n=13,5,. N 2

A computer program named PROG-5 is developed to evaluate the perform-
ance of single-pulse modulation for single-phase full-bridge inverters and the pro-
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Vy o)
4V, S
1.0
-8
0.8 DF -7
V4 -6
0.6 5
-4
0.4+
Vs -3
0.2- 2
Vs V5 iy
0 T T T T 0 0
1 0.8 0.6 0.4 0.2 Figure 8-10 Harm f single-
Modulation index, M pulse-width modulati

gram is listed in Appendix ‘igure 8-10 shows t
variation of modulation i M. \The dominant harmo
distortion factor increases fican a low output

ofile with the
e third, and the

8-6.2 Multiple-Pulse-Width Modul

The harmonic content can be reduce ing several pulses in each half-cycle of
oltage. The generation of gating signals for turning on and off of transistors
Fig. 8-11a by comparing a reference signal with a triangular carrier
he frequency of reference signal sets the output frequency, f,, and the
carrier frequency, f, ines the number of pulses per half-cycle, p. The
modulation index cont output voltage. This type of modulation is also
known as uniform pulse-width Mgdulation (UPWM). The number of pulses per

iil -cycle is found from

(8-20)

M from 0 to 1 varies the pulse width from 0 to
0 to V.. The output voltage for single-phase

g. 8-11b
the width of each pulse, the rms output voltage can be found from
2p [(Wp+8)2 12 _é
v, = [—p f % d(mt)] —v, |2 (8-21)
2 J(wip-w)2 T

he general form of a Fourier series for the instantaneous output voltage is

x

v() = O (A, cos not + B, sin not) (8-22)

n=13.5,...
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Carrier signal

Ac
/\ /\ /\ | Reference signal
A A

AVARVARVARVARY
TA_A

|
(a) Gate signal generatk‘

£

VOL

can be determined by considering a pair
01 duration 3 starts at f = « and the negative
the same width starts at wf = w + «. This is shown in Fig. 8-11b. The
of all pulses can be combined together to obtain the effective output voltage.
f the positiv e of mth pair starts at wf = «,, and ends at ot = «,, +
7, the Fourier coef or a pair of pulses are

2V,
— [sin n(a,, + 8) — sin na,,]
nw

— sin 2; cos (8-23)
t d(ot) = — [cos na,, — cos n(a,, + 3)]
sin %8 sin n(am + g) (8-24)
e coefficients of Eq. (8-22) can be found by adding the effects of all pulses,
A, = m}: 1—‘:: sin %6 cos n(am + g) (8-25)
B, = mi=1 i:s sin %8 sin n(am + g) (8-26)
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v, 4 DF (%)
1.0 Vs 5.0
p=5
0.8 DF 4.0
0.6 3.0
Vi
0.4 -2.0
V] T T T T 0
1.0 0.8 06 04 02 0 Figure 8-12 Harmo of multiple-
Modulation index, M pulse-width modulatio

A computer program ed PROG-5 is used to eva e performance
of multiple pulse modulati nd t i
8-12 shows the harmonic profile again e variation of dulation index for five

pulses per half-cycle. The order of g s th of single-pulse
Cl

modulation. The distortion factor is red to that of
single-pulse modulation. However, ¢ e larger number of switching on and
esses of power transistors (of thyristors), the switching losses would in-

filtered out.

8-6.3 Sinusoidal Pulse-Width

‘ *ead of maintaining the width 1l pulses the same as in the case of multiple-
pulse is varied in proportion to the amplitude
ter of the same pulse. The distortion factor
ced significantly. The gating signals as shown
comparing a sinusoidal reference signal with a
rier wave of frequency, f,. This type of modulation is commonly
strial applications and abbreviated as SPWM. The frequency of ref-
gnal, f,, determines the inverter output frequency, f,, and its peak am-
e, A,, controls the modulation index, M, and rms output voltage, V,. The
ber of pulses per half-cycle depends on the carrier frequency. Within the
onstraint that two transistors of the same arm (Q, and Q,) cannot conduct at the
same time, the instantaneous output voltage is shown in Fig. 8-13a. The same
gating signals can be generated by using unidirectional triangular carrier wave as
shown in Fig. 8-13b.
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e Carrier signal M= A
At A
Ar\-—— ¢ Reference

| signal
|
; wt
| 2n
| n
|
|
|| ll |
| l | |
| | { |
g1 [
[ |

[] - ot
ol 1L U
REEI y
9

-V,

Act
A
At M=zt
0 > 2n wt
(b)
Sinusoidal pulse-width modulation.
s output voltag be varied from 0 to V, by varying the modulation
0to 1. e observed that the area of each pulse corresponds

nder the sine wave between the adjacent midpoints of
ds on the gdting signals. If §,, is the width of mth pulse, Eq. (8-21) can
nded to find the rms output voltage

v, =V, ( > 8—"!) (8-27)

m=1 T

Equations (8-25) and (8-26) can also be applied to determine the Fourier coefficients
of output voltage as

A .
A, = ~ [sin n(o, + 3,,) — sin na,,] (8-28)
m=1 m
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2
B,= D, nVs [cos na,, — cos n(a,, + 3,,)] (8-29)
™

m=1

A computer program named PROG-6 is developed to determine the width
of pulses and to evaluate the harmonic profile of sinusoidal modulation. The
harmonic profile is shown in Fig. 8-14 for five pulses per half-cy The distortion
factor is significantly reduced compared to that of multiple-puls dulation. This
type of modulation eliminates all harmonics less than or e For
p = 5, the lowest-order harmonic is ninth.

DF (%) 4
0.8-

0.6

0.4

0.2

Figure 8-14 Harmonic profile of sinu-
soidal pulse-width-modulation.

o T T
1.0 0.8 0.6 0.4
Modulation index, M

8-6.4 dified Sinus ulse-Width Modulation

Figure 8-13 indicates that the w
wave do not change significantly
to the characteristics of a sine
o0 that the carrier wave is applie

cle (e.g 60°and 120°to 18
and shewn in
charactcristi
and also

s of pulses that are nearer the peak of the sine
h the variation of modulation index. This is
ve, and the SPWM technique can be modified
ring the first and last 60° intervals per half-
This type of modulation is known as MSPWM
ental component is increased and its harmonic
duces the number of switching of power devices

s switchi ses.
uter program named PROG-7, which is listed in Appendix F, deter-
ulse widths and evaluates the performance of modified SPWM. The
of pulses, g, in the 60° period is normally related to the frequency ratio,
ularly in three-phase inverters, by

]’% =6g + 3 (8-30)
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e
Act Carrier signal
AL\~ —
’ Reference signal
N ! 180°  240°  300°
I
N I60° 120°
bl ]
I I
[ I | (1
o
| [l
9 1 bl | i
IR |l
I N I I 1 Y
0 N
94 4 1
0 O
Figure Modified sinusoidal pulse-width

8-6.5 Phase-Displacement Con

Voltage control can be obtained b
ages of individual inverters.
erceived as the sum of two half-bridge inverters in Fig. 8-1a. A 180° phase
ement produces an output voltage as shown in Fig. 8-16¢, whereas a delay
splacement) e of B produces an output as shown in Fig. 8-16e.

The rms outp €,
V, =V, \/E (8-31)
ko)

= —= sin nwt
n=13,5,. nW
= 2V, .
Vpp = — sin n(wt -
bo n=1§,5,m nw ( B)
The instantaneous output voltage,
i A .
Vop = Voo — Vop = z * [sin nwt — sin n(wt — B)] (8-32)
n=13,5,. N

since sin A — sin B = 2 sin [(A + B)2] cos [(A — B)/2], Eq. (8-32) can be
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(b) 180°

(©

180° 360°

(d)

onl< g
I

180°

Vab
Vs

(e)

B 180°

0

Figure 8-16 isplacement control.

simplified to

Vo = 2 (8-33)
n=135,...
The r ue of the fundamental output voltage is
v, B
= —=—sin = 8-34
B sin 3 (8-34)

Equation (8-34) indicates that the
e. This type of control is e
ring a large number of transist

put voltage can be varied by varying the delay
ially useful for high-power applications, re-
(or thyristors) in parallel.

inverter may be considered as three single-phase inverters and the
ch single-phase inverter is shifted by 120°. The voltage control tech-
scussed in Section 8-6 are applicable to three-phase inverters. As an
le, the generations of gating signals with sinusoidal pulse-width modulation
shown in Fig. 8-17. There are three sinusoidal reference waves each shifted
y 120°. The carrier wave is compared with the reference signal corresponding
to a phase to generate the gating signals for that phase. The output voltage is
also shown in Fig. 8-17.
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Example 8-5

A single-phase full-bridge inverteg na re‘ load. The nominal
value of input dc voltage is V, orm pul dth modulation with
five pulses per half-cycle is used d control, the width of each pulse
is 30°. (a) Determine the rms age of the load. (b) If the dc supply increases by
% , determine the pulse width to maintain the same load power. (c) If the maximum
ossible pulse width is 35°, determine the minimum allowable limit of the dc input

urce.

Solution (a) V,
V5 x 30/180 = 200.8

(b)) vV, = 1.1 x 22
this gives the required valu
(c¢) To maintain the o
= 35°, the input volt
he minimum allow

V,p = 5, and 8 = 30°. From Eq. (8:21), V, = 220

242 V. Using Eq. (8-21), 242 v/58/180 = 200.8 and
pulse width, 8 = 24.75°

t voltage of 200.8 at the maximum possible pulse width
an be found from 200.8 = V, /5 x 35/180, and this
input voltage, V, = 203.64 V.

~360°

(8-35)
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Vs‘ I —
—
ay I
0 | > wt
s n 2n
2
—_—
ap |
—Vg|—— I
n-ap ,' |<__n—ag
- ay - -+ — a4

Figure 8-18 Output voltage with two notche‘half-w

and the third harmonic will be eliminated if § = 36‘ 120

The Fourier series of 01“ voltage can be ex

e

‘= . A, sin not (8-36)
where )
A, = 4:‘? {f:lsinnwtd(wt) -
:ﬁ 1 —2cosha,; + 2cos (8-37)

™ n

The thirdiand fifth har
gives the necessary equ

ics would be eliminated if A; = A5 = 0 and Eq. (8-37)
be solved.

1 —2cos3a, + 2cos3a, = or a, = 3cos!(cos3a; — 0.5) (8-38)

‘ ‘ 1 — 2c0s50; + 2cos5a, = 0
i lved iteratively by initially assuming that a;

ing the calculatiops for «, and a,. The result is o, = 23.62° and

or  a, = tcos”!(cos5a, + 0.5) (8-39)

se-width-modulation techniques can be applied
¢ notches w would eliminate certain harmonics effectively in the
e, as shown in Fig. 8-19. Equation (8-37) can be extended to m
I quarter-wave:

4V

A, p (1 —2cosnoy + 2cosna, — 2cosnas + 2cosna, — - - -) (8-40)
ar

The output voltages of two or more inverters may be connected in series
through a transformer to reduce or eliminate certain unwanted harmonics. The
arrangement for combining two inverter output voltages is shown in Fig. 8-20a.
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Vo

Vs
H 60° 240° 300°

PR e =T

ag

Figure 8-19 Output voltage for modified sinusoidal pulsg

The waveforms for the output of each inverter and the
are shown in Fig. 8-20b. The second inverter is es
From Eq. (8-9), the output of first inverter

v, = Ay sin wf + Aj; sin 3ot

= A, sin (wt — :;—h% sin 3 (

= Vo1 + Vo2 =

<

o

NS
|

<
|

Therefore, a phase shifting of #/3

*ansformer connec-
tion would eliminate third (and It should be noted that
the_resuitant fundamental compo

o t voltages and the effective output has been reduced by (1 — 0.866 =) 13.4%.
e harmonic elimination techniques, which are only suitable for fixed output

A Vo1

» wt

—Ved

T
L
| n 2n
|
i

b Vo2

1

z 2n

_—— o A | — — | — -

[AE]

(a) Circuit (b) Waveforms

Figure 8-20 Elimination of harmonics by transformer connection.
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voltage, increase the order of harmonics and reduce the sizes of output filter.
However, this advantage should be weighed against the increased switching losses
of power devices and increased iron (or magnetic losses) in the transformer due
to higher harmonic frequencies.

Example 8-6

ired to eliminate
ntput wave. De-

A single-phase full-wave inverter uses multiple notches and is
the fifth, seventh, eleventh, and thirteenth harmonics from th
termine the number of notches and their angles.

