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a1t [: Power Electronic Devices

Power Electronics: application of solid state electronics for the contro! and conversion of electric power by

supplying voltages and currents in a form that is optimally suited for user loads.

A Block Diagram of a Power Electronic System

Power input Power Power output
b | processor [ | v, Load
L Ey
Control -
signals Measurements
Controller fe— Reference

The main components are;

Power Processor: tt is a power conditioning circuit {a converter). It consists of passive elements and devices

{active switches).

Controlfier: Integrated circuits {analog/digital signal processers)

Load: Static — residential lighting, heaters, power supplies

Dynamic {Rotating) — motars and machines in general

axt
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Applications

Typical applications of Power Flectronics are:

1. Switch Mode (DC) Power Supplies and Uninterruptible Power Supplies {UPS). They are used for

temputer, communication equipment and consumer electronics which need regulated and

uninterruptible DC power supplies.

S b, E——

3. Process Control and Factory Automation — Robots and Factories
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4. Transportation: Electric trains and electric vehicles

Mot to scale!
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6. Utlity-Related Applications: transmission of power over High Voltage DC {HVDC), interronnection of

PhotoVoltaic (PVY} and Wind electric system with uiility grid
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Basic Semiconductor Physics

Semiconductors

A single crystal of a semiconductor (Silicon), which has four valance electrons {Group Four of the Periodic
Table of Elements shown next page), is composed of a 3D regular array of Silicon atoms. Each atem is bonded
to four nearest neighbors by covalent bonds composed of electrons shared between the two adjacent atoms.

A two-dimensional array of Silicon atoms is shown in the Figure below.

_, T
i':::g (@J (@) ()

="

OO0

T |

Covglent bond Meutral silicon sfom

i & At temperatures above absolute zero, some bonds are broken in process called
which creates a free electron and leaves behind a positive charge {a hole).

® Thermal lonization generates an equal number of electrons and holes.

Doped Semiconductors

Doping Process: is the addition of an impurity material to the semiconductar to change the thermal

! equilibrium density of electrons and holes (change its resistance)

Extr{a valance
electron
n-type: the impurity material is an element from column V of the Periodic ]

Table, such as Phosphorus (P}, which has five valance electrons (it wili be @:@:@

named a donor). The electrons are majority carriers and holes are minority l

@

carries in an n-type material.

Y

- ; . . . Empt
: p-type: the impurity material is an element from column il of the Periodic  bond ( l
Table, such as Boron (B), which has three valance electrons {itis named an D "“ %
P acceptor). The holes are majority carriers and electrons are minarity i ]

carriers in a p-type material.
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pn-Junction

% p-type and n-type doped semiconductors are used to form the pn-junction which forms the hasic
structure of many power electronic devices:

& A pn-junction is formed when an n-type region in a Sificon crystal is adjacent to a p-type region in the

same crystal. Such an abrupt junction can be formed by diffusing acceptor impurities into an n-type

Silicon crystal {or diffusing donors into a p-type Silicon crystal).

% QOnce the pn-junction is formed, the majority carriers diffuse from either side of the junction and cross
the junction to the other side, leaving behind ionized atoms. Hence, forming a depleted layer {space
1 chargs) free of charge carriers, as illustrated in the Figure below.
- M.j:fr:.‘tug;“l }———»z
Metallurgical junctien ” N
T
- i
- + !
P T - + El
il 4 g T +
e e R ]
- £l
B - +
[
Space chergm
toyer width = W
# Fora

1. There should be a lightly doped region at least at one side of the junction.

2. There should be a wide region to accommodate the depletion layer, which widens as the applied

reverse voltage increases, as illustrated in the Figure below.

-
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Power Semiconductor Davices
According to thelr degree of controliability, power devices can be classified into three groups:

i Power Diodes: On and off staies are controlled By the power circuit,

2. Thyristors: They can be latchad on by the cantrsl signal, but must be turned off by the power cireuii,

3. Comirollable Switches: turvi-on and turn-off are achieved by the control signal.
The latter category includes:
Gate Turn-Off {GTOs) Thyristors, Integrated Gate Commutated Thyristors {1GCTs), Bipolar Junction
Transistors {BiTs), Metal-Oxide~Semiconductor-Field-Effect-Transistors (MOSFETs), Insulated Gate

Bipolar Transistors (iaBTs), MOS—Controlled Thyristors (MCTs),...
Power Diodes:

2% Samples of Power Diodes are shown in the Figures below.

&  The layers’ structure of a Power Diode is shown in the Figure below.

Aneda
[
+
.......... . I O p" IR S %‘ ..
\\ N, - golﬁm—3j 10#‘“
] ghdnw
reakiown N )
. Orifl region
n el JERPYSY [ F | woltage :
v 3 A,y = 10V%em depengent of thichness Wy
u’ substrate Ny = 10Wem—2 250 pm
L Cathede



2 |t has a lightly doped n-layer {(n™} called a drift region or epitaxial layer. This layer accommodates the

depletion layer during the blocking state.
'® They are minority carrier devices; the current conduction is dependent on both types of carriers

(holes and electrons).

B> The effect of nt is to reduce the resistivity of n™ during conduction,

8 The symbal of a Power Diode is shown in the Figure below. 1t has two terminals; Anode (A) and

Cathode (K).

Anode O e = Cathode

B The current-voltage {i-v) characteristic of a power Diode is shown in the Figure below.

Vi

BVg,

Idealized Characteristics

s A Power Diode begins conduction, when a small forward voltage is applied across it, which is in the

order of 1V {i.e. Vy; > V).

@ The voltage drop across the Diode during conduction is:
Ve = V} + IRon

where V; is the voltage drop across the pn-junction (~0.65V ¢o0 0.7V for Silicon), and

R,n represents the resistance of the current path in the Diode layers.’
¥ When reverse biased, a negligibly smal} current flows in the reverse direction as long as the voltage

‘ is less than the rated breakdawn voltage in nermal operation.

% . The.reverse bias veltage should not reach the Breakdown Voitage {BVgo). Otherwise, a destructive

current flows in the reverse direction; from Cathode to Anode.
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Mode Switching:

The current and voltage waveforms during a power Diode’s switching are shown in the Figure below.

A ey,
Vs .
s /j m\fﬁﬂm
/4’ ia o [ N A
. # N
i 4 *
(i) . N 5
3 g Fr——
Vip T
W) .
v,
D DI
}
=Yg e llf 5= L3
1 by —ted 2]

Tarn-on:
Itturns on fast. However, a forward recovery time {ty= t1+ 2).is needed before the entire area of the junction

becomes conductive and di/dt must be kept low to meet the turn-on time limit {minimum t).

- Turn-off:

At turn-off, the Diode current reverses for a reverse recovery time (t; = 14 + ts) before falling to zero and
blocking a negative voltage. This time is needed to remove excess carriers in the diode.

in the above Figure, G, is the reverse recovery charge.

e is the reverse recovery time; it is the time needed to get rid of the excess carriers {or reverse recovery

charge), and tr=ty + 15

It is the reverse recovery peak current
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Note: At turn-off, the overshoot in the Diode’s voltage is due to the voliage induced across the stray

inductance in the circuit (L E_E = V.. — Vp). Also, at turn-on this overshoot (Vep — V,,,) is attributed, besides

the voltage induced in the stray inductance, to the high resistivity of the drift region before being conductivity

modulated.

i
£ t F 1, fe—
§== or §=-2 "
t t

4 a

it should be greater than ‘1’ for Soft Recovery Diodes, otherwise the diode

will be Snappy, and oscillations wiil be encountered in the diode voliage

and current as seen in the Figure next,

Types of Power Diodes:

1. General Purpose Diodes (Line Frequency Diodes): the on-state voltage is minimized and as a

cansequence, i, Is larger than that for Fast Recovery Diodes. Power ratings: several kilo Amps and several
kilo Voits.

2. Fast Recovery Diodes: their recovery time is less than few microseconds (£, < 54ts), their powey ratings

are in the range of several kilo Volts and several hundreds of Amps.
Note that the first and secand types are manufactured based on a compromise between the switching
speed (frequency and t.) and the on-state voltage drop (Von); i.e. power ratings. This compromise is

achieved by Life Time Control of Carriers and creation of Recombination Centers using gold doping or

electron irradiation. Bearing in mind, that the Breakdown voltage is inversely proportional to the doping
level,

3. Schottky Diodes: These Diodes have a metal replacing the

p-type and forming an abrupt junction between the metal

N A n-pmscnhnh: Dup by daryatv
and the n-type, as shown in the Figure next. They are e s m::‘.;n;::uzm

majority carrier devices; the current flow depends on

electrons only. Since there is no stored minority carriers

l \Nm‘num entat]—ohima

fast switching Diodes and t,, is in nanoseconds. They have a Cathorse

that have to be removed at turn-off, Schottky Diodes are

~0,3v-0.4V), but they have |

{100-200V)

and high leakage currents. Their current rating is up to 300A.

‘ - Note: guard ring structure is used for improving the Breakdown voltage capability.
|
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Thyristors: Semiconductor {Silicon) Controlled Rectifiers {SCRs)

= Sampiés of Thyristors are shown in the Figure below,

#  They are minority carrier devices.

B They havefour-layer structure as shown in the Figure below.

Ga@&% Cothode tgs

1 “11@
1 e
= 3 7 i, ™ B Ay
\ P 187 em J 160 g
dz
n” 10" - § x 20%%em ™3 lﬁm
oy 0
AE L —3 -
j s 13 em . \ 50 wm
] " 3 .

P i0"%m

with no gate current, is responsible for supporting a forward voltage (forward blocking). Hence, if no gate
current is applied, an SCR blocks current in either direction. In general, the voltage blocking capability of
an SCR is equal for either polarities.

B The simplified layers’ structure of an 5CR, shown on the next page, comprises {is equivalent to) iwo Power
Bipolar Junction Transisiors (Power BITs); one pnp {{(pfp:InTp2) and the other is npn-type (nypzni).

The hases and collectors of these transistors are connecied together as shown nexi page.
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It can be proved that the Anode current {/,) is refated to the Gate current.{{;) and the current gains of

the two transistors by:

- alg + Icoy + f_coz
4 P = (o + ay)

where o; and o are the emitier-to-collector current gains for transistors Oy and Qu, respectively.

lco is the reverse saturation current across the collector junction.

At low currents, the sum of ay and a; is less than unity, hence a low current flows (in the range of micro

Amperes for low current devices to few hundred milli Amperes in very high current devices).

If &1 + oy approaches unity {0 and o, increase due to the decrease in the transistors’ effective bases
when a large forward voltage is applied or a gate currentis injected) abruptly a large Anode current flows,
which is limited by the external circuit. In other words, two weak transistors {of low o's) produce a very

high current carrying capability device; the Thyristor.

The symbol of an SCR is shown next. It has 3 terminals: an
Cathedte
Anade [A), a Cathode (i) and a Gate (G).
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¥ The i-v characteristic of the Thyristor is shiown below.

ind
Forward ; Pt
G EeT G
/ an-state
i e’f’""‘y} E
i & oz f
O S A ! 7 G
[ g I P
Vi ! - e
XJR\NM i J ) j
‘ e y
—— = = Vak
i 0 Y Y V.,V
. 3 2 1 80
Reverse Blocking :
%;.%a__%} state Vi Voo Vg
Forward Blocking
Break down
state

The Latching Current {I; }: Is the minimum Anode current required to maintain the Thyristor in the on- state

imrnediately after the Thyristor has been tumed on and the gate signal has been removed.

The Holding Current (¥4l is the minimum Anode current that can flow through the Thyristor and still

maintain the device in the on-state; 75~ milli Amperes.

Note that {y < I}, because the gain of the two equivalent transistors {oy and ow) is higher when the SCR is

conducting.
Vao: the Forward Break-Over Voltage

" Vrwm: the Reverse Working Voltage

The on-state voltage drop (V},,,) is 1-3V depending on the voltage rating, and is represenied by:
Vageony = Yoy — V2 ¥V + Voo
ia

The i-v characteristic of the SCR can be idealized as shown in the
_,_,.ﬂn-siate

‘{Mo-m
Lt U
f a H‘ AKX
Raverse Farwarg
hleching pleting

Figure next.
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Turn-on

|
|
|
|
\
} # It can be turned on by applying a pulse of positive gate current for a short period of time provided that
the device is in the forward blocking state (V74 > Vi ). Once the device is latched on the gate current can
| be removed and the gate circuit loses control over the Thyristor.

% The Gate current {Ig) is in the range of 0.1A to 0.3A for 6000A device, and the Gate—Cathode sighal

required to turn-on a forward biased device is Vy;, = 3V — 5V,

# The Figure below shows an SCR implemented in a simple chopper circuit.

vy Vo

. 100V —=— 10 @

—

0

# The switching waveformsare shown below. The Thyristor is turned on by applying a pulse of gate current,

-and stays on as long as the Anode current is greater than the Latching current, even if the gate pulse is .

removed. Applying another pulse of gate current has no effect on the Thyristor.

k3

which damage the SCR. Hence, a protection Diode may be connected in series with the

SCR’s Gate terminal to rectify the Gate current direction.

0A - y o

- 100V

SUV B D

ov i

= Os 2ms 4ms gms 8ms 10ms
i V&

Time
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& The minirurn positive gate pulse widih should be greater than the time needed for the Anode current

0 become greater than the Latching surrent {imporiani for RL loads as shown below).

SR
i % &
j R =
s IR
] TE} g Vi 10 = R
4 16 .
O il @ -
T =2ms [
TF = 100ns 1,
PW = 100us 1om £
FER = 3ms i
M1 =0 8
TR = 100ns
2 =5V

%  The switching waveforms for an RL load are shown below.

5.0V _I
ov ] n
B QWL — e
VoK
-lOA,.l,. . [ — el e i~
5A / ]
DA ~
" a
100V l //_‘_,,,,.,..-——w-—“
RS
i [ b 1 ] ¥
ov -+ ; } o 4
Os 2ms dms 6ms ams 10ms
© Ve Time

Turn-off:

The SCR can be turned off by an external circuit forcing the Anode current through the device o be less than

the Holding current,

Turn-off time (tq): is the time interval between |,

daird

the instant when the principal current has
decreased to zero, after external switching of the
principal voltage, and the instant when the
Thyristor is capable of supporting a forward
voltage without turning on, as illustrated next.

Normally, it is in the range of 50us to 100us.

vagx()

[
SRR, b N - RO O p
' ! ta
o i e
2y i,
i dug
]
’-*\-_‘,_\
° f
Vaey

]

Turn-off thne {tg) ——



Types of Thyristors

1. Phase—Control Thyristor: It is used in rectifying the line frequency voltage and current. It has high

current and voftage capabilities ~8kV and 6kA. If fact, it has the highest power ratings amongst power
electronic devices and it has the lowest on-state voltage drop {,,,). But, the switching frequency is very

low; less than 200Hz!

2. Iaverter-Grade Thyristor: It has a small ty (few micro seconds to 50u5) compared to the first type. But

the on-state voltage drop {V,,) is higher and the power rating is Jower than that of the first type,

3. Light Activated Thyristor: it is triggered on by a pulse of light guided by optical fibers; light with an

appropriate wave length generates hole—-electron pairs in the Silicon. Rating ~4kV and 15004

Types 1 and 2 are manufactured according to a compromise between (t, & switching speed) and (on-state

voltage drop & power ratings).
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Turning off Thyristors

A conducting Thyrister cannot be turned off via its gate. However, to turn it off, the value of the Angda

current has to fail below the Holding current.

in AC circuits, the current is sinuscidal and naturally falls below the Holding currert, The turn-off process is

callad self commuiation. In these circuits, the Thyristor ks self-iurned off.

If Thyristors are used in Controlled Rectifiers or Inverters, thay are turned off in 2 process called Line or Load
commutation, respectively, Commutation 1o indicate that the SCR’s current commutates to another path in

the circuit.

In DC circuits, an extra circuit is added (to the power circuit) to assist turning off the conducting Thyristor.
Commuiation Circuits are named according to the strategy implemented to achieve current commutation

and Thyristor’s turn-off. Various types of Commutation Circuits are available, some of these:

1- Rescnant Commutation Circuit

2- impulse Commutation Circuit

3- Complementary Commutation Circuit
"5~ Load-Side Commutation

6- Lline—-Side Commutation
Resonant Commutation Circuit

An example of 3 Resonant Commutation Circuit is shown in the Figure below, and marked in a dashed box. It

consists of two Thyristors (T and Tez), an inductor {L), and a capacitor {C}.
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T
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Principle of Commutation Circuit Operation

The complete simulation circuit is shown in the Figure below. The foad is assumed to be highly inductive and

is represented by a current source {of 304, in this case).

- Va Jm
¥ 17
R3 MCR 15088
10\ Rz
MERIS06E-R [[5)
vi=p Vaie, 30A Cj
Voo yi=g Ve V225V 2 )
100V V2 =5V = IB=1ms TD = 5ms
TD=2ms TR = 100ns TE=1000s 2% T
TR = 400ns TF = 1008 Py = 30U Dibreak
L ioious | 7F=100n B = 30u PER = 10ms
N PW = 30us PER = 10ms HCRIZM-G vi=g
PER = 10ms TR = 100ns
V2 =6
. C :II: 300
0
_ The waveforms, shown below, illustrate the circuit operation and commutation steps.
[
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« Vaket
5.0V = . e g e e ..—..Hw‘f.fflﬁ 77.-5‘,#, FREEE IR o :
ZEY |- amernm e e o e ! R A ! 5‘77 f* IO B q bl
' f ! ! : i
ov -
o Varez
40A __..______77‘17, TS + - :_ [ ‘._.—.[. v,,,.‘ — , - Tﬁ ‘.
208 N IEREEN B
OA - p— R | ey
220V - 5 ‘
110V - 1 } :
ov }. .
200V - ‘ S— : R ‘
100V JL_rn——-———-—m-—’\ c L \ .
v == . . i o l B e e
B Os 4ms Bms 12ms 16ms 20ms
VK Time
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&  The main SCR {Tw) is turned on ai & = 1ms.
B Cornmutation is achieved by the following steps:
% When Tey is triggeved {fired) {in this case at £ = 2ms), a resonant LC circuit is formed, as shown in

the dashed bex below.

om oo G o T e e o T

| i £t

C T VC{?}

N g |

Applying KVL for the resenant LC circuit yields (neglecting the voltage drop across Ta (Von)):

0 1
Vpc—L it '{"C‘Ilct)dt

The inductor current {also, [pgq) is:

i{{t") = Asinw,t’ + B cos wyt' ; s <i' < L?T— after redefining the time
a .

where the Resonant Frequency is:

Initially, the inductor current is zero; l.e. at t' = 0s,

[=0=B=0
The'refore, A=Y
wol
it = %sin wyt! ; Os =t' < mi,,
The capacitor voltage is:
Ve(t) = = [ i(t) dt + constant
= V(") = Vpe (1 —cos ;uot’j o ;‘ - '05 < ¢ gf;-
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1

At w t' = m, Ve = 2Vpc, and Tei turns off as its current falls below its Holding value (thé current
cannot be negative in an SCR}.

The capacitor holds its charge because Tez is off. And the resonant circuit is ready to turn-off the main
Thyristor at will.

When the main SCR s to be turned off, T¢ is triggered (in this case, at t = 5ms) app|ying'a reverse
voltage across the main Thyristor (V3 = Vpe and Vy, = 2V;,¢). Hence, causing the main Thyristor’s
current to commutate to Tea.

The load curvent {I,,) is now supplied from the capacitor’s charge, and the c_épa citor starts discharging

linearly because the load current is constant; i.e.,

_ dv e
Io = dat

For a successful turn-off of the main Thyristor and proper commutation, the capacitor voltage, and
thus Vi, must not fall below Vo within a time less than the tum-off time of the main SCR (¢,).

Therefore, the value of the capacitor (£) is selected according to:

At
2 ay

€=
where At = t, of the main Thyristor, and AV (= 2Vpe ~ Vi sinat) € Ve

Note that the inductor value dictates the value of the required resonant frequency.

The main Thyristor Is turned on again (at ¢ = 11ms, in this case) and the procedure for cammutation

is repeated!
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TRIACs

Main Ternminal 2

A TRIAC name is from TRiote (3 Dicdes) for Alternating Currant. The TRIAC (MT)

syathol is shown in the Figure nexd. It has 3 rermpinals: MT., 8T, and the Gate. Gate 7

‘ Main Tetrninal 1
(MT)

: fain Terminal 2
it is equivalent to two anti-paraliel Thyristors as shown in the Figure next. (MT,

¥ [
Gate —
|

Matn Terminal 1

L]

The current-voltage characteristics of a TRIAC are shown in the Figure below. (MT,
Cuirent Ciestate
BiT2 Posftive
Quadiant 2 Quaidrant 1
.UoEnge ] M Voﬁ:‘age
o et
kkkk T'u
Oifsiale
HT2 Heyative " Quadiant 4
aadzant 3

ERETET

} —=Hulding Turrent

A TRIAC can conduct current in both directions. To conduct a current in a particular direction {e.g. from
MT. to MT;), the respective Thyristor of the equivalent Thyristors should be forward biased {i.e. Vurz >

Vi) and an appropriate puise of gate current (+10mA to 2100mA) is applied.

Hence, it is used in AC circuits; typical Applications: AC voltage controllers and Light Dimmers {as in the
Figure below). The value of the output voltage can be controfled by the gate of the .'.FRl.AC; via the firing
angle.

Lamp

v

AG
source
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Switching Waveforms of 2 TRIAC

A TRIAC may be implemented in the circuit below to control the output voltage (rms vaiue).