Solution For elimination of the fifth, seventh, eleventh, aj
Ay = A, = A, = A,; = 0. Four notches per quarter-
Equation (8-40) gives the following set of nonlinear tions

hirteenth harmonics,

1 — 2 cos Sa; + 2 ¢cos Sa, — 2 ¢Q 5 + 2 cos Say =

1 —-2cos7a, + 2cosTa, — 2¢

1 — 2 cos 13a‘ cos 130, — 2 cos 13@;

Solution of these equati‘y itenation yields
a, = 10.55° o, = 167

s = 32.87°

Note. Itis not always necessary ‘ic (and triplen),
which are not normally present in thr 5e CC 10DS. efore, in three-
phase inverters, it is preferable to eli e the fifth, seventh, and eleventh har-
moni@ef output voltages, so that thelowest-order harmonic is the thirteenth.

8-9 SERIES RESONANT IN

ased on resonant current oscillation. The com-
device are placed in series with the load to
current through the switching devices falls to
cs of the circuit. If the switching element is
mutated. This type of inverter produces an
at a high output frequency, ranging from 200
used in relatively fixed output applications (e.g.,
ng, sonar mitter, fluorescent lighting, or ultrasonic generators).
high switching frequency, the sizes of commutating components are

The series resonant inverters a
tating components and switc

‘ ‘n an underdamped circuit.

‘ero due_to the natural characte

here are various configurations of series inverters, depending on the con-
ions of the switching devices and load. The series inverters may be classified
to two categories:

1. Series resonant inverters with unidirectional switches
2. Series resonant inverters with bidirectional switches
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8-9.1 Series Resonant Inverters with Unidirectional
Switches

Figure 8-21a shows the circuit diagram of a simple series inverter using two uni-
directional thyristor switches. When thyristor T is firedga resonant pulse of
current flows through the load and the current falls to ze
self-commutated. Firing of thyristor 7, causes a reverse 1
the load and T, is also self-commutated. The circuit ope
three modes and the equivalent circuits are shown in Fig.
for thyristors and the waveforms for the load current
shown in Fig. 8-21c.

The series resonant circuit formed by L, C, a
be underdamped.

ant current through
n can be divided into

nt pulse of current
rent for this mode is

instantaneous |

Mode 1. This mo I!egins when T is fired and a
flows through 7, and th d.

described by

di

L 7; + Ri, + (8-42)
wighpinitial conditions i, (+ = 0) = @and v, (t = 0) = —V,. Since the circuit is
un ped, the solution of Eq. (8-42) yields

i(f) = Aje 2L gin w,t (8-43)
where o, is the reson ency and
1 R2 1/2
_— - — -44
e e~ -
‘ The copstant, A,, in Eq. (8-43)'€an be evaluated from the initial condition:
i+ V.
B w,L S
V, +V
L = STLC e~ sin w,t (8-45)
R
= — -46
a= (8-46)
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+ T1

Li=L

Vs
Ly=L
e
Vo(')T R T,
(a) Circuit
91
o]
+ .
T, h - A
Vs
T Mode 1
o—r Yy r——| c
L + % i
Vc1
Mode 2
YT 4 c
+11-
Vei = Ve2
!&Tz
3
Mode 3

(b) Equivalent circuits (c) Waveforms

sic series resonant inverter.

1
= tan~! X (8-47)
o
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The capacitor voltage can be found from

L[
va) = % [ i — v,
= —(Vy + V)e * (asin w,f + w, COS @

This mode is valid for 0 = ¢ =< ¢;,, = m/w, and ends when i
At the end of this mode,

i] (t = tlm) = O

and

(25 (t = tlm) =Vq = (V.s + e~u‘n’/m, + Vs

Mode 2. During this mode, thyristors T, and T, are s mode is
valid for0 =t = ¢,,,.

o0 =0, B -V e S

Mode 3. This n‘begi
current flows through the load.

nd a reverse resonant
found from

di .

L 7; + Riy + (8-50)
with, initial conditions i; (¢ = 0) and vy (t = 0) = -V, = —V,. The
s of Eq. (8-50) gives

() = u‘)/,cll, e *'sin w,t (8-51)
The capacitor voltage can be\found from

va(t) = 0 - V.

’ ' (8-52)

“ (a sin ot + o, cos w,)/wr

a
g
=
o
A
I

7/w, and ends when i;(f) becomes zero. At

(=1, =0

the steady state,

vc3 (t = [3m) = Vc3 = Vc = Vde—om/w, (8'53)
Equations (8-49) and (8-53) yield
1+ e 7 e +1 Vv
== = = El —54
Vo=V, et — e? Vs e —1 e —1 (8-54)
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1+ ¢€ e‘(l1 +e) Ve
= — V = S -
Va =V, e — S a— o — 1 (8-55)

where z = am/w,. Adding V. from Eq. (8-54) to V gives
V.+V, =V, (8-56)

Equation (8-56) indicates that under steady-state conditions,
positive current and of negative current through the load is t

The load current i;(f) must be zero and 7, must be t
fired. Otherwise, a short-circuit condition will result thro
dc supply. Therefore, the available off-time £, (= 1), k
must be greater than the turn-off time of thyristors, t‘

e peak value of

d off before T is
the thyristors and
n as the dead zone,

i) v
— - —=1t,> to‘
(‘00 (")r
where o, is the frequency of output voltage in rad/s. Equa
that the maximum possible output frequency is limited tQ

1

fo max

The resonant inverter circnl Fig.
flow from the dc supply is discontinu
current and would contain harmonics
Fig. 8-21a can be made if inductors
When T; is fired and current i,(¢) b

{owever, the power
y will have a high peak
t of asic inverter in
dupled, as shown in Fig. 8-22.
s to rise, the voltage across L, will be
duced voltage on L, will now add to the
in reverse biasing T,; and T, will be turned off. The result is that

ed current from the dc supply is overcome in a
in Fig. 8-23, where L, = L,and C, = C,. The
ring both half-cycles of output voltage. One-

P
W
Vs
- o
Figure 8-22 Series resonant Figure 8-23 Half-bridge
inverter with coupled inductors. series resonant inverter.
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T1 T3

Vs

Full-bridge series resona

half of the load current is supplied by capacitor
dc source.

A full-bridge inverter, which allows hi output power, is shq ig.
8-24. When T, and T, are fired, a positiveg‘nant 5 gh the
load; and when T; and T, are fired, a negative load cu
current is continuous.

The resonant freque
this reason, resonant inv
inverter load (or resist

and available dead
are most suitable 1o
could also be connected in

lel with the capacitor.
Example 8-7

The series resonant inverter in
R = 2 Q. The dc input volta
is f, = 7 kHz. The turn-off

0 pH, C = 6 uF, and
ncy of output voltage
is fx = 10 ps. Determine the (a)
available (or circuit) turn-off t > (b) maximum permissible frequency, f,..; (c)
peak-to-peak capacitor voltage, V,,; and (d) peak load current, I,. (e) Sketch the

tantaneous load current, i,(f); capacitor voltage, v,(f); and dc supply current ().
Calculate the (f) rms load current, 1,; (g) output power, P,; (h) average supply current,
I; and (i) ave ak, and rms current of thyristors.

Solution V, = 220 =6puF, L =50uH, R =2Q,f, = 7kHz, t,; = 10 ps,

and o, = 27 x 7000 = 82 rad/s. From Eq. (8-44),

S 102 22 x 102
C\50 x 6 4 x 502

_ (L _R
®=\Lc ™ 3

1/2
} = 54,160 rad/s

o, /2w = 8619.8 rad/s, T, = 1/f, = 116 ps. From Eq.

= 2/(2 x 50 §) = 20,000.

From Eq.

ko ki)

“ T 13982~ 54.160
(b) From Egq. (8-58), the maximum possible frequency is
1

= 13.42 ps

= =732 H
fmdx 2(10 X 10*6 + 77/54,160) 735 yA
(c) From Eq. (8-54),
| £ 220
VC - e lor ] = e20msa16 _ | = 1004V
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22 A
From Eq. (8-56), V., = 220 + 100.4 = 320.4 V. The peak-to-peak capacitor voltage
is V,, = 100.4 + 320.4 = 4208 V.
(d) From Eq. (8-47), the peak load current, which is the same as the peak supply
current, occurs at

o 1 tarrl54.16
o 54,160 20

1
t, = — tan = 22.47 ps
wr

and Eq. (8-45) gives the peak load current as
. . 3204
i(t=10 =1 = 5755416 x 50

(e) The sketches for i(?), v(f), and i(r) are s‘in

(f) The rms load current is found from Eqgs.

method and the result is ‘
T2 1
1 - [2f0 [ a0 dr]

(g) The output po = 4412 x 2 =3
(h) The average su current, I, = 3889/2

(i) The average “’stor current,

IA = fo

g~002x22:47in (54,160 x 22 10-¢) =70.82A

The peak thyristor current, I, =
1/VZ = 44.1/V2 = 3118 A.

ﬂi io(t)
70.82}- — —

120

Figure 8-25 Waveforms for Example 8-7.
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1= =C :> - +|Ver =V + Ve
1t C,
o Vs L _
- +
Ve C,

- Cz “’
Figure 8-26 Equivalent circuits f‘ampl

Example 8-8
The half-bridge resonant inverter in Fig. 8-23 is operated 3 = 7 kHz.
¢ =C,=C=3pF,Li=L,=L=5uH, R =2 . = 220V,

determine the (a) pea 1,; and (c) rms

thyristor current, I.

k siliply current; (b) ave
Solution V, = 22 = df, = 7kHz. Figure
8-26a shows the equ ducting and T, is off. The

capacitors C; and C, would initiall; h V. + V) and V, respectively,

‘:5 C, = C,. the load
n in Fig. 8-26b.

>, dc source, L, and load, the instantaneous
ig. 8-26b) by

current would be shared equall
Considering the loop for
load current can be described (f

di, , 1. 3 N
LE+R10+2C2fzodt+vc2(t—O) V,=20 (8-59)

ith initial con
condition and C, =

ip,(t = 0) = 0andv, (t = 0) = —V_. Foran underdamped
C, Eq. (8-45) is applicable:

V. + V.,

1) = _w,—L_ e~ sin w,f (8-60)
isC, = C, + C, = 2C and
1012 22 x 107

12
X 50 x3 4x 502) = 54,160 rad/s (8-61)

1 (",
valt) = 5 [ ey ae - .,
2

= —(V, + V)e = (asin wt + w, cos w,Hwr + V,

(8-62)

(a) Since the resonant frequency is the same as that of Example 8-7, the results
of Example 8-7 are valid, provided that the equivalent capacitance is C,.=¢C +C,
= 6 uF. From Example 8-7, V. = 100.4 V, 1,, = 22.47 ps,and [, = 44.1 A. From
Eq. (8-60), the peak load current is I, = 70.82 A. The peak supply current, which
is half of the peak load current, is I, =70.822 = 3541 A.
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(b) The average thyristor current, I, = 17.68 A.
(c) The rms thyristor current, I, = I,V2 = 31.18 A.

Note. For the same power output and resonant frequency, the capacitances
of C, and C, in Fig. 8-23 should be half that in Figs. 8-21a and 8-22. The peak
supply current becomes half. The analysis of full-bridge series inverters is similar
to that of the basic series inverter in Fig. 8-21a.

8-9.2 Series Resonant Inverters with Bidirectional Switg

For the resonant inverters with unidirectional switches, the er devices have to
be turned on in every half-cycle of output voltage. is limits e
quency and the amount of energy transfer from the soato t
the thyristors are subjected to high peak reverse voltage.
The performance of series inverters can be ifica
necting an antiparallel diode across a thyristor as shown i
thyristor T, is fired, a resonant pulse of current flows and T is s¢
att = t;,. However, the resonant oscillation contin rough di
current falls again to zero at nd of a cycle. The :
capacitor voltage are shown i
The reverse voltage o ard voltage drop of

off time of the thyristor, there is no ne ( d tk‘tput frequency,

fo (8-63)

where f, [is the resonant frequency of the series circuit in hertz. If .4 is the turn-

i, N D,
on on I
/AN [\
|
0 | t 1
- |
t |
I | !
pvelt) | | |
Vor b — = I |
{ | |
[0} o ] |
| |
0 >t
-—T, = f1—r—->
4»———T° = %-———»
(a) Circuit (b) Waveforms

Figure 8-27 Basic series resonant inverter with bidirectional switches.
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PESS

(a) Circuit
Figure 8-28 Half-bridge series inverters w‘irec

off time of a thyristor, the maximum inverter‘ueno

1

8-64
2toff ( )

fmax -

and f, should be less th

The diode D, shou
the connecting leads ay inductance in the
loop formed by T an ng the recovery time of
thyristor 7, is already low, typica i ce fnﬁe diode path would

connected as close as
d beyminimum to reduce

the thyristor and

reduce the net reverse voltage ac Tl, hyristor T} may not
turn off. To overcome this pro yristor (RCT) is nor-
mally used. A RCT is made b ration of an asymmetrical thyristor and a

ecovery diode into a single silicon chip and RCTs are ideal for series resonant
i s.