TRIAC *

The switching waveforms are shown below. Portions of the sinusoidal voltage are chopped, resulting in a
lower rms voltage at the output.

50V y T o

o ﬂ
R b ) ‘ E

d00y Vo

0s ms , 10ms 15ms Z20ms
A Time :

: The voltage and current ratings of TRIACs are moderate compared to that of Thyristors; up to 1000V, and less
than 100A.
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Switching in Controllable Switches

same of the desired characteristics of an ideal switch are:

1. Blocks arbitrary large forward and reverse voliage with zero current flowing during off
4. Conducts arbitrary large current with zero valiage when on

Switchaes from on to off or vice versa instantancoushy at will

[543

£

Yanishingly smail power required from the gate drive to control the switch
However, reai devices do not have ideal characteristics and, therefore, dissipate power when used.

Too much power dissipation may lead to destruction of the device. There are two main sources of power

dissipation:

i} Switching Losses

i} Conduction Losses

Power Dissipation in a Chopper Switch with an inductive Load

Consider the chopper circuit shown in the Figure below. The current source represents a highly inductive
load. The diode provides a continuous path for the load current when the switch is turned off. Hence, the

diode clamps the voltage and prevents the occurrence of destructive voitage spikes.
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The switching waveforms of a controllable switch implemented in the chopper circuit controlling an inductive
| . load are:
- : Switch

f control
signal

befine the turn-on crossover time as:

teom) = by + tey

At turn-an, the energy dissipated in the device can be approximant as:

2;
é‘
]
1
x
3
3
]

2
i
)
_‘
!

1
Weony = 7 Valpteon)
The turn-off crossover time is:

Loofpy = brn T Up
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During turn-off, the energy dissipated in the switch (W o) is;

s L,
Wetorny =5V alsloqupy)

There are f; turn-on and tirn-off transitions, where f is the switching frequency and equals 177,

cart b2 approximated

Therefors, the par

252

Devices with short switching times can cperate at high switching frequencies, which reduce filtering

requirements.
buring conduction, the energy dissipated in the switch is:
Won = Vonloton ; ton  Lerony 07 fecarn)

The average power loss dissipation during conduction (£, ) is:

_ Voulolon
. PD]’I - T
5

The energy dissipated in the device may be removed by shown in the Figures below, o

depending on the device used.
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SISV,

Example: Power Dissipation in a Controllable Switch Implemented in a Chopper Circuit

Controiling a Resistive Load

Assuming linear voltage and current switching and V,,, KV,

§. Plotthe switching waveforms and find the average powerloss in
the switch shown in the circuit next.
%
. If Ve =300V, f.= 100kHz, R= 75Q, ooy = 150ns and fyopp) = Vd i‘“}

300ns, calculate the switching power loss.

Solution:
Gate Signatl

The switching waveforms are shown

T

in the Figure next. vr

Va

[{ii 18

At turn-on transition, the energy loss is:

te(on)
Wc(on) = ch(on) dt = J-D tor) ir(t) vp(t)dt

For 0 <t < teqgny, the switch current rises linearly as:

() =1, —

o rc{on)

and the switch voltage falls also linearly as

ve(t) = V, (1— : )

EC(Dn)

Therefore, the turn-on energy loss is:

Ecton t t
Wc(m:) = IO ¢ )!o Vd (1 - ) dt

Ecton) te(on)

r 2
Wc(on) = jotdml) o (t - )dt

tc(an) tc(un)
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ic{on)

IVq fi2 5
Wy = A (E )
clon) tegomy \ 2 3Ee(on)

1}

W BV fteem® Geam™y

Ye(on) T} 5 3 J
clon}

I;Va {tc{onﬁ}

Lepom) &

W, (o) =

i ¥y ltc(a'rz)
i/Vc'(ml) =%

Similarly, during turn-off transition, the current fails tinearly as:

(6 =1, (1- =) 0 <t < tagorp
and the voltage rises linearly as:
¥
V() = Vas
cleff}
Thus, the energy loss at tm-oif is:
NSRSV £y . r
LT I Y ) o - i\ D‘:C‘;;‘JK}’! ':{‘:l“ft‘

teta IV t2
Weorny = [ - (t“ )df

0 te(aff) Ee(os
W AL (f e ) fetoffy
I ™ torn\2 - Btaorn/ly
W _ JovVa teorn” _ Eetorp®
cloff) tetoff) 2 3
W _ IVa (teorn®
c(offy — te(of ) 6
_ NaValearn
Wetorn =%

The total switching energy loss is:
oV
W, = Wc(on) + Wc(aff) = "D_'d_(tC(OR) + tC(fo})
6
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Note that, the switching power loss for resistive load is 1/3™ that for inductive toad.
During conduction, the energy loss in the switch is:

Won = Vonloton ton ? teqom) OF Lefory)
The average conduction power loss is:

Pon = Vonlsfston

Forthe givenvalues: P, = £ X(100X10%)X300X4X[150 + 300]x1077 = 9w
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Snubbears
They are circuits consisting of cirouit elements such as: R, I, ©, or Diodes, and are used to protect the power
davice from high dv/dy, difdt, or switching power foss. They are 1w maln types:
A) Turn-CFf Snubber:
Anerample of 5 turn-off snubber drouit for a 670 s shown in the Figure below. “R’ it '?‘.he discharging

curent, and dissipates the capaditor energy.

» Enubhar
ireuit
[P SR
! _i do at
A i | df
1 | tern-oi
&Y0 & : =C g
¢ | i
Gete j t
driva E YD
eireuit i !
§ b
< 4 i & ¢
K o A 0
faf (4)
B} Turn-On Snubber ' ‘ —w,Tn_m
¥ o . T e ol &y 2 {5!9
An example of a turn-on snubber for 2 BiT is shown next, +
e
Z%Dm
£ § ?Rz.u

“R” sets the discharging rate of the inductor energy. The effect of the value of “L" in the turn-on snubber

on the switching waveforms at turn-on is shown in the Figures below.

L, smalt
L, large ic
I E e
gi
L, 141
(i

I*‘“*“”"’“’”‘gi’i 1)
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Desired Characteristics of Controllable Switches

- ‘ 1. Asmall leakage current during off—state

2. A small on-state voltage (V,,,) = minimize conduction power loss

3. Short turn-on and turn-off times—=> minimize switching power Joss

4. Aarge forward and reverse blocking capabilities = no need for seriesing devices

5. High on-state current ratings - no need for paralleling devices

6. Positive temperature coefficient of on-state resistance > paraliel devices will share the current

equally {e.g. Power MOSFET)

o e
__w_.-o—j,—w—zlz: 7

7. small control power - simplify the control circuit design

8. Capability to withstand rated voltage and rated current simultaneously while switching = eliminates

the need for sunbbers {protection circuits)

9, large di/dtand dv/diratings = no need for sunbbers to stow down switching, which are usually used

with the SCR and its derivatives.
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Types of Controllable Switches

A} Bate Turn-0fF Thyristors {GTOs)

> They are minority carrier devices, usuaily with a forward blocking capability only. However, some could

have alsn a reverse blocking capability.

B The GTD, as its name indizates, can be turned off via the gate.

¥ The GTO s a self turn-off Thyristor, but has a higher on-state voltage (1, ) than that of an equivalent SCK

{for example, 2.4V for 1.2kV and 500A device).

¥ The symbol of a GTQ, shown below, has two directional arrows at the Gate terminal to indicate that both

directions of gaie current are allowed. The other terminals are the Anode {A) and Cathode {K).

-0 Cathode

Aneda o=

¥ A GTD has a binh

FEUETEE PN P JURPRVGS SR SUNE 7 A - [ EE

the device, simuitaneously.

> Layers’ Structure

wotucd pirks

The layers’ structure of the GTO is shown in

the Figure nexi. It is modified from the

L)

SHoits. These modifications help the turn-off =

®
g o e TN

at

Gty
seipization

[

J

N
process, without a much reduction of the ™

carriers’ life time.

Anode Shorts
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A

'

The! | by removing the holes from n* layer {and electrons from

the p* layer) by recombination and diffusion. This avoids reducing the life time of carriers to extreme

values, which increases V,,, to unacceptable values.

might be a disadvantage insome

applications such as Current Source Inverters (CSIs}).

GTO's Switching

For a GTO implemented in the simple chopper circuit, the switching waveforms are as shown below.

o | L . -
2 | : ; 1
5
. I
il ==V Vo loc | i
L !
- !
t :
04 Lo .
ko
voo :
: ;
= - o i .
=0 :
oV T r
fis ms ams 6ms Bms i0ms
ERAVE Time
Turn-on:

When forward biased, it can be turned on by a short pulse of positive current applied to the gate.

Turn-off:

A GTO can be turned off by a short pulse (~50us) of

negative current drawn from the gate. However, the

gate current must be very large, on the order of 1/5t to

1/3" [corresponding to

of the anode current being turned off.

Some GTOs ratings could reach 6kA and 6kV.

The Thyristor’s family has poor switching capability; for GTOs the maximum switching frequency is less

than 1kHz.
An Integrated Gate Commutated Thyristor (IGCT) is a GTO with an
optimized gate drive manufactured with the power device in one

package. The Figure next shows sampiles of press-pack 1GCTs.
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B} Power Bipolar Junction Transistors (BJTs)

2@ Samples of Power Bipolar Junciion Transistors are shown below.

They are minority
carrier devices,

B They are either npn or pnp type, whose symbols are shown below.

0 Collector o Collector

o BIT Ba3g

& Emitter

B L. Bl ML _ . w0 b _ _ .4 _ .2y _ 1.iFr
CTIUUY. FL D a LITILS Lade ol o wWiuss chisle

region to accommodate the depletion layer associated with blocking high voltages,

i
Base 1% -3
thichnass 5-20 g 2 0 o
59“'269 i w" M om™?
{exdlectar drift
cuginm}
250 pm P 10'% m”?

I Collector

B2 A Power BJT has a forward voltage blocking capability only!
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Current-Voltage Characteristics of BJTs

The i-v characteristics of an npn type is shown in the

Figure next.
A Power BIT transistor has four operating regions:’l

. Cutoff:Jg <04

. Active region: the Collector current (I} is
controlled by the Base current {{z); I = flp

Hi. Quasi saturation

IV. Hard Saturation: the load limits the collector

current, whilst the voltage drop across the device

Vee(sar) is minimized.

Grggi-saturatan 4

Harg
8 arl
3

Satendd Srodtdmen

fys = fga wic,

#¥czg / Ves
BHy,4 BY o

# BV Collector-Emitter Breakdown voltage when the base is open circuited

# {n the Active region, the Collector current (/) is related to the Base current {Iz) by:

Ic = Blg

it is small because of th

# To be fully on with low voltage drop, /g shoﬁlci be greater than [z = —

ic

8

#® A Power BJT is a current-controlled device, therefore it needs a continuous Base current to keep itin the

on—state.

® The switching waveforms of a Power BJT implemented in a chopper circuit are itlustrated below.

ey =" Rb

APA
a2’

50V

ov

500mAT

DA 1

100V

TVeE
g N

. I
Os Zms 4ms Ems ams Loms

Time

& During conduction, and Hard Saturation, the voltage drop Veg(sar) is in the range 1 to 2V.
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B The switching time ranges from hundred nanoseconds to few micro seconds, thus the switching
fregquency is up to ~1i0kHz.

£ BiTs have higher switching capabilities than that of the Thyristors and their derivatives,

£ BT is available in a voltage rating up to 1500V and a current rating of few hundred Amps; 1.2kA and 7

1500V device |5 available.

g Ui tdenlized saitching trajetiary 7
: ol ﬁiﬂd@-—é!émp@g inductiva Lamax
ircuit
2 BIT does not have a square Forward , ?m'
Ol 7 5
Biased Safe Operating Area, as shown ‘/// e }‘\ J \ e
i . . . A " ¥ 25 -5
in the Figure next, which necessitates 2, . Yl Bl Sngd
. 2, A breshdowin
the need far connecting turn-on and Y
B, N 110 %sse
turn-off snubbers when switching a A
highly inductive load. ‘
A Y1070 s
Y A dc
%

#  The current capability of a BJT may be increased by using a | 2 {double (Figure (a}
befow) or triple Darlington (Figure {b) below}). However, a Darlington configuration is slower. f the

Darlington is manufactured on a single chip, then it will be called monalithic Darlington.
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Exomple: Find the current gain (G = }{Q) of the triple Darlington
B
Iy = Bilgr = B1lp
Ige = (1 + f1 M5
ez = Bales

lez = Bo{1 + 1)l

Ipz = (14 B2 (1 + i)

Iez = Balg2
Ies = Ba(1+ B2)(1 + Bi)ln

Curreat Gain:

ic
G=—
Ig
G = leaticatics

Iy

o = BB BIs B (14 B2)(14 0, e

th

G = 8182 (1481 )+ Ba (1+82)(3+F1)
1

G = Bl + BZ + B].BZ + B3 + BlBg + BZB3+ BleBB

Therefore, the total current gain is:

G = Bl + BZ + B3 + BIBZ + BIB3 + BzB3+B—IBZB3
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O} Power Metal-Onide-Semiconductor-Field-Efect-Transistor (MOSFET)
b= A Power MOSFET is an exiension to enhanced MOSFET.

B Power MOSEETs are of two types; n-channe! (Figure {a} below) and g-channel {Figure (b} below).

£ [oR e
i
= =
s luw u?m% sy
= -
N S
o8 DE
fand %)

B The terminals are named: Gate (G}, Drain (D) and Source {S).

B The layers’ structure of an n-channel Power MOSFET is shown in the Figure below.

Source
0

Gate conduelor

R e At B R A AR ARRRIARND o

B hOER S A AR RSN % % %R

short Gate ozide

wt nt 7T~ e TN et at
1
p ody) L p ooty 1}
] ] T

e . Channel (gate) : | lintegral

{GFiH region) 4| o IE tength (L) T"E‘ diode

i 1 '.T:
+ [ ' Vi

B~ The structure has a builtin

Therefore, it

B A Power MOSFET is a majority carrier device and has a forward blocking capability only.
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B The i-v {output) characteristic of an n-channel Power MOSFET is shown in the Figure below. It has three

main regions: The Cut-off region, the Active {Saturation) region, and the Chmic region.

ip |
po—lugs ~ Yosum = vos)
Ohmig ;
1 Yugs _J
Y]
b pctive
J
i Vase jﬂ
7 Vogs > Vgau ate.
Yosa j
Cutelf
Vase / j
Vos < ¥,
Vs / Gs Gsﬁb)"}
0= i / Ups

BVpe

For p-channel MOSFET, the i-v characteristic is in the 3" quadrant.
BVpss: is the Forward Breakdown Voltage.
A Power MOSFET is in the Cut-off region when the Gate-Source voltage (Vy5), for n-channel, is less than
the Threshold voltage (Vgs(eny) (2V to 4V); the device is blocking.

¥ Viseny: is the minimum Gate-Source voltage required to form a channel (an inversion layer) and turn-
on the device,

P When the Gate-Source voltage is increased above the Threshold voltage, the inversion fayer is formed as

ilustrated below, and the MOSFET becomes conductive.

b Free
electren

B A MOSFET s a voltage-controlled device. It requires a continuous Gate-Source voltage to keep it on.
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B When operating in the Active region, the Brain current {Ip}is controlled by the Gate-Source voltage [Vis)

Eyye

In = k{Vgs — Vﬁs{m})?’

where & depends on the device geomelry
and doping lavels.

b When operated as a switch {in the

voltage drop s

the on-stais

represented by effective resistance of the
current path {Rpg), shown in the Figure next,
and the Drain current {{p} as:

Vou = Rpslp

&

Lmures atg

L
Crendlenee L T

Praurmutation X

N

_L_ w_iff =

\LJ

It is in the range 3V to 6V, depending on devices ratings!

s ....._._d—--"' * R S
v, I I E
fource rtglon ¢ mesiiande T,
rogistsor
n 4
- Deall fagn
n regitfatiia
Drain

& In the Ohmic region, the Drain current (/) is controlled by the external circuit connected to Drain and

Source terminals. in this region, the device operates as a switch.

p= The switching waveforms of 2 Power MOSFET implemented in a chopper circuit are illustrated below.

0

TD =2ms
TF = 100ns
PW = Ems
PER = 10ms

V1=0
TR=100ns
v2=15v

ol

B Note that the B

A

WJ

1

|

ZODmA'l' — T - I
t
oA I !—
h
-200mA -
|G
200V = _
100 TR e
2.0ms 4.0ms 6.0ms 8.0ms
Vo Time

& It is clear that only a charging or a discharging Gate current flows at transitions, due to the insulated Gate

of the device. Studying the small signal model of the MOSFET, which is similar to that of 1GBT, a topicto

be introduced later, explains this fact.

&
4@5
=8

of 2

[y
Lit

Page



Srnall signal Model of 2 Power MOSFET
The equivalent Small Signal Model of a Power MOSFET is

shown in the Figure next,

e The Drain current is dependent of the Gate-Source i}_ _i',
Voltage; Vgs T Cds vdS
e The value of the dependent current source depends a - o
on the device parameters and Gate-Scurce voltage. . B gm (VQS ~Vestn)

o The Gate-Source control circuit is responsible for charging/discharging the input capacitance {Ciss =
Cas + Cea) of the Power MOSFET, Hence, no need for a continuous Gate current during on-state.

e An external

B A Power MOSFET requires a Gate Drive to be switched from one state to another; a topic will be discussed

later in the IGBT lecture.

# A Power MOSFET has § f~1MHz {faster than BJTs).

B The power rating of a MOSFET is in the range of 1000V and 504; e.g. 1000V and 38A, 1500V and 4A.

Safe Qperating Area {SOA) of a Power MOSFET

a. A Power MOSFET has a Square Safe
N log {14}
QOperating Area (SOA}, as shown below, 4"

indicating that it is appropriate for 1,
switching a clamped inductive load
without the need for snubbers,

b. Mo distinction between the Forward Bias

(FB} or Reverse Bias (RB) SOA, as both are

Square. Noting that the MOSFET s

Forward Biased when Vgg =0, and is

EVpssl

¥

Reverse Biased when Ve = 0.
log (v g)
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D} Insulated Gate Bipolar Transistors (1GBTs)
Br  The symbel of an IGBT is shown in the Figure below; it has three terminals: the Gate {G], the Collector

{C), and the Emitter (£).

o Laliecin
e
Gae 7
K n,
ke
i Ernitter

B  The main fypes are: Punch-Through 1GBTs, Non-Punch Through iGBTs, and recently Trench 1GBTSs,
B  The Punch-Through layers’ structure Is shown below, The parasitic devices are also drawn dotted in the

Figures. The parasitic Thyristor should never be triggered, otherwise the IGBT latches, and cannot be

turned off via the Gate!

e Drsin drift sogion
PR - L i segia
ﬁ/aeﬂwaw
wdt ;\' L a It Layor B
DL - |
;

Darasitie Thuristor Srallactar l

B The junction j, is responsible for blocking a forward voltage, whilst j; is unable to block any reverse
valtage as there is no lightly doped Jayer next 1o the junction. In contrast, the Non-Punch Through iGBT
has no n® Buffer {layer) next to j,, as shown in the Figure below, which enabies the junction (J;) blocking

reverse voltages;

Injaciing Layar
EM |/

gCoIlector

2 The IGBT combines the best features of the Power MOSFET (fast switching and small gaie control power),

and the best features of the BIT {high current density with low on-state voltage drop).
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i-v Characteristics of 1GBTs

The i-v (output) characteristic of an IGBT is shownin the Figure below.

. e |t has three distinctive modes: Cut-off i Increasing Vo
A a . BH H ’
{Blocking), Active and Saturation. 5“;:’?::" i £ YeEq w
. e No Buffer Layer EO A
o When Vgg = Vggany the channe! is formed Ve = BV . VGE3 y
f 4 Active Region
and the IGBT starts conduction. o With Buffer Layer /1 |Vcez )
o Vggemy: s the minimum Gate-Emitter Y= © [¥6E1 W,
]
voltage required to form a channel and to i/' 7 CE
Vaum e Cut-off 8VeEs

turn-on the device.

s BV gs: the Forward Breakdown Voltage

» IGBTsare i, the Gate-Emitter voltage controls the 1GBT mode.

»  During conduction, when operating in Saturation region, the voltage drop across the IGBT (Veg(sary) 15 in
the range 2-5V depending on the IGBT power ratings. This voltage (Vcs(sat)) is specified in the Datasheet
of each IGBT and is represented as:

Vegsary = Vi + Varipe + TcRenannet
where Vjqis the voltage drop across the pn-junction {(~0.65V to 0.7V for Silicon),

Variye is the voltage drop due io the resistance of the drift region.

I1:R channel FEPresents the voltage drop across the channel resistance,

IGBT’s Equivalent Circuit Models:

Coliector
A} A MOSFET driving the base of a BJT
Slow switching IGBT with low on-state voltage drop G:‘_e_{
Emitter
B) A Diode in series with a MOSFET Collector

Faster switching IGBT but with higher on-state voltage drop
Gate

ﬁ Emitter
= The voltage rating of IGBTs is few kilo Volts {~6.5&V), and the current rating is up to~4.5kA. However,
" these upper voltage and current limits are rarely to be found together in a particular iGBT; e.g. 3.3kV &

1.5kA, 1.7V & 2.4kA, 6.5kV & 600A,...
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IGBT s Switching

IGRTS switching is slower than that of MOSFETs, but faster than BITs": it could reach ~50kHz ar even higher.