The circuit diagram for the half-bridge version is shown in Fig. 8-28a and the
waveform for the rrent and the conduction intervals of the power devices
are shown in Fig. 8- e full-bridge configuration is shown in Fig. 8-29. The
inverters can be operated in different modes: nonoverlapping and overlapping.
In a nonoverlapping mode, thefiring of a thyristor is delayed until the last current
oscillation through a diode h en completed as in Fig. 8-28b. In an overlapping

io(t)

(a) Circuit (b) Circuit

Figure 8-29 Full-bridge series inverters with bidirectional switches.
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e

Figure 8-30
resonant inve

sridge transistorized

mode, a thyristor is fired, while the current in the diode offthe other part is still
conducting, as shown in Fig. 8-29b. Although overlaiiin pelatie gesythe

output frequency, the output power is increased.
The maximum frequency of resonant inverter

off or commutation requirements of thyristors,‘

transistors, which require only a microsecond or less, can

inverter is shown in Fig. 8-30
can be turned on almost ins

The resonant inverter i‘. 8-273

220 V. The turn-off time of the thy
20 kHz. Determine the (a) peak
1,; (¢) rms thyristor current, I; (d)
permissible output frequency, fi..;

Example 8-9

pH, R = 0,and V|, =
e output frequency, f, =
thyristor current,
(e) maximum

pea tor voltagel'V, ;
average supply current, /.

tion When thyristor T is turned on, the current is described by

di
dt

L

+ %fio dt+ v, (t=0) =V, (8-65)

0,v.(t = 0) = V, = 0. Solving for the current

with initial condition
gives

=V, \/ % sin w,¢ (8-66)
acitor voltage is
(t) = V(1 — cos w,t) (8-67)
= 1/VLC
10¢ 158,114
Ve 158,114 rad/s and f. = —n 25,165 Hz
1 1 7, 39.74
== = = 39, =0 =227 = q9,
7= 25165 39.74 us t 3 > 9.87 s
,

v(of=m) =V, =2V, =2 x 220 = 440V
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(a) I, = VVIIC = 220 V2012 = 695.7 A.
b I =f, L I sin 6 do = Lf,/(mf) = 695.7 x 20,000/(m X 25,165) =

176 A.
(©) I = 1, V1,2 = 695.7 /20,000 x 19.87 x 10-%2 = 310.1 A.
(d) The peak-to-peak capacitor voltage, V,, = V., =440V,

(e) From Eq. (8-64), f.x = 10%(2 x 12) = 41.67 X
(f) Since there is no power loss in the circuit, I, =

Example 8-10
The half-bridge resonant inverter in Fig. 8-28a is oiera

kHz. If ¢, = C,=C=3uF, L, =1L, =
V, determine the (a) peak supply current, I ;
rms thyristor current, Ir; (d) rms load curre

Solution V,=220V,C,=C, + C, = 6 uF, L = 50 " = 3500

Hz. The analysis of this inverter is similar to that of inverter Instead
of two current pulses, there are four pulses in g put voltage with
one pulse through ea devices T, D, T,, a ? -60) is applicable.

During the positive h‘cie, the current flows throt
half-cycle the curr hrough D,. In a nong

resonant cycles dur;‘ne ent

w, = 54,160
1
L. 8619.9
T, = 3500 285.72 us

The off-period

- T, = 142.87 — 58 = 84.87 ps

Since t, is greater than z
m Eq. (8-54), V., =1

the inverter would operate in the on-overlap mode.
Vand V, = 220 + 100.4 = 3204 V.

1 54160
52160 2" 20,000 ~ 2247 ps
V.4V

£ e~ sin w,t

(1) =

o, L

and the peak load current becomes I, = i, (t = t,) = 70.82 A.
(b) A thyristor conducts from a time of ¢;. The average thyristor current can
be found from

fn
I, = fufo i) dt = 8.84 A
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(c) The rms thyristor current is

" 1/2
.= [L i2(t) dt] = 22.05A

(d) The rms load current, I, = 2l = 2 X 22.05 = 44.1 A.
(e) P, = 44.1> x 2 = 3889 W and the average supply current, I, = 3889/220
= 17.68 A.

Note. With bidirectional switches, the current ratings of the devices are re-

duced. For the same output power, the average device curr
current is 1/\/2 of that for an inverter with unidirectional

Example 8-11
The full-bridge resonant inverter in Fig. 8-29a is o ed at a'fre
kHz. fC=6uF,L =50pH,R =24, and 220 V, determine the
supply current, /; (b) average thyristor current, C) rms t
rms load current, /,; and (e) average supply current L.

Solution V, =220V, C =6 uF, L =50 uH, R
Eq. (8-61), w, = 54,160 nd f, = 54,160/(2)
= 1/8619.9 = 116 ps, t;, =
period of load current i T2
would operate in the no erlap

Mode 1. This mode begins whe
through T, T,, load, and supply. Thei

di, 1
Ldt+Rzo+C dt +v.(t=0) =V,
with initial conditions i, (t = 0) = 0, v, (¢ = 0) = —V, and the solution for the current

gives

i)y = * sin w, ¢ (8-68)

* (@ sin ©,t + o, cos ) + V, (8-69)

vlt) =

. and T, are turned off

—(V, +

= m/w,, when i;(f) becomes zero.

Y= (V, + Ve o™ + V, (8-70)

diy S R o
Ldt+R10+szodt+vC(t—0)—

initial conditions i, (t = 0) = 0, v, (¢ = 0) = V,, and the solution for the current gives

Vi+ Vy
it) = — ° L L e~ sin w, ¢ 8-71)

r
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v() = (Vy + Ve = (o sin w,t + o, cos w,t)/w, — V,
Thyristors T5 and T, are turned off at ¢, = w/w,, when i,(f) becomes zero.
V.= —v . (t=1) = (V, + Ve o™ + V. (8-73)

Solving for V, and V_, from Egs. (8-70) and (8-73) gives

e + 1

Vc:Vrl:Vs
e — 1

where z = an/w,. For z = 20,0007/54,160 = 1.1601, Eq. (
V.
(a) From Eq. (8-47),
- 1
™ 54,160
From Eq. (8-68), the peak load current, I, = i, (t = t,) = 141.64

(b) A thyristor conducts from a time of t;. The average thyristo
from Eq. (8-68):

t can be found

(d) The rms load current is I, =21, = 2 x 44.1 = 88.2 A.
P, = 88.22 x 2 = 15,556 W and the average supply current, I, = 15,556/220 =
70.

ote. For the
the device currents are t

ircuit parameters, the output power is four times, and
that for a half-bridge inverter.

n be emplovea as switching devices for inverters,
er applications  For high-voltage and high-current

¢ available in high voltage and current ratings, are more suitable for high-
applications. However, thyristors require extra commutation circuits for
n-off and the various techniques for thyristor commutation are discussed in
hapter 3. At the earlier stage of power electronics, many thyristor commutation
circuits for inverters were developed. Two types of commutation circuits com-
monly used in inverter applications are:

1. Auxiliary commutated inverters
2. Complementary commutated inverters
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8-10.1 Auxiliary-Commutated InJ\"i“elzters

A single-phase full-bridge thyristor inverter using auxiliary commutation is shown
in Fig. 8-31a. The commutation circuit is shared by two thyristors. Let us assume
that thyristor 7, is conducting and supplies the instantaneous load current, /,,; and
the capacitor C,, is charged to V, with polarity as shown. The waveforms for the
capacitor voltage and current are shown in Fig. 8-31b. The comifautation process
of a thyristor can be divided into four modes.

Mode 1. This mode begins when thyristor 77, fired tg
Firing of T;, causes a resonant current flow through the cag
current of T, to fall. This can be considered as a
circuit formed by L,,, C,,, T;, and T,;. This mode e hen
of T, falls to zero and the capacitor current rises t‘ load current, I, at ¢

n off thyristor 7.

Mode 2. This mode begins when diode D, starts to conductand th

(a) Circuit

el B B ot o
[ Mode 2 T
Mode 1 Mode 3 Mode 4
(b) Waveforms

Figure 8-31 Single-phase auxiliary commutated inverter.
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oscillation continues through L,,, C,,, D,, and T;;. This mode ends when the
capacitor current falls back to the load current at t+ = ¢, and diode D, stops
conducting.

Mode 3. This mode starts when D, stops conducti
charges and recharges through the load at an approxima
I,,. This mode ends when the capacitor voltage becom
voltage at ¢ = t; and tends to overcharge due to the ene

The capacitor dis
constant current
ual to the dc supp
tored in inductor L,

Mode 4. This mode begins when D, is forward b
in inductor L,, is transferred to the capacitor, ‘e
respect to supply voltage, V,. This mode ends
again to zero and the capacitor voltage is reve
capacitor is now ready to turn off T, if T,, is .

the available
rcircuit. From

operation is similar to that in Fig. 3-13. Equati
turn-off time and the desi‘nditions are applic
Eq. (3-25), the available -off time or reverse bia

(8-75)

where

(8-76)

L,,
=V, +1, \/ ¢ (8-77)

urrent varies as a function of time and the com-
ned for the peak load current. The capacitor
d current at the instant of commutation, increases
devices and components. By connecting diodes,
d to the dc source as shown in Fig. 8-31a by dashed
Id be dissipated in resistor R, which may be replaced

In an inverter, the lo
mutation circuit should be
voltage, which depends on th
¢ and current ratin

e

omplementary-Commutated Inverters

e have seen in Fig. 8-22 that if two inductors are tightly coupled, firing of one
thyristor turns off another thyristor in the same arm. This type of commutation
is known as complementary commutation. This principle can be extended to forced
commutated inverter circuits and Fig. 8-32a shows one arm of a single-phase full-
bridge inverter. This circuit is also known as a McMurray—Bedford inverter. The
circuit operation can be divided into three modes and the equivalent circuits for
modes are shown in Fig. 8-32b. The waveforms for voltages and currents are
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I = iL(®)

Mode 3
quivalent circuits

. 8-32¢ under the assumption that the load current remains constant
commutation period.

Mode 1. This mode begins when T, is fired to turn off 7;. The equivalent
cuit is shown in Fig. 8-32b. At the start of this mode, capacitor C, is charged
to V.. C, is shorted by T, and has no voltage. The voltage across L, is v;, =
V. and the current through L, induces a voltage of v;; = V,across L;. A reverse
voltage of v, = V, — v;, — v, = —V, is applied across T, and the forward
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current of T is forced to zero. The current for mode 1, i; instantaneously becomes
zero and i, rises to the level of the instantaneous load current, i, = I,,.

Assuming that C; = C, = C,, and by completing the loop around C,, C,,
and the dc source, the capacitor currents are described by

1 . 1
—C;fl‘ldt+v‘l(t:0)_c_m

Since v, (t = 0) = 0and v, (¢t = 0) = V, Eq. (87

Jiodt + v,

leg = lo

Using Kirchhoff’s current law at the node B, ‘

L, — iy +tip—i,=20 or ‘+i1=icl+i62:
or

. Im + il
Ly =l =

(8-80)

Assuming that L, = Lz‘m and completing the
gives

d by L,, T,, and G,

= i (8-81)
.- The solution of Eq.

di,
L,— +
"dt o C
with initial conditions i, (¢t = 0)
8-81) with initial conditions yie

0) =

ii(t) = 21, cos ot + V, \/214& sin wt — 1, (8-82)
1
T (8-83)

i L, .
.= V, cos ot — 21, \/T sin wf (8-84)

m

erse voltage across T, is

L
Vut) =V, — 2v,, = V, — 2V, cos wt + 41, \/ﬁ sin wt (8-85)

m

The available (or circuit) turn-off time can be determined from the condition v,;
(t = t,) = 0in Eq. (8-85), which after simplification gives

1
t, = V2(L,,C,) |:COS—1 m — tan~! x:| (8-86)
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where
I 2L

=y (8-87)

The circuit turn-off time is dependent on the load current /,, and will be maximum
when [,, = 0. The maximum value of z, is

™
tq(max) = 3 \ 2LmCm

This mode ends when the voltage on capacitor C, become
to charge in opposite direction, and the time durati
from the condition v,, (t = t;,,) = v, (t = t;,,)
for peak thyristor current. From Eq. (8-84),

oy

or

L= bm = (8'89)

The thyristor current i,(¢) becomes tl,‘l at the end of
this mode,

il (t = tl 11 = Ip (8'90)

Mode 2. This mode begins when diode D, starts conducting. The equiv-

alent cirguit is shown i
the circuit formed by T,, D,,
through diode D,. If V,is the

‘ “instantaneous current mode

-32b. The energy stored in inductor L, is lost in
L,. The load current i;(r) (= I,) also flows
ard voltage drop of diode D, and thyristor T,
(1), is given by

t2 +V,=0 (8-91)
, and the solution of Eq. (8-91) is

o) =1, — 4 (8-92)

e ends when i,(¢) falls to zero and thyristor T, is turned off due to self-
utation. The duration of this mode is approximately

_ LLn

Lo Vv (8-93)
d

Mode 3. This mode begins when T, is turned off. The equivalent circuit
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is shown in Fig. 8-32b. Diode D, continues to carry the load current until the
load current falls to zero. The reverse voltage for T), is provided by the forward
voltage drop of diode D.,.