The {GBTisa | , mesning that no continuous Gate current is neaded to keep itinthe

no-state. However, charging/discharging Gate curvents are needed to charge/discharge the input capacitance

of the 168T (Gl = Ceet Lol as will be seen later in the small signal model of the device.

As IGBT turns on as fast as a Power MOSFEY, but turns off as an open Base BIT having a tail current, which
lasts for ~1us, as clearly seen, though not to scafe, in the switching waveforms below for an IGBT

implemented in 2 chopper circuit.

2oy T - e
i
BSM150GB1000 i !
ov .
~ Mgg -
. 200mAT k a ‘
0v = Az il ¢
' e 2 ! ; [ i
3 -200mAs
TD=2ems Vo “la
TF = 1605 200V - ; e
PW=1ms i i
PER = Amsz ‘ i
vi=0 i 1
TR = 100ns OV 1
L bl con Yo e . TaCumemt
- : : t :
25A‘] i 7 ] : —I
oA 4 T - } s g 1
1.8ms  2.0ms 2.4ms 2.8ms 2.2ms 3.5ms
T e Time

Note that, the Breakdown voltage of the Gate-Emitter (i.e. the Silicon Oxide) is less than 20V.

A Small Signal Model of an IGBT

G_._._W‘,__frm g it % . e I"\“‘W“\_C
The model helps understanding why only fig ¥ Cac Le
. . . Vgs A
charging/discharging currents are Ve Loe gmvge 0 Re  TCe .
needed to switch the 1GBT; to charge the s
La

input capacitance {Cus= Cge + Ce) via the

gate resistance {Rg)

The inductors in the medel are stray inductances at the IGBT terminals.

The stray inductance in the Gate-Emitter circuit can be minimized by twisting the gate and the low power

emitter conductors together {using a twisted pair of cenductors), and also using short conduciors.
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Funcitions of an IGBT Gate Drive

1GBTs need Gate Drives to be switched from one mode to another. The

1. Isolating the control circuit from the power circuit
2. Supplying/sinking the required gate current to charge/discharge the IGBT's input capacitance

3. Level shifting to the Gate-Emitter voltage, which is necessary when e Emitter is floating; e.g. half

bridge! av.

J‘l Voe "
£ =T
=

The Gate Drives are characterized by their sink/supply

current and operating voltages.

= LOSIC

H (shown in the

Examples of IGBT Gate Drives are £f

Figure next), HCPL-3120 ...

Safe Operating Areas (S0A)

An IGBT has a Forward Bias Safe Operating Area (FBSOA) as
shown in the Figure next, which makes it appropriate for

switching clamped inductive load.

During Reverse Bias, manufacturers specify the maximum rate - B Ve

of increase of reapplied the Collector-Emitter voltage in order . v : .-
A iC re-applied T CE
T

to avoid latch up of the intrinsic Thyristor of the IGBT and to ‘; 1000 V7 \
, e ey »
avoid Joss of control. These specifications are provided in a : \ "~
_ ! .. 7000 V/ s
‘ chart called Reverse Bias Safe (perating Area {RBSOA), shown " RBSOA N 3000 V/ Sj(
; next. f > Vor

IGBT Samples

Discrete IGBTs Module IGBTs Press Pack 1GBTs
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Types of Power Electronic Circuiis

1. Diede Rectifiers: Convert AC {0 fixed DC

2. Comirolled Rectifiers or AC 1o DC converters: Convert AC to adjustable DO

3. ACVoltage Controilers: Convert AC to adjust'abie AC @vcitage-and/’m freguéncyj

A, DCto DC converters or D Choppers: Convert DC o adjustable BC

5. DC o AC converters of nverters: Convert DC 1o AC {adjusiable voltage and/or frecuency)

B. Static Switches: Connect or Disconnect loads

1. Diode Rectifiers

A fult-wave Diode rectifier with a center-tapped transformer and its waveforms are shown below.

& WDA‘ Yo = W, BIm a3t

]
{
w7
-
e
]
g
£
R
3

CJTRTEI——. 8
= L
3
Prcics
et NN gl W
NP LR
w ol @
"n 0
i
o
-@ﬁ
5
.
"~
s &
|
i
o v e o
]
g

(&) Lircran diagragm

@) Waveforma

The AC voltage is converted to a fixed DC voltage with an AC ripple.

2. Controlled Rectifiers: AC to DT Converters
The average output voltage can be controlled by varying the conduction time of Thyristor (by varying the

firing or delay angle), as seen in the half wave controlled rectifier below.

.Y, . |
R STh o
1 i I
; J——
- .
\@ "y
SN :
e : h -
L i
= N <
;‘f 'i = &
o, #F
e S w7
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3. AC Voltage controllers: AC to AC Converters

The Light Dimmer shown below is a typical example. The rms value of the output voltage is a variable AC

controlled by of the TRIAC via the potentiometer (100k).

NURES &

corevrmigrie | bl | i el |

M1

\ A%
Cropped yoRage enfering he

AL (O
[ A YT T

4. Choppers: DC to DC Converters

Equralent 0C ; Equi:alent OC
Comut Volage Outout Vapags
DC Choppcr DC mput M B%on at 7544 on
Vohage 3\ \

MOEICT A =t
J \H: 2 [l

12V

The on-time of the switch is:

ton = pPT

where p is the duty cycle, and T is the whole cycle. The average output voltage (V,y¢) is controlled by varying

the conduction time (duty cycle) of the MOSFET (t,,,).

Vaye = PVpc
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5. Inverters: DC to AC Converters

Operating a full bridge in square wave mode yields:

T|' D, T D, Voltage |
91— 91— :
+ g
: -3 1.
A
Lv.. [Tt ]
0
B
T. T, l | ; 5 /‘/ 4
D. cd D ’ S J7
9:— 9:— 7
) Dy D
| Modifizd /
| | squarswove [/
Remember that the square wave has o e R mircont, corerote i
infinite sinusoidal voltage harmonics. : v
Square wave Fundamental

/ /\ sine wave component

3rd harmonic

\ 5th ha’r/monic
A\ o @ @
\U/ |

N

N

6. Static Switches:

The power electromc devices can be operated as static switches to connect or disconnect loads instead of
using contactars.

The source can be either AC or DC, and the switches are called AC static swutches or DC
static switches, respectwely '
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Part II: Uncontrolled AC-to-DC
Converters {(Rectifiers)

Rectifir are power electronic circuits designed to convert an AC voltage (or current) into a DC voltage (or
current). Tha output of%hese rectifiers consists of &

/’ ——
or current (a DC component), P68

other
(undesirable) AC components called

v

Diode Circuits and Rectifiers:

I~ AR
1) Diodes with RC Load peaE
o Ifthe switch Sy, in the DC circuit shown in the Figure [ B
next, is closed at t = 0s, assuming an ideal diode VA
and applying KVL yield: — Ly e
Ve = vgp + ve 3t “:c / ’,‘7/
Ve = Ri(D) + ¢ [ i(t) dt + vc(0); 5 i

Assume that v(0) =0
Solving the equation, by Laplace Transformation, yields the capacitor voltage and current as:

¢ oz
e v =V, (1-e77) i

— e, 4 Vs -
05y i) =Yg

where, T = RC is the time constant.

o Aplot of the capacitor’s current and

voltage are shown in the Figure next.

¢ The energy stored in the capacitor’s

electric field is given by:
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2) Diode Rectifiers with RL Load

@ If the switch Sy, in the DC circuit shown in the ) \S—'-————?);—‘**i— 3
o—0 )+
Figure next, is closed at t = (s, assuming an ' j J
, H {
ideal diode and applying KVL yield: R % 5 !
di(t) ‘ T A
VS e + L dt Vs ‘
@ The inductor current and voltage are: l;? Vi
FrSY L Py e
i(t) =< (1 e t) o

t
v (t) = Ve 7

L .
where, T = 7 i the time constant.

€ A plot of the inductor’s voltage

and current are shown in the
0.368V;

Figure next.

(;’\/q_ /—\/\/\/\/—\/\ ; %
€ The energy stored in the inductor’s magnetic fneld\w) et

e s (The c,% e
BT L5 el
D “
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Freewheeling Diode for an RL Load

The steady state current in the inductor is:

=4

I = o

_An attempt to open the switch (S;) will result in transferring the energy stored in the inductor
(EL = %LIZ) into a high voltage across the switch and the diode. This energy will be dissipated in the form

of a spark, which may damage the circuit components. This situation is overcome by connecting a

Circuit’s Operation:

There are two modes of operation as illustrated below:

+ o -
I
L e
Vs
R
s N
Mode I: The switch is on (Dn is off) Mode II: The switch is off (Dm is on)
¢ . ¢
i,(t) =%(1—e_?) : i(t) = her

where, /;is the inductor’s initial current when S is opened.
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A plot of these currents is shown in the Figure below. If the current is allowed to decay to zerg,

t, must be » .
1

|
Ht____
i
| : ip !
|
0 ¢ t
. |
If . '
|‘~t____________||2 )
e t; — oo 1z i
0 ! |
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Single Phase Half Wave Rectifiers

& Recall that, a Rectifier is a circuit that converts an AC voltage into a unidirectional voltage.

% ASingle Phase Half Wave Rectifier supplying a resistive load is shown in the Figure below.

I —

% The corresponding voltage and current VI
m

waveforms are shown in the Figure next.

s . ; : 0 + wt
@ The average output voltage is: o n \/—2?
2
V= %forlz V., sin wt dt | |

=Vm o T
Vic = -H(cos > 1)
where, w = 2nf and f = % thus sl
V= -—Vﬂ(c -1
de = = OST

Vin >

Viac = iy 0.318V,, m n ot
vYp t !

‘Y Note that, w = 2nf is the angular radian 4 | I e

0 n
frequency in rad/s. \/2"
5 i vm ——————

blocking state and, in this case, is V.
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Performance Parameters

; \r. g some of these are:
hes =r'S “hare ize . electronic converter, and s
These parameters are used to characterize a power elec

@

® The average value of the output voltage is:

1 ,T
Vic =2 [, v(t) dt

@®

The average value of the output current is:

15
lac == [} i(t) dt

€ The output DC power is:

Pdc = lchdc
@ The Root-Mean-Square of the output voltage is:
W
Voms = |2 [T (w(e))2 d
@

The Root-Mean-Square of the output current is:

W
lrms = ;f() (l(t))z dt
€ The output AC apparent power is:

Pac = Lns Vians

€ The Rectification Efficiency (or Ratio) of a rectifier is:
Pdc

® The output voltage can be expressed as:
Vol= Vdc+vac

where, v, is the AC component of the output voltage; the ripple.