Example 8-12

The single-phase complementary inverter in Fig. 8-32a h
C,, = 50 pF, and the peak load current is 1,, = 175 A
= 220 V and the inverter frequency is f, = 60 Hz.

formed by thyristor 7, and diode D, is, approximate
(a) circuit turn-off time, ¢,; (b) maximum circuit tur

the peak current of thyristors, 1,; (d) duratio

t,..; and (e) energy tapped in inductor L, at t

Solution V, =220V, L, = 30 uH, C,,
(a) From Eq. (8-87), x = (175/220)

=L,=1L, =30
e dc input voltage is
oltage drop of the circ
=2 V. Determme

1

= V2 X 30 X 50 ‘4
2 x 30 x 50 | cos™ 30 1 0.871

(b) From Eq. ), Lymany = (W/3) V2 X .36 ps
(c) From E‘89) the time for the peak cur
by = Ly, = x 50 tang = 46.78 ps

From Egs. (8-82) and (8-90), the peak thyristor current is

os (1.8257 X 0.4678) + 220 \/2 x g%sin (1.8257 x 0.4678)

— 175 = 357.76 A

= 175 x 30/2 = 2625 ps and the commutation time

b, = 46.78 + 2625 = 2671.78 s

e 1, the energy stored in inductor L, is

I3 = 0.5 x 30 X 10°° x 357.76* = 1.92 )

te. It takes a relatively long time to dissipate the energy and reduces the
ncy and output frequency of the inverter. Due to this energy dissipation in
power devices, there would be thermal problem. This trapped energy can be
eturned to the source by connecting a feedback transformer and diodes as shown
in Fig. 8-33.

Example 8-13

If the turns ratio of feedback transformer in Fig. 8-33 is N\/N, = a = 0.1, determine
the (a) duration of commutation process, t, = t,,, + &,,; (b) energy trapped in inductor
L, at the end of mode 1; and (c) peak thyristor current.
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WS-
AL anky
A A

.
Li=Lm
Vs AL ._/'VW\V‘ - 5 Im
Le=Lm =G
D22 T D2
T Figure 8-33 Cg ementary commuta-
¢ tion with feedy windings.

Solution V, =220V, L, =L,=1L,, =30uH,C =50 = 175 A. From

Eq. (8-87),
_ 175 2 X 30
220 ‘

~ 10°
© TV X 30 x 50

(a) The commutatio rval can be divided i he equivalent
circuit for mode 1 is showin Fig. 8-34a, which is the same in Fig. 8-32a. If

di,

= 18,257 rad/s

v, and v, are the prim d sec ack transformer, re-

spectively, D, and D;; would condu
‘ (8-94)

For D, and D,, to conduct,

ere a is the turns ratio of the tran eranda = 1.

V=V = Vg, = —aV (8-95)

1 can be found from Eq. (8-84):

Thefduration of m

vLZ (t = tlm) =
and solving for ¢,,, yields

= V2L,C,

1———+ V2L,.C, tan~ i1
(1 + 2)1/2 X (8-96)

D,, conducts. At the end of mode 1, Eq. (8-82) gives

Lt =1, =1 (8-97)
rom Eqgs. (8-82) and (8-97),

[ s
I, = 2 % 175 cos (1.8257 x 0.5091) + 220 /2 x %m (1.8257 x 0.5091)

— 175 = 356.24 A
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175

(1+a)Vg

tim tom

‘ ‘ Waveforms

Figure 8-34 Equi t circuits and waveforms for Example 8-13.

age on capacitor,

Vo=V, = —aV, (8-98)
—0.1 x220=-22V

e voltage on capacitor C,,
Va=V, - V,=(0+ a)V, (8-99)
1.1 x 220 = 242V

Mode 2 begins when D, and D, conduct and the voltage of inductor L, is
clamped to —aV,. The equivalent circuit is shown in Fig. 8-34b.
di
Lmd—; = —qu, = —aV, (8-100)
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with initial condition i, (t = 0) = T) and the solution of Eq. (8-100) yields

av,
L

m

iz(t) =1 -

(8-101)

Mode 2 ends when i,(t) becomes zero at t = t,,, and

t _ Lmll
2m aVS
356.24
= -6 v —
30 x 10 01)(220 = 485.7

The commutation time is

(. =t, +t, = 50.91 + 485.7

B

(b) At the end of mode 1, the energy store‘nduct
W = 0.5L,1% = 0.5 x 30 x 107° x 356.24* =
(c) From Eq. (8-89), t,, = 46.78 ps, and fro . 16 A.

Note. The trapped ener
can be reduced by lowering
of feedback diodes.

returned to the supply:
turns ratio a; this would incr

¢ voltage ratings

8-11 CURRENT-SOURCE INVERTERS

In th€Previous sections the inverters dre fed from a voltage source and the load
curre rced to fluctuate from positive to negative, and vice versa. To cope
with inductive loads, the power switches with a freewheeling diodes are required,
whereas/in a current-s verter, the input behaves as a current source. The
output current is maintaine stant irrespective of load on the inverter and the
output voltage is forced to chan The circuit diagram of a single-phase transis-
ized inverter is shown in Fig. a. Since there must be a continuous current
from the source, two switch ust always conduct—one from the upper and
e lower switches. Th nduction sequence is 12, 23, 34, and 41. The

waveform is sho n Fig. 8-35b. The diodes in series with the

uired to bloc reverse voltages on the transistors.

r, the commutation circuits for thyristors require
er, as shown in Fig. 8-35c. Let us assume that T
nducting and capacitors C; and C, are charged with polarity as shown.
yristors Ty and T, reverse biases thyristors T, and 7,. T, and T are
off. The current now flows through 75C,D,, load, and D,C,T,. The
citors C, and C, are discharged and recharged at a constant rate determined
load current, 1,, = I,. When the current through C, and C, falls to zero, the
load current will be transferred from diode D, to D5 and D, to D,. D, and D,
will be tuned off when the load current is completely reversed. The capacitor is
now ready to turn off 75 and 7, if thyristors T, and T, are fired in the next half-
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Variable dc voltage

es in Fig. 8-35¢ isolate the capacitors from the load voltage.
gure 8-36a shows the circuit diagram of a three-phase current-source in-
er. The waveforms for gating signals and line currents for a wye-connected
ad are shown in Fig. 8-36b. At any instant, only two thyristors conduct at the
same time.

The currrent-source inverter (CSI) is a dual of a voltage-source inverter (VSI).
The line-to-line voltage of a VSI is similar in shape to the line current of a CSI.
The advantages of the CSI are: (1) since the input dc current is controlled and
limited, misfiring of switching devices, or a short circuit, would not be serious
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(b) Waveforms

Figure 8-36 Three-phase current source transistor inverter.
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problems: (2) the peak current of power devices is limited; (3) the commutation
circuits for thyristors are simpler; and (4) it has the ability to handle reactive or
regenerative load without freewheeling diodes.

A CSI requires a relatively large reactor to exhibit current-source character-
istics and an extra converter stage to control the current. The dynamic response
is slower. Due to current transfer from one pair of switche another, an outpuy
filter is required to suppress the output voltage spikes.

8-12 VARIABLE DC LINK INVERTER

The output voltage of an inverter can be contr by ¥
index (or pulse widths) and maintaining the d
type of voltage control, a range of harmonic$*would b output
voltage. The pulse widths can be maintained fixed to elimina uce certain
harmonics and the output voltage can be controlled by varying th
voltage. Such an arrang t as shown in Fig. 8:37hs kno
inverter. This arrangem equires an additional cO

chopper, the power ca‘be fed back to the dc sourg

variable dc link
stage; and if it 1s a

Y,

\—l-i Lo

I
|
|
[
|
A | Ce = Load
I
I
I
|

O

+

|
I |
I
| 3 D, D Q.
I o

Variable dc vol |

7 Variable dc link inverter.

UIT DESIG

The mination ofvoltage and current ratings of power devices in inverter
i epends on the types of inverters, load, and methods of voltage and/current
The design requires (1) deriving the expressions for the instantaneous
ad current, and (2) plotting the current waveforms for each device and compo-
ent. Once the current waveform is known, the techniques for calculating the
ratings of power devices and commutation components are similar to that in Sections
3-4 and 7-8. The evaluation of voltage ratings requires establishing the reverse
voltages of each device.
To reduce the output harmonics, output filters are necessary. Figure 8-38
shows the commonly used output filters. A C-filter is very simple, but it draws
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——¢, | Load Loazl =C =

Le

a

o .
(a) C filter (b) CL filter

Figure 8-38 Output filters.

more reactive power. An LC-tuned filter as in Fig. 8-38b
frequency. A properly designed CLC filter as in Jigh8-33
reducing harmonics of wide bandwidth and draws |

Example 8-14

The single-phase auxiliary-commutated full-bridge inverter D
load of R = 10 Q, L = 31.5 mH, and C = 112 wF. The dc inpu geis V, =
220 V and the inverter frequency is f, = 60 Hz. i YIIStOrs, Z,¢

= 25 ps. The output v 1fth harmonics
are eliminated. Determin .(1); (b) optimum
values of commutation i i i ¢ the energy; and (c)

peak currents of thyrist

Solution The output voltage wavef
Hz, R = 10Q, L = 31.5 mH, and
X 60 = 377 rad/s.

The inductive reactance for t

-18. =220V,f, = 60
t, = log S ps and o = 2w
harmonic voltage is
X, = j2nm x 60 x 31.5 x 1073 = j11.87n Q

Theg capacitive reactance for the nth harmonic voltage is

j108 _ _j23.68
2nm X 60 x 112 n

Q

The impedance for the nth hagmonic voltage is

2912
2+ (11.87n - %ﬁ) :|

e nth harmonic voltage is
= tan~! <1.187n - %)

(a) Equation (8-37) gives the coefficients of a Fourier series,

" 10

_ 4V, 1 — 2 cos nay, + 2 cos na,
T n

n

For o, = 23.62° and o, = 33.3°, the third and fifth harmonics would be absent. From
Eq. (8-36) the instantaneous output voltage can be expressed as

v,(f) = 235.1sin 377¢ + 69.4 sin (7 x 377¢) + 85.1sin (9 X 3771) + - - -
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Dividing the output voltage by the load impedance and considering the appropriate
delay due to the power factor angles give the load current as

i(f) = 15.19 sin (377t + 49.74°) + 0.86 sin (7 x 377t — 82.85%)

+ 1.09 sin (9 x 377t — 84.52°) + 0.66 sin (11 X 377r — 85.55°) + - - -

(b) Neglecting the harmonics, the peak load curre
Equations (3-30) and (3-31) give the optimum values of

0398V,  0.398 x 25 x 10~
m o Ji B 15.19

14

_0.8917t,,  0.8917 X

m VD
From Eq. (8-77),
Lm
V,=V, + 1, ol 220 + 15.19

m

Solving for C,, and Lm‘s C,=052uF, L, =
(c) The peak ‘tor current, [, = 15.19 A, an eak resonant current,

77 — 1519 = 7.58 A.

Diode D, will carry both the inductive load current and resonant current. Al-

ough these two components would determine the rms and average currents of the
iode, the peak rrent in this example should be the same as that of thyristor
current, namely, 15.

Example 8-15
‘ ‘ In Example 8-14, an outp
harmonics. Determine th

-filter is used to eliminate seventh and higher-order
ue of filter capacitor, C..

0 = 377 rad/s. The nth and higher-order harmonics
if the filter impedance is much smaller than that of the

ere the filter impedance is X, = 1/(377rC,) and the load impedance is

212
zZ, = [102 + <11.87n - 21—6> :l

The value of filter capacitance C, can be found from

23.6\°1" 10
2 — —_— =
[10 + <11.87n . ) ] 377nC.

For the seventh harmonic, n = 7 and C, = 47.3 pF.
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8-14 MAGNETIC CONSIDERATIONS -

.,

Inductors are used in thyristor commutation circuits and for resonant oscillation
in resonant inverters. The resonant frequency is usually very very high. The
magnetic loss is dependent on the frequency and these inductors should be designed
with magnetic cores of very high permeability to reduce the core losses. The
output of inverters are normally isolated from the load by a put transformer.
The inverter output voltage normally contain harmonics and ransformer losses
are increased. A transformer, which is designed to operate at purely sinusoidal
voltages, would be subjected to higher losses and it shouild'be derated when it is
being operated from the output voltages of inverters.
have no dc component; otherwise, the core may b

SUMMARY

Inverters can provide single-phase and three-phase ac voltages &
variable dc voltage. There arious voltage cont nique
arange of harmonics on the tvoltage. The sinusoida

(SPWM) is more effectiv‘educ g the lower-order h
choice of the switching patterns for p i
inated.
L‘ applications re-
ant frequency is limited by the

The resonant inverters are nor
quiring fixed output voltage. The

Due to the development of fast-switch-
pplications of forced-commutated thyristor

vidth modulation
With a proper
armonics can be elim-

turn-off time of thyristors (or transis
ing er transistors and GTOs, the
inv re limited to high power.
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REVIEW QUESTI‘S

e

8-1. What is an inverter?
8-2. What is the principle of operation of an inverter?
8-3. What are the types of inverters?

8-4. What are the differencitween half-bridge and
8-5. What are the perfor, e parameters of inverters?
8-6. What are the purpo‘ e

8-9. What are the advantages and di
8-10. What are the techniques for ha reductions?
What are the effects of eliminating lower-order harmonics?

8- at is the principle of series resonant inverters?
8-13. What is the de e of a resonant inverter?
8-14./What is the effe istor turn-off time on inverter frequency?

8-15. What are the advantage
switches?

d disadvantages of resonant inverters with bidirectional

. What are the advantages a
switches?

isadvantages of resonant inverters with unidirectional

is the necessary con for series resonant oscillation?

stor inverters?
at is overlap control of resonant inverters?
. What is nonoverlap control of inverters?
. What is the principle of auxiliary commutated inverters?
. What is the principle of complimentary commutated inverters?
. What is the purpose of feedback transformer in complementary commutated inverters?
. What are the advantages and disadvantages of current-source inverters?
8-27. What are the main differences between voltage-source and current-source inverters?
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8-28.
8-29.
8-30.

8-1.

8-2.
8-3.

8-4.
8-5.
8-6.

8-8.
8-9.
8-10.

. The output voltage of a sing

What are the main advantages and disadvantages of variable dc link inverters?
What are the reasons for adding a filter on the inverter output?
What are the differences between ac and dc filters?

PROBLEMS

A single-phase half-bridge inverter in Fig. 8-1a has a resisti
the dc input voltage is V, = 220 V. Determine the (a) g
fundamental frequency, V;; (b) output power, P,; (¢) avera
of each transistor; (d) peak off-state voltage of each transis
distortion, THD; (f) distortion factor, DF; and rm
factor of the lowest-order harmonic. ‘

Repeat Prob. 8-1 for the single-phase full-brid

g’erter in Fig. 8-2a
The full-bridge inverter in Fig. 8-2a has an RLC load witl 0 mH,

the (b) rms load current‘f fundamental freque ; % ¢ factor of the

load current, HF; (d) ave upply current /,; and (e) avetage and peak currents
of each transistor.

Repeat Prob. 8-3 for ’()O H
Repeat Prob. 8-3 for f, = 60 Hz, i
The three-phase full-bridge inver
of R = 5 Q. The inverter freque

220 V. Express the instantaneo
ries.

at Prob. 8-6 for the line-to-line voltages and line currents.
peat Prob. 8-6 for a delta-connected load.
peat Prob. 8-7

The three-phase full-
phase consists of R = 5 Q
f, = 60 Hz and the dc input
peak currents of the transist

‘Cted resistive load
put voltage is V,

: voltages and phase currents in a Fourler

elta-connected load.

inverter in Fig. 8-5a has a wye-connected load and each
= 10 mH, and C = 25 pF. The inverter frequency is
tage, V, = 220 V. Determine the rms, average, and

ase full-bridge inverter is controlled by pulse-width
If-cycle. Determine the required pulse width so that
0% of dc input voltage.

armonics agdinst modulation index.

gle-phase full-bridge inverter, which uses a uniform PWM with two pulses per
If-cycle, has a load of R = 5 Q, L = 15 mH, and C = 25 pF. The dc input voltage
is V, = 220 V. Express the instantaneous load current i,(f) in a Fourier series M =
0.8, f, = 60 Hz.

. A single-phase full-bridge inverter uses a uniform PWM with seven pulses per half-

cycle for voltage control. Plot the distortion factor, fundamental component, and
lower-order harmonics against the modulation index.

Chap.8 Probiems 281




A Ay

8-15. A single-phase full-bridge inverter uses an SPWM with seven pulses per half-cycle for
voltage control. Plot the distortion factor, fundamental component, and lower-order
harmonics against the modulation index.

8-16. Repeat Prob. 8-15 for the modified SPWM with two pulses per quarter-cycle.

8-17. A single-phase full-bridge inverter uses a uniform PWM
cycle. Determine the pulse width if the rms output voltag
voltage.

ith five pulses per half

8-18. A single-phase full-bridge inverter uses displacement-anglé€ontrol to vary the outpu
16e. Determine the dela

outp oltage is 70%

(or displacement) angle if the fundamental component

dc input voltage. &
8-19. A single-phase full-bridge inverter uses multiple

third, fifth, seventh, and eleventh harmonics

the number of notches and their angles.
8-20. Repeat Prob. 8-19 to eliminate third, fifth, seventh, and nintf

8-21. The basic series resonant inverter in Fig. 8-21laghas L, = SuH, C =2
pF,and R = 5 Q. Th‘nput voltage, V, = 2 ut frequency, f, =
6.5 kHz. The turn-off of thyristors, f.¢ = 15 ps. Dete
circuit) turn-off tim (b) maximum permissible freg
capacitor voltage, 2

load current i, (f); capacitor volg current [ (t). Calculate the
(f) rms load current, I,; (g) outy ; crage ly current, /; and (i)
average, peak, and rms current§'© y

8-22. The half-bridge resonant invert g. 8-23 uses nonoverlapping control. The in-
verter frequency is f, = 8.5 kH C,=C,=C=2uF, L, =L,=L =40 pH,
= 2Q, and V, = 220 V. Determine the (a) peak supply current; (b) average
yristor current, [,; and (¢) rms thyristor current, /.
8-23. [The resonant i r in Fig. 8-27a has C = 2 pF, L = 30 yH, R = 0, and V|, =
220 V. The tur e of thyristor, f. = 12 ps. The output frequency. f, = 15
kHz. Determine (a) p upply current, I; (b) average thyristor current, /,; (c)
rms thyristor current, I; peak-to-peak capacitor voltage. V,; (e) maximum per-
missible output frequency,

; and (f) average supply current, /..
. The half-bridge resonant i

the nonoverlap mode. [

er in Fig. 8-28a is operated at frequency, f, = 3.5 kHz
=C,=C=2pF,L,=L,=L=20pH.R=15
the (a) peak supply current, /; (b) average thyristor
43 (¢) rms thy current, I; (d) rms load current, [,; and (e) average

8-25. at Prob. 8-2¢#with an overlapping control so that the firing of T, and T, are

nced by 50% of the resonant frequency.

he full-bridge resonant inverter in Fig. 8-29a is operated at a frequency of f;, = 3.5

kHz. If C = 2 uF, L =20 pH, R = 1.5 Q, and V_ = 220 V, determine the (a) peak

supply current, I; (b) average thyristor current, I,; (¢) rms thyristor current, I.; (d)

rms load current, I,; and (e) average supply current, I,.

. The single-phase full-bridge auxiliary-commutated inverter in Fig. 8-31a has a load of
R =50Q,L = 10mH, and C = 25 pF. The input dc voltage is V, = 220 V and the
inverter frequency is f, = 60 Hz. tq = 18 ps. Determine the optimum values of
commutation components C,, and L.
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8-28. Repeat Prob. 8-27 if the peak resonant current of the commutation circuit is limited
to two times the peak load current.

8-29. A single-phase full-bridge inverter in Fig. 8-32a, which uses complementary com-

mutation, has L, = L, = L,, = 40 pH and C,, = 60 pF. The peak load current is

= 200 A. The dc input voltage, V, = 220 V and the inverter frequency, f, = 60

Hz. The voltage drop of the circuit formed by thyristor T, and diode D, is, approx-

imately, V, = 2 V. Determine the (a) circuit turn-off time, ¢,; (b)maximum available

turn-off time, £ .y if I, = 0; (¢) peak current of thyristors; duration of com-

mutation process, t, = t,,, + L,,; and (e) energy trapped in in or L, at the end of

mode 1.
8-30. The inverter in Prob. 8-29 has a feedback transformer as

own in Fig. 8-33. The

turns ratio of the feedback windings is Ny/N, = a = 0,1. D¢
of commutation process, t, = 1, + b,,; (b) energy ed

|

of mode 1; and (c¢) peak thyristor current.
8-31. Repeat Prob. 8-30ifa = 1.0.
8-32. Repeat Prob. 8-30if a = 0.01.

8-33. A single-phase auxiliary-commutated full-bridge inverter in Fig. 8- 3 3 es a load
of R=50,L =15mH, a . 220 V and
the inverter frequency is r
The output voltage has tw

cs are eliminated.

M, i(¢); (b) optimum
values of commutation ¢ i i ize the energy; and (c¢)
average, rms, and peak currents of

8-34. If in Prob. 8-33, a tuned LC filter is i 'rmonic from the
output voltage, determine the suitable components.

8-35. The single-phase auxiliary-commut ull-bridge inverter in Fig. 8-31a supplies a

= 40 wF. The dc input voltage is V, = 220V

inverter frequency, f, = 60 Hz. The turn- off time of thyristors tog = 15 Bs.

and (b) values of c
current is limited to 2.5 tim
. If in Prob. 8-35, an output C
monics, determine the value o

ion capacitor C,, and inductor L, if the peak resonant
e peak load current.

r is used to eliminate ninth and higher-order har-
ter capacitor, C..
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9
Pawer Supplies

e

9-1 INTRODUCTION

sed extensively in industrial applications, are often
the following specifications:

Power supplies, whic
required to meet all or mos

urce and load

reduction of size and weight

power flow

ncy

forms with a low total harmonic distortion for small

1. Isolation between t
2. High power density
Controlled directio

igh conversion e

ue
e

ontrolled power factor if the source is an ac voltage

e single-stage ac—dc or ac-ac or dc—dc or dc—ac converters discussed in
apters 4, 6, 7, and 8, respectively, do not meet most of these specifications, and
ultistage conversions are normally required. There are various possible con-
version topologies, depending on the permissible complexity and the design re-
quirements. Only the basic topologies are discussed in this chapter. Depending
on the type of output voltages, the power supplies can be categorized into two
types:

1. Dc power supplies

2. Ac power supplies
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9-2 DC POWER SUPPLIES

The ac—dc converters in Chapter 4 can provide the isolation between the input
and output through an input transformer, but the harmonic contents are high. The
switched-mode regulators in Section 7-6 do not provide the necessary isolation and
the output power is low. The common practice is to use two- stage conversions,
dc-ac and ac—dc. In case of ac input, it is three-stage conv.
ac, and ac-dc. The isolation is provided by an interstage tr
ac conversion can be accomplished by PWM or resonant
the type of conversion techniques and the direction of pow
supplies can be subdivided into three types:

The dc—-
Based on

1. Switched-mode power supplies
2. Resonant power supplies
3. Bidirectional power supplies

9-2.1 Switched-Mode DC Power Supplies

There are four common configarations with the swi

of the inverter (or dc-ac cor“r) stage: flyback, pu idge, and full-

bridge. The output of nverter, which is varied b i

converted to a dc voltage dio

a very high frequency, the ripples on

small filters.