€ The rms value of the AC component (the ripp!e) at the output is:
vac(rms) ~ \/(Vrms)z i (Vdc)z
4 The Form Factor (FF)is a measure of the shape of the output voltage and is expressed as:
— Vims
FF = Voo

@&

The Ripple Factor (RF) is expressed as:

— Vac(rms)  |(Vrns)? o
RE e s Vayr 1= Fre=i
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4 The Transformer Utilization Factor (TUF) is expressed as:

T
TUF = Wils

where, Vs and Is are the rms values of the transformer’s secondary voltage and current, respectively

& pisplacement Angle:

Consider the waveforms shown in the Figure below,

Yy

f s Input current

where, / /"
1< i)
is, is the by fy o + 1 /
fundamental :,‘.- S ’/"-\~\</
0 T ~ <
|
I

component of 2 il 7L,/ A

Input voltage

the Rectifier’s

input current

Fundamental current
If @ is the angle between the fundamental components of the input current and voltage, then @ is called
the Displacement angle.

% Total Harmonic Distortion (THD) or qumoriic Factor (HF) is expressed as:

_ [ayi=us® _ [udr _
THDIS \l (I51)? = JV(’n)z L

where I, and Iy, are the rms values of the transformer’s secondary current and its fundamental
component, respectively.
% The input Power Factor (PF) is expressed as:

Vslg; cos® |
PF ==2——="cos@
Vsls 73

Note that, for a purely sinusoidal transformer secondary current, I and /s, are equal and, therefore,
PF = cos® = DPF
# Crest Factor (CF) is expressed as:

CF - is(penk)
Is

Itis a useful factor for specifying the peak current rating of power devices.

4 Note, for an ideal rectifier: o
n = 100%, FF = 100%, RF = 0%, TUF =100%, THD
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I
i
|
:

For the Half-Wave Rectifier with resistive load, find: 1, FF,RF,PIV of the diode, TUF and CF of the

!

z

Example: {
{

input current. '
i

{

Solution:

The average output voltage is:

1T
Ve = ?fo /2 V,, sin wt dt
s Qur
Vac = T (cos > 1)
since w = 2nf and f =% then, ‘
;
-V,
Vic = 2—1:"(cos1t - 1)

Vg =22 = 0.318 Y

The average output current is:

The rms value of the output voltage is:

Vrms = \EJ—:/Z(Vm sin wt)z dt = Z‘:;n_

The rms value of the output current is:

=Vm
ITTTI.S v 2R /
:
The output DC power is:
2
Pys= (0318 Vn)
R
The output AC apparent power is:
_ (0.5Vm)?
Pac st R
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a) The rectification efficiency; n = %;: R 40.5%

v, 0.5V,
ctor, FF = ™ = m
b) The Form Factor, F T RN

=157 or 157%

vac(rms)

Vie

¢) The Ripple Factor, RF = = VFFZ - 1= /(1.57)2-1=1.210r 121%

d) The Peak Inverse Voltage (PIV)is V.

e) The rms voltage of the transformer secondary is:

_ Vm
Chaay?

The rms value of the transformer secondary current is the same as that of the Joad’s; i.e.,

The Volt-Ampere rating of the transformer is:

0.707 Vi 0.5V,
VA=V, =-mm_20 mem

Transformer Utilization Factor is:

TUF = Pac _ _(©318Vml'/R__ (556 o1 28.6% ' :

The Transformer has to be "r_(lj—F (3.496) times larger than that is needed to deliver the same power

from a pure AC source.

The transformer carries a DC current, which results in DC saturation problem of the core.
5t —Ym 2nd 1. = 22 then the Crest Factor is
s(peak) — R a She 2R’ ’

CF = is(peak) _ Ym/R _ 5
7 Vin/2R
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Single-Phase Half-Wave Rectifier with an RL Load

Consider the circuit shown in the Figure below,

Vp
Jo===
—0F »
0 —
At D] I IL A+
| A A\
) =
V= Vosinwt ‘#D "'—"H
m
| L VL
|
O 1 -
' AN sy \‘i\'; >

% Due to the inductive load, the conduction

period of D; extends beyond 180°; until
the current becomes zero at wt = m + 6,

as shown in the waveforms next.

% The average voltage across the inductor is

zero; i.c., DREENARERRE

D, conducts
% Applying KVL yields, AV B o s e ey
/ \\
, di [\ ced 46
Vms"] whi= Vg + Ld_t" : Aread ./;.‘:;5‘" i o i :
W S |
| v |
I Ty |
| 4y Al |
: ‘zl.f‘}.'man I :
% Solving the differential equation yields: y @1\‘/’/ s
(D)= Y N C0S 0 e"(%)‘ + —L—cos(wt -0)
L [RZ+ w212 VRZ+ w212 '
where, 8 = tan“-"—;k
diy(t)
and: vb(t) o L-;—t
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y 1 46 :
Vac = v J Vi Sin wt dwt
(u)xmtlo*”)

""I
Vo= ;;(1 — cos(m + 0))

For any value of 8 greater than zero, the average output voltage is less than V. = 2

"dr
R

® The average load currentis I4, =

% Note that, the output voltage is negative during the interval between '’ and 'm + 8', that's why the

average voltage is less than that is obtained with a purely resistive load.

Addition of the Freewheeling Diode

*+ Dpprevents a negative voltage appearing V ?_ ERETNRY, Vi
across the load, therefore, V. increases i
and becomes as that of a resistive load.
0
4 D, conducts during the positive half cycle 2n
of the supply voltage; (fromwt =
Otowt = 7m), at wt= m the current 01 conducts
transfers to Dp. ~Vm I ki r~d
A VD :‘ Dy conducts
% D conducts in the interval from 1’ to 0 - on
'm+6'. The latter angle depends on the
load time constant.
- Vm T_ —_— ey ey e e e
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',‘ ‘N, y ot ) "‘ 'ﬁf \
Battery Charger Uyl ppes L W e -/
< Ifthe output is connected to a battery, a rectifier can be used as a Battery Charger, as shown in the Figure

below.

)

% When vs > E, the diode (D) conducts and the battery is charged.

% acan be found from: vy = V,, sin wt
Vpsina =E
N 1 E(AER, e
a = sin (Vm) =
» The diode is off when V; < E at
B=m-a
wi
<> The charging current is: /E : E g\
] 1
4 vs—E _ Vpsinwt—E ! i : : ] :
o = = < 18 ) &
AL ! X i :
1
which is valid for @ < wt < B ! Vi) G . :
\“_lv_____,__._,—q": : ] [
2 {1 Vs E S :
' . R 18 )
N TN
g : T 27
a B wl

< Note that, the resistor {3l

2 ),,-/;3 - (A '\wj (L-)((QALQ
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Single-Phase Full-Wave Rectifiers
1) Single-Phase Rectifier with Center-Tapped Transformer

® Each half of the transformer secondary with the

assoéiated diode acts as a half-wave rectifier.
o
+
® There is no DC current flowing in the transformer, hence
v
no DC saturation problem of the transformer core. e
o
v 4l

® The corresponding voltage waveforms are shown in

the Figure next.

® The average output voltage is:

) il o
Vo= ;j’o/ Vi Sin wt dt

-2V, wT
Vae = =2 (cos -~ 1)

where, w = 2nf and f = %;thus

Vic= %"—'(cosn -1)

B The Peak-Inverse-Voltage (PIV) is the maximum reverse voltage across each diode and equals PATL

® Tolower the PIV, use a Full-Wave Bridge Rectifier.
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. < 2\
« [0 (S
W \
R D |

2) Single-Phase Full-Wave Bridge Rectifier

= |tis commonly used in industrial

applications.

* The circuit topology of the Full-Wave Bridge

Rectifier is shown in the Figure next.

® The corresponding voltage and current

waveforms are shown in the Figure next.

* The Peak-Inverse-Voltage is the maximum

voltage across each diode and equals .

* Note that, two diodes are conducting at once,

and the forward voltage drop is a problem in low

voltage circuits; e.g. 5V-power supplies.

& Similarly, the average output voltage is:

T/2

2 "
Vit '-r'fo V,, sin wt dt
—2v, wT
Vae == (cos %~ 1) ~Vm »
" VUp3,Vp4 Up1,Vp2
Vac = —"‘ (cosm—1)
( N FE NG (WK . c
i We Hodes ore not idech . Assome o 0%V "H(Z i
Jicde
' S 060%)
L)Y iz >
t el
\x\ D[ /'L/ 0\ :
b (/ ufj'u N
Page 66 of 215

(/", = ,—JJ— & :\‘yy\%\\\,\((ﬂl) ‘




Fourier Series Expansion (FSE)
Any periodic function, f(t), can be represented as:

f(t) = Fyc+ Xy 2, (a, cosnwt + b, sinnwt)

where, Fqc is the average value, and is calculated as:

Fac =3, £(0)dt

If the period is 2, w = 2nf and f = -;-then:

1 2
Fac=35.J f(wt) dot

The coefficient a,, is:

ant= ;fgf(t) cosnwtdt;forn=1,2,3..
The coefficient b,, is:

b, = 2], f(t)sinnwtdt;forn=1,2,3..

The function £(t) can be rewritten in terms of a sine (or 2 cosine function) only as:

Y

|

]
Q=
L\

\

5

where, B2 and B

Note that:
s Afunctionis evenif: f(t) = f(—t); symmetry around y-axis
« Afunction is odd if: f(t) = —f(—t); symmetry around origin
e The product of two even functions is even.
» The product of two odd functions is even.
» The product of an even function and an odd function is odd.
e FSE of an even periodic function (with period 2m) does not have terms with sines;
f(t) = Fac + En=12,. Gn €COSNQL;

where, b, is zero for all n
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i
|
|
|
|
i
|
TR

*  FSE of an odd periodic function (with period 2) has sine terms only;
f() =¥ 2 b, sinnwt;
where, the average value and a,, are zero forall n

Example.
Find the Fourier Senes Expansion of the output voltage of the Single -Phase Full-Wave Rect/ﬂer.

Solution:
The output waveform is even with a frequency of 2w; no sine terms and all the cosine terms are multiples of
the output waveform frequency; i.e. 1(2w), 2(2w), 3(2w), ... 2w, 4w, bw, ...
Therefore,
Vo(t) = Vae + Xi-246..(ay cOSnwt + by, sinnwt)
The average output voltage is: .

Vac == 5 vo(t) dt

2V,
= —f I Sin Wt dwt = =2

The coefficients of cosine terms are:

= -f v,(t) cosnwt dt = —f Tn Sin Wt cosnwt dwt”

an = % (m)|u=2.4.5»-

The coefficients of sine terms are: ; ;
|

b= %f: v, (t) sinnwt dt = %fon Vi Sinwt sin nwt dwt = 0
|
Thus, the FSE of the output voltage |s st Sl [J, 0 |
4,,; 4V :
V,(t) = — "‘cos{}tt = —cos tE— Fcos&nt -

Exercise:

Find the FSE of the output voltage of a Half-Wave Rectifier!
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Multi-Phase Star Rectifier

Single phase Full-Wave Rectifiers are used in applications up to 5kW.
The frequency of the fundamental component of harmonics is twice the source frequency.