The circuit topology for the fly

" transistor Q, is turned on, the supply appears across the transformer primary
rresponding voltage is induce the secondary. When Q, is off, a voltage
polarity is induced in the primary by the secondary due to the trans-
former action. The minimum open-circuit voltage of the transistor is V. = 2V.
¢ average in rent with negligible ripple and the duty cycle isk =
50%, the peak transist: tis I, = I/k = 2I,. The input current is pulsating
and discontinuous. Without D2, a dc current flows through the transformer.
or C, reset the transformer core. C, discharges
energy is lost in every cycle. This circuit is
plications below 500 W. This is a forward

N,
Voe = V11 + N (9-1)

r

ere N, and N, are the number of turns on the primary and reset windings,

respectively. The reset turns ratio is related to the duty cycle as

1 -k
o =N 1K (9-2)
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- ac-dc
+ r s stage
Vo
Vs

(a) Flyback converter l

dc-ac ac-dc lo

L

Q_KT‘ Dy l’-’zfz [ De

(e) Full-bridge converter

Figure 9-1 Configurations for switched-mode dc power supplies.
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For a duty cycle of k = 0.8, N, /]Q""' o .2 = 4 and the open-circuit voltage
becomes V,. = V(1 + 4) = SV The open-circuit voltage of the transistor is
much higher that the supply voltage.

The push-pull configuration is shown in Fig. 9-1c. When Q, is turned on,
V, appears across one-half of the primary. When Q, is turned on, V, is applied
across the other half of the transformer. The voltage of a primary winding swings
from —V, to V,. The average current through the transforme
zero. The average output voltage is

N,
Vozvzzﬁsvlzav1:avs

14

Transistors Q, and Q, operate with a 50% duty cycl
V.. = 2V,, the average current of a transistor, [, =
current, [, = I. Since the open-circuit transis!
voltage, this configuration is suitable for low-volta

across the transformer primary. When Q,ison, ar appears
across the transformer prima The primary volta J2to V /2.
The open-circuit transistor vo is V.. = V, and the tor current is

= 2[,. The average tra I cu age applications,
the half-bridge circuit is preferable Whereas for low-
voltage applications, the push-pull cir to low transistor cur-
rents. The average output voltage is

(9-4)

ull-bridge arrangement is shown in Fig. 9-le. When Q, and Q, are
turned om, V, appears When Q, and Q, are turned on, the primary
voltage reversed to e average output voltage is

=V, =aV, = aV, (9-5)

V.. = V, and the peak transistor current is
ransistor is only I, = [/2. Of all the config-
he minimum voltage and current stress of the

average (or dc) output voltage of the push-pull circuit in Fig. 9-1cis V, = 24 V
at a resistive load of R = 0.8 ). The on-state voltage drops of transistors and diodes
are V, = 1.2 Vand V, = 0.7 V, respectively. The turns ratio of the transformer is
= N/N, = 0.25. Determine the (a) average input current, I; (b) efficiency, m;
(c) average transistor current, I,; (d) peak transistor current, I ; (e) rms transistor
current, I,; and (f) open-circuit transistor voltage, V... Neglect the losses in the
transformer, and the ripple current of the load and input supply is negligible.
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Solution a = N/N, = 0.25and I, = V,/R = 24/0.8 = 30 A.

(a) The output power, P, = V,I, = 24 x 30 = 720 W. The secondary voltage,
V,=V,+V,=24+05=245V. The primary voltage, V|, = V./a = 24.5/0.25
= 98 V. The input voltage, V, = V, + V, = 98 + 1.2, and the input power,

P =VI =121, + 1.2, + VI, +
Substituting 1, = 1,/2 gives
1(99.2 - 1.2) = 0.5 x 30 +

735
== =7
L= geg=T44A

(O)YP, = VI, =100 x 7.44 = 744 W. T

efficiency, v = 720/744

()L, = I)2 = 7.4412 = 3.72 A.
(d)1, =1, = 7.44 A.
() Iz = VKL, = V05 x 7.44 = 10.52 A.

(f) Voo = 2V, = 2 x 100 = 200 V.,
9-2.2 Resonant DC Pov‘upplies

If the variation of the ‘tput
be used. The inverter frequency,

quency, is very high, and the inv
to resonant oscillation, the transfi
saturation problems. The half-bri d full-bridge configurations of the resonant
i ters are shown in Fig. 9-2. sizes of the transformer and output filter are
r due to high inverter frequency.

ant pulse inverters can
same as the resonant fre-
t sinusoidal. Due
ays reset and there are no dc

Example 9-2

he average out
resistive load of R = 0.

ge of the half-bridge circuit in Fig. 9-2ais V, = 24 V at a

«

The inverter operates at the resonant frequency. The

(a) Half-bridge (b) Full-bridge inverter

Figure 9-2  Configurations for resonant DC power supplies.
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circuit parameters are C, = Czdi"‘.{l‘ 4—1"‘%’&13, L =20pHand R = 0. The dc input
voltage is V, = 100 V. The on-state voltage drops of transistors and diodes are
negligible. The turns ratio of the transformer is @ = NJ/N, = 0.25. Determine the
(a) average input current, [; (b) average transistor current, I,; (c) peak transistor
current, 1,; (d) rms transistor current, I; and (e) open-circuit transistor voltage, V.
Neglect the losses in the transformer, and the effect of the load on the resonant
frequency is negligible.

Solution The resonant frequency o, = 109V2 x 20 = 15
25,164.6 Hz,a = N/N, = 0.25,and [, = V,/R = 24/0.8 =
(a) The output power, P, = V,I, = 24 X 30 = 720
rms secondary voltage, V, = wV,/(2 V2) = 1.1107V, = 26.
current, I, = 720/100 = 7.2 A.
(b) The average transistor current, [, = I, =
(¢) For a sinusoidal pulse of current through
peak transistor current, [, = 7.2m = 22.62 A.
(d) With a sinusoidal pulse of current with‘
current, I, = [,/2 = 11.31 A.
(e) Voo = V, = 100 V.

3.8 rad/s or f, =

rom Eq. (2-59), the
The average input

9-2.3 Bidirectional Power ‘)Iies

in Fig. 9-3. The direction of the pow ; Ton aluesof V,,, V,
and turns ratio (¢ = N/N,). For pov ~ e sou the load, the

(9-6)
For p ow from the output to the input, the inverter operates as a rectifier if
V, > aV, (9-7)

The bidirectional converters ws the inductive current to flow in either direction

ac-dc ac-dc
stage stage
Q¢ +
Dy Dy Di
Y
V,
— V1 V2 7T\ °
Q4 b—(
Ds D2 7x Q Qf Dy Dy Q.
_ _ _ o O -
Converter 1 Converter 2

Figure 9-3 Bidirectional dc power supply.
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dc-ac
Is stage

ViL

L+
F—
<

Lot |
Critical
load

)

Main BN

supply

Static switch

“e 9-4 _Arrangement of UPS syste

9-3 AC POWER SUPPLIES

The ac power supplies are commo d as standby sources for critical loads and
1 lications where normal ac supplies are not available. The standby power
are also know as uninterruptible power supply (UPS) systems. An ar-
rangement of an UPS system is shown in Fig. 9-4, which consists of a battery,
inverter, and static\Ewi In case of power failure, the battery supplies the
inverter. When the pply is on, the inverter operates as a rectifier and
charges the battery. In thi angement the inverter has to operate at the fun-
damental output frequency. nsequently, the high-frequency capability of the
‘ ‘nverter is not utilized in redu the size of the transformer. Similar to the dc
‘ power supplies, the ac power lies can be categorized into three types:

witched-Mode AC Power Supplies

e size of the transformer in Fig. 9-4 can be reduced by the addition of a high-
frequency dc link as shown in Fig. 9-5. There are two inverters. The input-side
inverter operates with PWM at a very high frequency to reduce the size of the
transformer and the dc filter at the input of the output-side inverter. The output-
side inverter operates at the output frequency.
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dc-dc

high-frequency link d¢
l l ac-dc

Dq Le stage
Y Y Y\ g
Ns
Ng
—F
v
D1o
ac-dc

dc-ac

Figure 9-5 Switched-mode ac po‘:pplie

9-3.2 Resonant AC Power Supplies

er as shown
put frequency.

The input-stage inverter in Fi
in Fig. 9-6. The output-side i

can be replaced b
erter operates with PWM

de-dc
high-frequency link

D7 S7

ut inverter can be combined by a cycloconverter
as shown in Fig. 9-7. The cycloconverter converts the
ncy ac to a low-frequency ac. The power flow can be controlled in

The load resistance of the ac power supplies in Fig. 9-5is R = 2.5 Q. The dc output
voltage is V, = 100 V. The input inverter operates at a frequency of 20 kHz with
one pulse per half-cycle. The on-state voltage drops of transistor switches and diodes
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dc-ac ac-ac
Is stage stage
+ Q, |£ !D, {Da —ﬁ‘%
\/s NP Ns
—
Q, 1
Dy D, : ng S,

Cycloconverter

Figure 9-7 Bidirectional ac&r supplt

are negligible. The turns ratio of the transformer is a = NJ/N,
inverter operates with niform PWM of fou €
each pulse is 3 = 18°. ermine the rms load ct
output of the rectifi negligible. Neglect the losse
effect of the load oieson i igi

. The output
The width of
pple voltage on the
transformer, and the

V, = 100 V. The
V. The dc voltage
= 18°, Eq. (8-18) gives

= 50 V4 x 18/180 = 31.6 V. The rms load

Solution The rms output voltag
rms transformer secondary volta
of the rectifier, V, = V, = 50
the rms load voltage, V, = V,
current, I, = V,/R = 31.6/2.5

9-4 MULTISTAGE CONV

If the input is an ac source;
9-8 and there are four conve
air can be replaced by a con
-9. The switching functions

input-stage rectifier is required as shown in Fig.
s: ac-dc—ac—dc—ac. The rectifier and inverter
r with bidirectional ac switches as shown in Fig.
his converter can be synthesized to combine the
rter. This converter, which converts ac—ac di-

ac-dc dc-ac
stage stage

T
e LR

Vo > Load

Ns ] “_VL

Figure 9-8 Multistage conversions.
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ac-ac ac-ac
stage stage

e

rectly, is called the forced ¢ tated cycloconvert dc—ac—dc—ac
conversions in Fig. 9-8 can _be performed by two forced utated cyclocon-
verters as shown in Fig. 9

S,
S,

9-5 MAGNETIC CONSIDERATIONS

If these is any dc imbalance, the trans er core may saturate, resulting in a high

mag ing current. An ideal core should exhibit a very high relative permeability

in th mal operating region and under dc imbalance conditions, it should not

go into hlard saturatiog,,. This problem of saturation can be minimized by having

two permeability regio core, low and high permeability. An air gap may

be inserted as shown in a id in Fig. 9-10a, where the inner part has high

permeability and the outer part has relatively low permeability. Under normal

‘.‘ration the flux flows through inner part. In case of saturation, the flux has

‘ ow through the outer regio hich has a lower permeability due to the air

‘ap, andgthe core does not go inte hard saturation. Two toroids with high and
ity can be combi as shown in Fig. 9-10b.

High
permeability

Low
permeability

/
Partial gap
(a) Single toroid

Figure 9-10 Cores with two permeabil-

(b) Two toroids ity regions.
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SUMMARY

Industrial power supplies are of two types: dc supplies and ac supplies. Ina single-
stage conversion, the isolating transformer has to operate at the output frequency.
To reduce the size of the transformer and meet the industrial specifications, mul-
tistage conversions are normally required. There are va s power supply to
pologies, depending on the output power requirement and 1
Converters with bidirectional switches, which allow the
either directions, require synthesizing the switching funct

output waveforms.
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W QUESTIONS

are the normal specifications of power supplies?

t the types of power supplies in general?

ame three types of dc power supplies.

. Name three types of ac power supplies.

. What the advantages and disadvantages of single-stage conversion?

- What are the advantages and disadvantages of switched-mode power supplies?
. What are the advantages and disadvantages of resonant power supplies?

9-8. What are the advantages and disadvantages of bidirectional power supplies?
9-9. What are the advantages and disadvantages of flyback converters?
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9-10.
9-11.
9-12.
9-13.
9-14.
9-15.

9-1.

9-2.
9-3.
9-4.
9.5.

9-6.

The dc output voltage of the half-b

. The load resistance of the ac

What are the advantages and d%'s"é'd*/a‘\r'r‘f}g’%s of push-pull converters?

What are the advantages and disadvantages of half-bridge converters?

What are the various configurations of resonant dc power supplies?

What are the advantages and disadvantages of high-frequency link power supplies?
What is the general arrangement of UPS systems?
What are the problems of the transformer core?

PROBLEMS

The dc output voltage of the push-pull circuit in Fimc, a
load of R = 0.4 Q. The on-state voltage drops of tramsistors and"diodes are V,
Vand V, = 0.7 V, respectively. The turns rati the tra
0.5. Determine the (a) average input current, I; (byefficienc

current, /,; (d) peak transistor current, /,; () rms transistor curre
circuit transistor voltage, V,.. Neglect the losses in the transformes the ripple
current of the load and inp pply is negligible.

Repeat Prob. 9-1 for the c“in Fig. 9-1b, for k = 0.57

Repeat Prob. 9-1 for th‘lit in
Repeat Prob. 9-1 for the uit.in F

V,_ = 24 V at a load
3 lﬁncy The circuit

dR = 0. dc input voltage,
tran51st0rs and diodes are negligible. The
S ratro of the transformer, a = , = 0.5. Determine the (a) average input
, (b) average transistor current 1,; (¢) peak transistor current, I,; (d) rms

tran stor current I.; and (e) open-circuit transistor voltage, V.. Neglect the losses
e effect of the load on the resonant frequency is negligible.
Repeat Prob. 9-5 for bridge circuit in Fig. 9-2b.

wer supplied in Fig. 9-4is R = 1.5 Q. The dc input
inverter operates at a frequency of 400 Hz with an
half-cycle and the width of each pulse is 8 = 20°.
stor switches and diodes are negligible. The turns
, = 4. Determine the rms load current. Neglect
the effect of the load on the resonant frequency is

resistance of R = 0.8 ). The invertg
parameters are C, = C, = C = 2

V, = 50 V. The on-state voltage d

s

voltage is V, = 24 V. The in
uniform PWM of eight pulses
The on-state voltage drops of tr

ower supplies in Fig. 9-5is R = 1.5 Q. The dc input
e input inverter operates at a frequency of 20 kHz with a
PWM of four pulses per half-cycle and the width of each pulse is 8, = 40°.
n-state voltage drops of transistor switches and diodes are negligible. The turns
atio of the transformer, @ = N/N, = 0.5. The output inverter operates with uniform
PWM of eight pulses per half-cycle and the width of each pulse is 8, = 20°. Determine
the rms load current. The ripple voltage on the output of the rectifier is negligible.
Neglect the losses in the transformer, and the effect of the load on the resonant
frequency is negligible.
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10-1 INTRODUCTION

ave variable characteristics and are used extensively
otors can provide a high starting torque and it is
ntrol over a wide range. The methods of speed
less expensive than that of ac drives. Dc motors
n industrial drives. Both series and separately
used in variable-speed drives; however, series
ed for traction applications. Due to the commu-
le for very high-speed applications and require more

Direct current (dc) mo
in variable-speed drives.
also possible to obtain spee
control are normally simpler
significant role in m

trolled rectifiers provide a variable dc output voltage from a fixed ac
¢, whereas choppers can provide a variable dc voltage from a fixed dc voltage.
ue to their ability to supply a continuously variable dc voltage, controlled rectifiers
nd dc choppers made a revolution in modern industrial control equipment and
variable-speed drives, with power levels ranging from fractional horsepower to
several megawatts. Dc drives can be classified, in general, into three types:

1. Single-phase drives
2. Three-phase drives
3. Chopper drives
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if, ly +

v, Vit

T
o } ~~  Figure 10-1
B

rately excite,

valent circuit of sepa-
motors.

10-2 BASIC CHARACTERISTICS OF DC MOTORS

The equivalent circuit for a separately excited otor is shown in Fi
When a separately excited motor is excited by a f“urre jrand a

current of i, flows in the armature circuit, the motor devel
torque to balance the load torque at a particular speed. The fie

a separately excited motor “iiependent of the

change in the armature curre s no effect in the fi

is normally much less tha armature current.
The equations descri the c

be determined from Fig. 10-1.

n be found from

. di
v, = Ry, + La;’ + e,

The antaneous armature current

The motor back emf, whic 1so known as speed voltage, is expressed as

a = Kiifi,
al to the load torque:

motor speed, rad/s

= viscous friction constant, N-m/rad/s
= voltage constant, V/A-rad/s

K, = torque constant

= armature circuit inductance, H

= field circuit inductance, H

= armature circuit resistance,

Qx\h ah .‘w ew UU 8
I
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R; = field circuit resistance, ()
T, = load torque, N-m

Under steady-state conditions, the time derivatives in these equations are zero and
the steady-state average quantities are

Vi = Ryl;
Eg - Kv(.l)lf
V, = Rd, + E,

R, + K
T, = K1, ‘

Bo + T,

The developed power is
(10-6)

emf, E,, is nonlinear
own in Fig. 10-2, is known

q.‘S), the speed of a

(10-7)

The relationship betw’m
due to magnetic saturation.

as magnetization characteristic of
separately excited motor can be

¢ can notice from Eq. (10-7) that the motor speed can be varied by (1)
controlling the ar voltage, V,, known as voltage control; (2) controlling the
field"current, I, kn: ield control; or (3) torque demand, which corresponds
to an armature current, /1, a fixed field current, I.. The speed, which corre-
sponds to the rated armature Weltage, rated field current and rated armature cur-
rent, is known as the base sp

In practice, for a speed than the base speed, the armature current and

ents are maintained tant to meet the torque demand, and the armature
is varied to con he speed. For speed higher than the base speed,

ed at the rated value and the field current is varied
power developed by the motor (= torque X speed)

\ 3 3

Approximately
A)'/ linear region

i o .
| Figure 10-2 Magnetization characteris-

Iy tic.
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T4, Py
AT T T T s Power, P4

-~

\ ' )

<«——Constant——» I -«+———Constant——»
torque power

remains constant. Figure ?how e characteristics o , power, armature
current, and field current against the

The field of a dc motor may be
as shown in Fig. 10-4, and this type
circuit is designed to carry the armat

tities are

armature circuit
a seri tor. The field
e steady-state average quan-

E, = K,0l, (10-8)
V,=R,], + E, (10-9)
= R, + Kwl, (10-10)

KL (10-11)
Bw + TL

d of a series mot n be determined from Eq. (10-9):

Figure 10-4 Equivalent circuit of dc se-
ries motors.
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)

‘ Y B Power, Py

—-— -\

|
e NN Torque, T4
s | ~ _ )
/ ’ Tl
I
» Speed, w
<—Constant———>|<———Constant—>, Figure 1 Characteristics of dc series
torque power motors.
v, - ki
w=——7""
KQ)Ia !
The speed can be varied by controlling the (1) armature vo mature

indicates

current, which is a measure of the torque demand. Equatio
i . and for this

that a series motor can provide a high torque,
reason, series motors are only used in trac

For a speed up to t
torque is maintained ¢ oltage is applied, the
speed—torque relationship follows ic of the motor and the
power (= torque X speed) remai . or emand is reduced,
the speed increases. At a very li coul ery high and it is
not advisable to run a dc series Figure 10-5 shows the char-
acteristics of dc series motors.

E

is varied and the

10-1

15-hp 220-V 2000-rpm separately excited dc motor controls a load requiring a torque
fT, = 45N- eed of 1200 rpm. The field circuit resistance is R, = 147 £},
the armature circ nce is R, = 0.25 ), and the voltage constant of the motor
is K, = 0.7032 V/A-rad The field voltage is V, = 220 V. The viscous friction
and no-load losses are negl The armature current may be assumed continuous
and ripple free. Determin (a) back emf, E,; (b) required armature voltage, V,;
and (c) rated armature current of the motor.

025 Q, K, = K, = 0.7032 V/A-radfs, V, = 220 V,

w30 = 125.66 rad/s, and I, = 220/147 = 1.497 A.

. = 45/(0.7032 x 1.497) = 42.75 A. From Eg. (10-2),
32 x 125 1.497 = 132.28 V.

(b) From Eq. (10-3), V, = 0.25 x 42.75 + 132.28 = 142.97 V.

(c) Since 1 hp is equal to 746 W, I,,., = 15 X 746/220 = 50.87 A.

GLE-PHASE DRIVES

If the armature circuit of a dc motor is connected to the output of a single-phase
controlled rectifier, the armature voltage can be varied by varying the delay angle
of the converter, a,. The forced-commutated ac—dc converters can aiso be used
to improve the power factor and to reduce the harmonics. The basic circuit
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IYLYY\ if
+ m
+
L,
Single-phase Ra
ng ag 2( Va Ly l}g Single-phase
supply ac supply
PR o

Figure 10-6 Basic circuit arrangement of a single-ihase

agreement for a single-phase converter-fed separ
Fig. 10-6. At a low delay angle, the armature cur
this would increase the losses in the motor. A smoothing inductor;
connected in series with the armature circuit to reduce the ripple ent to an
acceptable magnitude. A ¢ ter is also applied i
the field current by varying t lay angle, ay. Depen It type of single-
phase converters, single-p ay be subdivided in

Single-phase semiconverter d
Single-phase full-converter d
Single-phase dual-converter

BaN=

10-3) ingle-Phase Half-Wave-Converter Drives

verter feeds a dc motor as shown in Fig. 10-7a. The
ntinuous unless a very large inductor is connected
eeling diode is always required for a dc motor
as shown in Fig. 10-7b. The applications of
er level. Figure 10-7c shows the waveforms
nverter in the field circuit should be a semi-
the fieid circuit would increase the magnetic
le content on the field excitation current.

A singlefphase half-wa
armatur€ current is alw
in the armature circuit. A fr
load and it is a one-quadrant dr
drive are limited to the 3-kW
a highly inductive load. Th

V
= 2—;’ (1 + cos a,) for0=a, == (10-13)

e V,, is the peak voltage of the ac supply. With a semiconverter in the field
cuit, Eq. (4-5) gives the average field voltage as

|4
V, = 7’" (1 + cos ) for0=o,=m (10-14)
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N/) "
* Is - + la
L, ia
y Ra by
Vs Lf & Vs
0
Va O Rf% .
Is
laf - -
(a) Circuit
f Vo
0 s
(b) Quadrant

Figure 10-7 Single-phase half-wavegeenverter drive.

iconverter Drives

10-3.2 Single-Phase S

A single-phase semiconverter feeds the armature as shown in Fig. 10-8a.
It is a one-quadrant drive as show ited to applications up
to 15 kW. The converter in the fi iconverter. The
current waveforms for a highly in

With a single-phase semicon
a armature voltage as

|4
= — (1 + cos a,) forO=a, =7 (10-15)

Yalso be

cT in the armature circuit, Eq. (4-5) gives the

La
Ra
la
la
n » wt
i
la S
n+ay 2n
(a) Circuit 0 an - > wt
Va ] —— -k
la
+ t
0 la 0 aa n n+aa 2n ¢
(b) Quadrant (c) Waveforms

Figure 10-8 Single-phase semiconverter drive.
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With a semiconverter in the fieldCireul , Eq. (4-5) gives the average field voltage
as

|4
V= ?’” (1+cosa) for0=op=m (10-16)

10-3.3 Single-Phase Full-Converter Drives

erter as shown in
b and is limited to

The armature voltage is varied by a single-phase full-wave
Fig. 10-9a. It is a two-quadrant drive as shown in Fig. 1
applications up to 15 kW. During regeneration for reversing
flow, the back emf of the motor is reversed by reversing the
converter in the field circuit should be a full-wave ¢ ter se'the
of field current. The current waveforms for a highly inductive load are sho
Fig. 10-9¢ for powering action. A 9.5-kW 40-A e-phage full-conver

is shown in Fig. 10-10, where the power stack is on the back the
control signals are implemented by analog electronics.
With a single-phase full-wave converter in thega q. (4-17)
gives the average armature ¢ as
v, * cos (10-17)
With a single-phase full-converter in q. ( gives the field
voltage as
2‘/’71
Vf = T co (10-18)
ia
i
la
[
|
o] ! — wt
Als :
o} —— t
|
|
0 = = —+— wt
a 2n
—1, .
v,
(b) Quadrant (c) Waveforms

Figure 10-9 Single-phase full-converter drive.
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A 9.5-kW analog-based
Il-wave drive. (Repro-

10-3.4 Single-Phase Dual-Converter Drives ‘

Two single-phase full-wave converters are conneeted as shi
converter 1 operates to supply a positive armature voltage,
operates to supply a negative armature voltage, —V,. Itisa ]

and permits four modes eration: forward p i braking (regen-
eration), reverse poweri“nd reverse braking (reg It is limited to
applications up to 15 k The polarity of field curre ersed during forward
and reverse regenerations.” The
reversing the direction of field cur

If converter 1 operates with
voltage as

2V,
= —C
™

V., oy for0=a, =m (10-19)

If comverter 2 operates with a delay angle of a,,, Eq. (4-32) gives the armature
voltage as

COS 0l for0=qa,=m (10-20)

ull converter in the field circuit, Eq. (4-17) gives

cosa for0=o,=m (10-21)
+ ia if
La
Ra
Ly
Va Vs E Ry Vs

Figure 10-11 Single-phase dual-converter drive.
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Example 10-2
The speed of a separately excited motor is controlled by a single-phase semiconverter
in Fig. 10-8a. The field current, which is also controlled by a semiconverter, is set
to the maximum possible value. The ac supply voltage to the armature and field
converters is one-phase, 208 V, 60 Hz. The armature resistance is R, = 0.25 Q, the
field resistance is R, = 147 (, and the motor voltage constant is K, = 0.7032 V/A-
rad/s. The load torque is 7, = 45 N-m at 1000 rpm. The vigeous friction and no-
load losses are negligible. The inductances of the armatur field circuits are
sufficient enough to make the armature and field currents co ous and ripple-free.
Determine the (a) field current, I;; (b) delay angle of the rter in the armature
circuit, o,; and (c) input power factor of the armature circiit’converter, PF.