A filter is used to reduce the level of harmonics in the load; the size of the filter decreases with the

increase in the frequency of harmonics. ha

For higher powers, Multi-Phase ( —Phase) or Three-Phase Full-Wave Rectifiers are used.
The frequency of the fundamental harmonic is ‘q’ times the source frequency (qf), such that ‘q’ is the
number of phases; the other harmonics’ frequency are: n(gf);n=.2,3,4,=.

The circuit topology of a Multi-Phase (¢ —Phase) Star Rectifier is shown in the Figure below.

~

G T
% § B

Assume that:

V, =V, sin wt
-

® The above circuit may be considered as g —Single Phase Half-Wave Rectifiers.




2n
® Each phase voltage is shifted from the next or the prevlou{s phas,e by q

{

®» Each diode conducts for zq—"; _

® The corresponding voltage waveforms for q=6 are shown in the next

Figure.

FelE
o

3
=5
=3
- o]

)

)

b |

k
® Note that, the fundamental frequency of the AC ripple is ‘g’ times the source frequency; i. e. .

8 The average output voltage can be calculated, by assuming a cosine function in the period from = to -21,

as:

Vo

Ve = -;-f:vo(t) dt

Vye = ;%fo"/q Vi cos wt dwt

Ve - 4Mmsin(g)

;valid for g > 1

Wi _(SVar)

Note that, if ¢ = 6,then Vg = — =
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O

5

The root-mean-square of the output voltage is:

2q (m/q
Vims = T‘,;fo (Vin)? cos? wt dwt

e TREIA in %)
Vrms ,V"'. n(q*‘l,s!n q

The rms value of transformer secondary current or diode current is:

2
8= Jz—’rj(;r/q(lm)z cos? wt dwt

Vm A
where, I, = —* ,‘/, . 6 4eSH Im

Example 2-10

A three-phasc 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 cach diode: and (f) peak current through a diode if the
rectifier delivers I,. = 30 A at a output voltage of V. = 140 V.
5\,44{58/\/ (7 s ) { "\, l\f
D 4:/\_1"\ -
Solution For a threc-phase rectifier ¢ = 3 in Egs. (2-69), (2-70), and (2-71).
(a) From Eq. (2-69), V4 = 0.827V,, and I, = 0.827V,/R. From Eq. (2-70),

V... = 0.84068V, and I, = 0.84068V,/R. From Eq. (2-42). P,. = (0.827V, )%
from Eq. (2-43), P.. = (0.84068V,)*/R, and from Eq. (2-44), the efficiency,

_(0.827V,)
7 (0.84068V, )2

(b) From Eq. (2-46), the form factor, FF = 0.84068/0.827 = 1.0165 or 101.6
(c) From Eq. (2-48), the ripple factor, RF = V1.0165* — | = 0.182

18.24%. :
(d) From Eq. (2-57), the rms voltage of the transformer secondary, V, = 0.707V,,.

From Eq. (2-71). the rms current of the transformer secondary,
0.4854V,,
R

= 96.77%

Je.

S
4

/

B

= 0.4854],, =

The »ult-ampere rating (VA) of the transformer is

0.4854V,,
VA = 3V1, = 3 x 0707V X e
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From Eq. (2-49),
0.827°
- = ().6643
i 3 x 0.707 x 0.4854

() The peak inverse voltage of each diode is cqual to the pc;ak ;aluc; (;:i tXe |
secondary line-to-line voltage. Three-phase circuits arc reviewed 134 \;}%){:/ )
The line-to-line voltage is V/3 times the phase voltage and thus PIVa= m

(f) The average current through each diode is |
9. e (2-72) |
198= o Jo 1, cos wt d(wt) = 1, 5 $in z

For g = 3,1, =-0.27571,,. The average current through each diode is f,
10 A and this gives the peak current as f,, = 10/0.2757 = 36.27 A. |

«]

- P o \)

o~ y [~ S

L_‘ r‘ = f =% (W) {
\F TN )

o>

Study other examples in Rashid’s book!

‘,7) L/\)(/ ~(_ /p‘jl, 2 COrtyesy /Vb( L( of
{ Y - ;

i }D f
{ ki o/ 15 AL AAA
\ o,
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Three-Phase Full-Wave Bridge Rectifier
It is commonly used in power applications.

@ The circuit topology of a Three-Phase Bridge Rectifier is shown in the Figure below.

Primary

7

Note the conventional numbering sequence of the diodes shown in the above Figure!
This rectifier is equivalent to two half wave three-phase rectifiers connected as shown in the Figure

below. b . o Ty

0203, D3Da, DADS, DSDG; DSDII DlDL 02031 ses

(9]

The diodes’ conduction sequence is: D;D,

5]

0 (nr 27N
Each diode conducts for 120° (or '3")
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1
]
'
]
1
! dl
(] 1
[} 1
1 '
: 23 7 4z 27
. 3 i 3 3 i
: | : : : | !
r— b / i \
NOte that: ) in »(\l_lnc tme'nt ) : : : : :
NGBV o fpes==== vy ! ! ! ! .
3 . —_—h ! ! 1 1 ! :
lg = lg1 — lga R 1 i i )
| ! ! :
0 1 | 1 1 1 -
1'2_ 2w o 4 :5_"'. 2n wt
3 131 i 3 3
SV Vo | R e He T i
R ] ] 1
’ : i )
i41 { Diode current d !
]
0 2 » =
ks &) , -rr 2=
3
|
|
& v
The average output voltage can be calculated, also by
assuming a cosine function in the period from 0 to g as: =
1T Area A 3¥m
Vac = ;fo v, (t) dt
2(6 6 :
Vdc:._(_)f"/ V3V, cos wt dwt .20 =
2 ~0 {
GG
;7 ‘EL}‘ .'\J[!

3V

Note that, also Vg = —

\JC}) — \/Cn 61% ”‘(« L“jb""jj

2% here Vimax = V3V,

LAt 0 /{'\ /&M/j.
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@ The root-mean-square of the output voltage is:

)

; TV TR
Vims = \/:77)}( / (\/EV,,,) cos? wt dwt

Vims = Ven |G +22) = 1.6554V,,

The rms value of transformer secondary current or diode current is:

8) rm/6
I :\/;T-fo (I,,)? cos? wt dwt

V3 Vin
R

where, I, =

2817 1 IR 2 T,
’s:’m\E(z*;S”‘?)

I, = 0.78041,,

Study the examples in Rashid’s book!
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Example 2-12

A three-phase bridge rectifier has a purely resistive load of R. Determine the (a)
efficiency; (b) form factor; (c) ripple factor; (d) transformer utilization factor; (¢)
peak inverse (or reverse) voltage (PIV) of each diode; and (f) peak current through
a diode. The rectifier delivers I, = 60 A at an output voltage of V, = 280.7V and
the frequency of the source is 60 Hz. :

Solution (a) From Eq. (2-77), V. = 1.6542V,, and [, = 1.6542V, /R. From Eq.
(2-78), V... = 1.6554V,, and ,,,, = 1.6554V,/R. From Eq. (2-42), Ps = (1.6542V,.)%
R, from Eq. (2-43), P.. = (1.6554V,,)R, and from Eq. (2-44) the efficicncy.

_ (1.6542V,,):
N = (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 = V1.00077 — 1 = 0.0374 =
3.74%.

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

= 99.86%

From Eq. (2-80), the rms current of the transfromer secondary,

Vi
I, = 0.78041,, = 0.7804 X \/3 =

The volt-ampere rating of the transfromer,

=\
VA = 3V, = 3 x 0.707V,, X 0.7804 x V3 —R’-'-'
From Eq. (2-49),
1.6542> — 0.9545

TUF = 3773/3 x 0.707 x 0.7804

(e) From Eq. (2-77), the peak line-neutral voltage is V,, = 280.7/1.6542 =
169.7 V. The peak inverse voltage of each diode is equal to the peak value of the
secondary line-to-linc voltage, PIV = V3V, = V3 x 169.7 = 293.9 V.

(f) The average current through each diode is

4 €6
1% J 1, cos wr dlot) = 1, % sin% = 0.3184],,

25 Jo

The average current through cach diode is 1, = 60/3 = 20 A and the peak current is
1, = 20/0.3184 = 62.81 A.

Note. This rectifier has improved performances considerab
that of the multiphase rectifier in Fig. 2-17 with six pulses. '
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gectifier Circuit Design

v The output of rectifiers contains harmonics; i.e. DC plus an AC ripple. To reduce the AC ripple at the

output, DC filters (low-pass filters) are used.

v/ There are three main types of DC filters:

1. Capacitor Smoothing (C-type)

A capacitor is connected across the output of the rectifier and load. 48 I +
Do CII v'§ R
- | -
2. Inductor Smoothing (L-type)
. . - - L
An inductor is connected in series between the output of the rectifier o v
+ +
and load.
v, SR
— — —_— —_—— S R S S s - = — *,-F;‘ — e . - — —
3. Combination of Inductors and Capacitors (LC-type) X
o Y Y
ks +
An inductor is connected in series with the rectifier outputand a % G nwgR
capacitor is connected in parallel with the load. o~ -

v Due to rectification action, the input current contains harmonics, therefore, AC filters (low-pass filters)

are needed to eliminate some harmonics from the mains (Utility grid); AC supply, as shown in the Figure

“
+ | et L
C Rectifier

below.
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Consider the Full-Wave Rectifier with the Center-Tappe

Capacitor Smoothing

R

Anrush

i

v,=V,, sin wt

D1

o,
o

D2

___D+__

11

-

—

C 3R

follows the supply voltage; the capacitor charges.

® In period ‘B, the
diodes do not conduct
and the load current is
supplied from the
capacitor.

9@ Normally, the time

constant ‘RC’ is much

greater than the half

supply period (10ms

for 50Hz source), so

the fall in the load
voltage is not great.

€ Period ‘A’ is between
wt = 6,, where
conduction starts, and

wt = 6,, where the

d Transformer, shown in the Figure below,

In period ‘A’, of the waveforms of the Figure below, two diodes are conducting and the load voltage

7 A
Vol —>
; —> T
/2 e 2T 3n
v A l!
"’ “““““ e — o o
g T eriod 117/ . --:-‘\—.;‘—"*———-T-w-'
e Tt T T , "\
7 lPe .in ’i "‘4 ;} \."\ p“” ‘..'s ~".. N RS
— ¢ A, N s -8
91 0 gl mw+ 91 21: 37t
()4 2 —plgle
D2icanducts
» wit
D1 conducts D1 conducts

conduction ceases. 8; may be about 30° preceding the peak of the sine wave, and 0, is a few degrees

past the peak of the sine wave.
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@ In period ‘A" y
The load voltage is the same as the capacitor voltage, which is the input voltage:

No - Vg Vi sinwt

The capacitor charging current is:

; dv
ic=C=*=CwVy, coswt
The load current is:

o Vm sinwt
R

The diode current, i, is:

i=i.+i,= Vm(choswt+sm—R"’5)

This current has very high values as shown in the previous Figure.