Solution V, =208V, V,, = V2 x 208 = 294.16 VR,
= T, = 45N'm, K, = 0.7032 V/A-rad/s, and ©

2% 29416
B ki)

T
I = KULIf
om Eq. (10-2),
E, = Kol = 0.7032 x 104.72 x 1.274 = 93.82 V
From Eq. (10-3), ature voltage is

V,= 93.82 + IR

From Eq. (10-15), V, = 106.
angle as a, = 82.2°.
(c) If the armature cur

.82 + 50.23 x 0.25 = 93.82 + 12.56 = 106.38 V
= (294.16/m) X (1 + cos w,) and this gives the delay

is constant and ripple-free, the output power is P,
3.5 W If the losses in the armature converter are

2 aa 1/2 1/2
o) i
2w Jo ™
1/2
= 50.23 <M> = 37.03 A

180

and the input volt-ampere rating, VI = VI, = 208 x 37.03 = 7702.24. The input
power factor,

P, 53435 o
Vi~ 70004 0.694 (lagging)
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Example 10-3

The speed of a separately excited dc motor is controlled by a single-phase full-wave
converter in Fig. 10-9a. The field circuit is also controlled by a full converter and
the field current is set to the maximum possible value. The ac supply voltage to the
armature and field converters is one-phase, 440 V, 60 Hz. The armature resistanc
is R, = 0.25 Q, the field circuit resistance is R, = 175 d the motor voltag
constant is K, = 1.4 V/A-rad/s. The armature current sponding to the loa
demand is I, = 45 A. The viscous friction and no-loa es are negligible. Th
inductances of the armature and field circuits are sufficie make the armature an
field currents continuous and ripple-free. If the delay a
is a, = 60° and the armature currentis I, = 45 A, deter
by the motor, T; (b) speed, w; and (c) input p fact

Solution V, = 440V, V, = /2 x 440 =
= 60°, and K, = 1.4 V/A-rad/s.

(a) From Eq. (10-16), the maximum field voltage Id be ob-
tained for a delay angle of o, = 0 and

The field current is‘

2V, 2 x 6222

os 60° = 198.07 V

. = 198.07 — 45 x 0.25 = 186.82 V

186.82
14 x 226 59.05 rad/s or 564 rpm
Assumi sless converters, the total input power from the supply is

P,=VJI, + Vi = 198.07 X 45 + 396.14 x 2.26 = 9808.4 W

The input current of the armature converter for a highly inductive load is shown in
Fig. 10-9b and its rms value is /,, = I, = 45 A. The rms value of the input current

of field converter is I,; = I, = 2.26 A. The effective rms supply current can be found
from

Ix = (Ifa + I.‘;lf)l/z

= (45° + 2.26°)" = 45.06 A
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and the input volt-ampere rating, VI = VI, = 440 x 45.06 = 19.826.4. The input
power factor,

P, 9808.4

PF = i~ 198264 = (.495 (lagging)

Example 10-4

If the polarity of the motor back emf in Example 10-3 is rev
polarity of the field current, determine the (a) delay angle of th
o, (b) delay angle of the armature circuit converter, o, t
current constant at the same value of I, = 45 A; and (c) po
due to regenerative braking of the motor.

by reversing the
d circuit converter,
intain the armature
ed back to the supply

Solution (a) From Eq. (10-18), the polarity of th

.
if

2V, 2 x 622.25 ‘

szTcosa,:7c p

™

Il
|

and this gives the delay angle as o, = 180°.
(b) From part (b) of mple 10-3, the back
is £, = 186.82 V and aft arity reversal E, = =
V,.=E, 186.82 + 45 x 0.25

From Eq. (10-17),

arity reversal
Eq. (10-3),

a

2V
V,=—2cosq, =
™

a

d this yields the delay angle of t ature converter as a, = 116.38°.
(c) The power fed back to the supply, P, = VI, = 175.57 x 45 = 7900.7 W.

. The speed and back emf of the motor will decrease with time. If the
armatu current is to intained constant at [, = 45 A during regeneration,
converter has to be reduced. This would require
the armature current constant and to adjust the

a closed-loop control to maint

ilay angle continuously.

o the output of a three-phase controlled rectifier
-phase ac—dc converter. Three-phase drives are
-power applications up to megawatts power level. The ripple fre-
the armature voltage is higher than that of single-phase drives and it
s less inductance in the armature circuit to reduce the armature ripple
The armature current is mostly continuous, and therefore the motor
formance is better compared to that of single-phase drives. Similar to the
single-phase drives, three-phase drives may also be subdivided into:

1. Three-phase half-wave-converter drives
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2. Three-phase semiconverter drives
3. Three-phase full-converter drives
4. Three-phase dual-converter drives

10-4.1 Three-Phase Half-Wave-Converter Drives

-quadrant drive a
The field convert
s drive is not normall
ins dc components.

A three-phase half-wave converter-fed dc motor drive is
could be used in applications up to a 40-kW power le
could be a single-phase or three-phase semiconverter.
used in industrial applications because the ac supply ¢
With a three-phase half-wave converter in a
gives the armature voltage as ‘

AEIZTN ¥
V,=————cosq, =
2w

(10-22)

where V,, is the peak voltage of a Y-connected t With a
three-phase semiconvert i field voltage as
V, = ™ (10-23)

10-4.2 Three-Phase Semiconv

is a one-quadrant drive and is limited to
d converter should also be a single-phase or

A three-phase semiconverter-fe

ications up to 115 kW. The
hase semiconverter.

With a three-phase semiconverter in the armature circuit, Eq. (4-54) gives

the drmature volt

Vo
(1 + cos a,) for0<oa,<mw (10-24)

er in the field circuit, Eq. (4-54) gives the field

(1 + cos ay) for0=a,=mw (10-25)

hree-Phase Full-Converter Drives

three-phase full-wave converter drive is a two-quadrant drive and is limited to
applications up to 1500 kW. During regeneration for reversing the direction of
power flow, the back emf of the motor is reversed by reversing the field excitation.
The converter in the field circuit should be a single- or three-phase full converter
to reverse the polarity of field current. A 68-kW 170-A microprocessor-based
three-phase full-converter dc drive is shown in Fig. 10-12, where the power semi-
conductor stacks are at the back of the panel.
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Figure 10, 68-kW microprocessor-
based ase full converter. (Re-
prod permission of Brush Elec-
17 achines England)

With a three-phase full-wave ¢
giv e armature voltage as

3V3V,

ter in the armature circuit, Eq. (4-57)

coS o, for0so, <= (10-26)

With a three-phase full co
voltage as

ter in the field circuit, Eq. (4-57) gives the field

(10-27)

converters are connected as in Fig. 10-14a. Either
operates to supply a positive armature voltage, V,, or converter 2
to supply a negative armature voltage, —V,. It is a four-quadrant drive
is limited to applications up to 1500 kW. The polarity of field current is
ersed during forward and reverse regenerations. Similar to single-phase drives,
e field converter should be full-wave to allow reversing the direction of field
current.

A 12-pulse ac—dc converter for a 360-kW motor for driving a cement kiln is
shown in Fig. 10-13, where the control electronics are mounted on the cubicle door
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0-13 A 360-kW 12-pulse ac-dc

ter fi drives. (Reproduced by

ission sh Electrical Machines
)

td., Englan

a pulse drive boards are mounted on the front of the thyristor stacks. The
co ans are mounted at the top of each stack. If converter 1 operates with a
delaylangle of «,, (4-57) gives the average armature voltage as

COoS @y for0=o, =7 (10-28)

f converter 2 operates with elay angle of a,,, Eq. (4-57) gives the average

armature voltage as

I COS 0y, for0=a,=m (10-29)

nverter in the field circuit, Eq. (4-57) gives the average

COS o forO0=a,=mx (10-30)

f

3V3V,
a T

Example 10-5

The speed of a 20-hp 300-V 1800-rpm separately excited dc motor is controlled by a
three-phase full-converter drive. The field current is also controlled by a three-phase
full-converter and is set to the maximum possible value. The ac input is a three-
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phase Y-connected 208-V 6()-1:}2“5‘21pp y. The armature resistance is R, = 0.25 (},
the field resistance is R, = 245 2, and the motor voltage constant is K, = 1.2 V/A-
rad/s. The armature and field currents can be assumed to be continuous and ripple-
free. The viscous friction is negligible. Determine the (a) delay angle of the armature
converter, a,, if the motor supplies the rated power at the rated speed; (b) no-load
speed if the delay angles are the same as in part (a) and the armature current at no-
load is 10% of the rated value; and (c) speed regulation.

Solution R, = 0.25Q, R, = 245 Q, K, = 1.2 V/A-rad’s, V
1800 w/30 = 188.5 rad/s. The phase voltage is V, = V,/V3
V,, =120 x V2 = 169.7 V. Since 1 hp is equal to 74

current is /.4 = 20 X 746/300 = 49.73 A; and for maxim
a, = 0. From Eq. (10-27),

208V, and w =
8/\/3 = 120 V and
the rated armature
possible field current,

169.7
V= 3V3 x 2L
v
Y207
R, 245

(a) 1{1 = Im(ed = 497

E, = K, ‘ x 1.146 x 188.5 =
v, = 259.‘;{, 9.2 + 49.73 x 0.

From Eq. (10-26),

this gives the delay angle as «,
(b) I, = 10% of 49.73 = 4.973 A and

E,=V,— R, =271.63 — 0.25 x 4973 = 270.39 V
30
6.62 rad/s or 196.62 X — = 1877.58 rpm.
T

_1877.58 — 1800

— 7
1300 0.043 or 43%

0-V 900-rpm separately excited dc motor is controlled by a
ase full converter. The field circuit is also controlled by a three-phase full

erter. The ac input to the armature and field converters is three-phase, Y-
connected, 208 V, 60 Hz. The armature resistance is R, = 0.25 Q, the field circuit
resistance is R; = 145 ), and the motor voltage constant is K, = 1.2 V/A-rad/s. The
viscous friction and no-load losses can be considered negligible. The armature and
field currents are continuous and ripple-free. (a) If the field converter is operated
at the maximum field current and the developed torque is T, = 116 N-m at 900 rpm,
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determine the delay angle of the armature converter, o,. (b) If the field circuit
converter is set for the maximum field current, the developed torque is 7, = 116
N-m, and the delay angle of the armature converter is o, = 0, determine the speed
of the motor. (c) For the same load demand as in part (b), determine the delay angle
of the field converter if the speed has to be increased to 1800 rpm.

Solution R, = 0.25 Q, R, = 145, K, = 1.2 V/A-rad/s
phase voltage is V, = 208/\/3 = 120 Vand V,, = V2 x

(a) T, = 116 N-m and w = 900 7/30 = 94.25 rad/s.
a, = 0. From Eq. (10-27),

3 x V3 x 169.7
=

V, =208 V. Th
= 169.7 V.
aximum field current,

From Eq. (10-4),

E

8

vV =

a

From Eq. (1