To find 65:
At 8,,the diodecurrent-i- =4).—T»aking—RCf»E—(orfhralfthe supply-period), 65 is closeto %andcanfbe‘normauy— e
taken to be 12'.
However, for i = 0 yields,
wt = tan”'(-wRC)

i.e. 6, = tan '(—wRC)

To find 81:
In period B, from wt = 6, towt = T+ 6,, there is no diode conducting, and the load current is supplied by
the capacitor; i.e.,
.d_v’: PLI— 0
ST T
which has a solution,
~ e o S ' ks ¢
v, =V, e RC, usinga false time origin where t' = 0 at wt = 7, or strictly at wt = 6,

t’

The decaying exponential (Vm e'ﬁf) meets the rising sine wave (=, sinwt, or — Vip cOs wt’ d

j P b R
shift). Thus, 6; can be found by trial and error, starting from an angle, which is zoff (prior Lh{:';‘"\

cosine function; as illustrated in the Table next.
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5?” + A6 or -5-65- — AB; depending on the

values of the two functions!

t’
wt' —V, cos wt’ Vo e iog
check >?<?=? <?>7=7
St
6 7 ’
>7<?=? <?>7=?

Continue... until they interchange relative
magnitudes within a specified acceptable A6

~J
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A Simplified Analysis for Capacitor Smoothing-

An estimate of the ripple is often all that is needed, an overestimate of the ripple, AV, adeguate for most

cases, is obtained by {remember that the time

constant ‘RC" is much greater than the half supply period), and that the

The capacitor voltage varies exponentially during discharging. Recalling its time function;

tf
v, = VTJ‘L E—E

Using the series expansicn,

e~ * = 1 — x; which is valid for a small x

yields, v, = Vi (1 - ;—;)

With t’ = % ort' = 21_1’ Jthe value of the capacitor voltage at the end of the discharging period is obtained

and has its minimum value;
ugminy = Y (1 = 575)
Then, the peak-to-peal voltage ripple, 4V, is:
AV = VLgpax) ™ Vi(min)
DAV = Vo =V (1= 55)

Therefare, for a Single-Phase Full-Wave Rectifier,

In general, the peak-to-peak voltage ripple at the output of any type of rectifiers depends on the frequency

of the ripple (£} and the maximum value of the output voltage (Vuax), as:

The average output voltage is:

v,
SV, =¥ — Jmax
de max 1fRC
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i the peak-to-peak voltage rippie is small, then the average joad current, §, can be approximatad as:
. ¥
} e nnxy
R

g

<, therefors, reducss

Iha average ouipu voltage,

The rms value of the ripple (AC component), assuming a sinusoidal waveform, is approximated as:

av
| £ S
ac . z\/’i

o] E

P S ST
e T R

if a triangular waveform was assumed, then:

AV J i

23

However, a sinusoidal waveform provides a more margin for safety, therefore it will be used.

Ve =

The Rinple Factor. thersfore. is:

¥
RBF — %<
Ve
Vmax
RF = 2vZ(frRC)

v (ZfTRC—l
Ty 2frRC

Notes:
% For a determined RF at the output of a specific rectifier and 2 particular load, the value of € can be
found!

»  If the load resisiance is unknown, the load current may be used to caleulate AV 2.,

I
RF = 2V [0

I
Ymas™ 37
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%  The following table summarizes values of f, and ¥, o, for various types of rectifiers.

Type of Rectifier fr Vinax
Single-Phase Half-Wave Rectifier f (__ Vin
single-Phase Full-wave Rectifier 2f Vo,
g-Phase Star Rectifier qf Vo
Three-Phase Half-Wave Reactifier 3f Vi
Three-Phase Full-Wave Rectifier 6f NEY
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Diodle Current in a Capacitor Smoothing Rectifier

B,
B

gty

¥

B}

For a Full-Wave Bridge Rectifier, the capachior charges threugh two diodes in Period ‘A7, The larger the
capacitor is made o reduce the voltage ripple, the shorter the conduction period and the higher the
dinde current are.

Recall, the capacitor veltage {17} and transformer’s secondary curvent -(a"s} ofa Single-Phase Full-Wave

Rectifier, which are shown again in the Figura,

Vi &
LGN SO =T ", R ",
o f, io \ # . -,
o 1 -~ T \E} > 21 37‘:
— ]

Daxdnducis

Wit
/2 R 2 an
1 conducts D conducts

in practice, the current in Period ‘A’ s several times the load current, so the diode current, i, is

approximately:

’ dr
i= CFf:Cmecoswt

The shape of the load current pulses is modified by the source impedance, particularly if the circuit is

supplied through a transformer, which coniributes a leakage reactance,

The pulse nature of the current, not only imposes siress.on the diodes and on the smoothing capacitor,

Hatics in the supply. The source

but also leads to a BOATHG stan for the circuit. Also, has Big
impedancs can be augmented, often by adding an inductance, to spread the pulses and reduce harmonic

distortion, although thi ), as will be explained later.

The widespread use of rectifiers with a capaciter smoothing is the cause of poor wave-shépe of the mains

{grid); flat-topped sinusoidal.
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2. Inductor Smoothing

&

Assuming the Single-Phase Full-Wave

Rectifier shown in the Figure next,

@

The inductor stores magnetic energy and

vy R Py

uses it to maintain the current by = Vst
® m

providing the voltage difference

between v, and v,.

&

If the inductor is large enough, v,

) ) L
Le. the time constant - > L , /\
Y il
: ] 2 ! 2 3n
the current is continuous and i 4 inductor with

infinite inductance

the average voltage is:
ol

. — )
% From 6, to 8, v, > v,, so the e e spd'uct'or with
finite inductance

o 0utput Voltage 1-’5
“Vllt

current grows up.

% From 05 ton -+ 0y, vy < V,, SO

& Wi
the current decays. Vo, i 4 . .
: ortk ~ . inductor with
B infinite inductance
R ™ M .
&, inductor with
finite inductancg .,
. Bt
w2 T 2n 3w

Calculation of The Ripple by Fourier Analysis:

@  The Fourier Analysis of the input voltage to the filter, vy, vields a series of sine waves as follows:

2V, 4% 4 ' Ay,
v, (1) = %hﬁ'cos 2wt — '15’;cos4wt,— gg%cosémtw

@ By applying superposition, the equivalent circuitfor 2w component, is:

Jj2w Ly
N e | e i W

Rectifier Tu L2 R I"’
02
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% The ripple voliage across the foad due to 2w component, v, is found by potential division, as:

Vi R

Yy FR e | emrme— OO | 20T — &
0Z 37 m 2 s. 2}
SR +{2ewbg)

- 2L L. . Frk
where &, = tan™! (m;l-} , and, simitarly, 9, = an™? (w?wi

@ The current ripple due to the fundamental component of harmonics (2o component? i

AV, 1

2 = 37t i
1R2+(2w1,f)

cos (2wt —6,)

& f 2wly 5> R, then the amplitude of the voltage ripple due to the fundamental component of

harmanics is:

3 4, R
7., =%m
o2 3w 2mLf

e, the ampliude of the current ripple due to the fundamental component of harmenics is:

&

Th

" _4Vm( 1 )
5 = 1
< zmw \zaelfs

4 The amplitude of higher harmonics can be ignored as not only are their initial magnitudes small, but they

are also more attenuated.

% The Ripple Factor (RF} is:

RF = lnc o 122

Ige ige

'Where]ﬁb”is the .rms..va[.ue.of t-he“AC"component--of thE‘ current ripp!e_. e e e

m
@
¥

For a specified RF and average DC value, the value of Ly can be found!

. L 1 . . . . \
Mote that, if the time consiani —}{- p T the supply current is continuous and is close io sinusoidal, so

. . L
the harmonic conient is low. If the load resistance increases, the time constant -}-?’ﬁ reduces and the
smoothing will become ineffective. The regulation of the circuit is made worse by the DC resistance of

the inductor.
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3. Combination of Inductors and Capacitors

Rectifier i% ¢, & RTPO

5 Applying superposition, for the ' harmonic component {the deminant harmenic), the equivalent

circuit of the rectifier and the LC filter becomes as:

L,
Iy >
XL = nwly +
' R
i
Vn(nw) xc = nmcﬂ == Ca Von(ﬂm)
! L

% Forthe n' harmonic current to pass through the capacitor filter, the following condition must be

satisfied:

(pz Z 1
K +(nmL) > —

% This condition is satisfied by the relation:
5 5 o
JRE2+ (nwl)? = s
3 If so, then the load can be neglected, and the value of C, can be calculated as:
% The rms value of the n™ harmonic voltage at the output is:

1
Von(ﬂ-w) = e Vn(nw)

T
Lc—nmce

Ly (nw)

Ci}VO]I(nw) = (nm)zLeCe—l n
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k'

The total amaunt of ripple valtage dus to harmonics {for 2 Single-Phase Full-Wave Bridge) is:

—— [rd) ) e R 2
Vae = ,Jun::z,@,s...(%ntnm)ﬁ
Considering the deminant barmonit, in this case the secend harmonic voliage (Vo {2w3);
e 47,
Vol 2y = —2
To(20) =52
Therefore,

. . i ety
V. =V (2e)= - -
Voe = Vop(200) (20)21,C~3 2

where V,,(2w)is tha rms value of the output voltage due to the fundamental harmonic (the second

harmonic in a Single Phase Full Bridge}.

Since C, was calculated before, L, can be calculated from the desired (maximum aliowed) Ripple

Factor;

1 fy QT |
(Za)?L,Co—1  Vge

=RF =

Exampie 2-15

A LC filter as shown in Fig. 2-20c 35 used to reduce the ripple content of the output

VA RSt LSS 33 wdAfkmA WAkt L WERD YT A P B ML AR AR 0 HoaENs AsRdRl AL RALNALL . K% ST SR a4

inductance, I = 10t mH, and source frequency is 60 Hz (or 377 rad/s). Determine

ihe values of L, and C, so that the ripple factor of the output voltage is 10%.

Solution The equivalent circuit for the harmonics is shown in Fig. 2-24. To make
it casier for the ath harmonic ripple current to pass through the tilter capacitor, the

load impedance must be greater than that of the capacitor:

VR + (nuly >>
(resl-y i,

‘This condition is generally satisfied by the relation

e 10
VRYF (ialP = = c (290

and under this condition, the effect of the load will be negligible. The rms value of
the sth harmonic compenent appearing on the output can be found by using the

voltage-divider rule and is expressed as

HawC ) 1
v, = WA Y eV
7 {awl)y - V(anlYy 7 (nwyl,C -1
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The total amount of ripple voltage due to all harmonics is

2 1732
Vae :( ) ?) (2-92)

=246,

. Fora specified value of V,, and with the value of C, from Eq. (2-90), the value of L,
B can be computed, We can simplify the computation by considering only the dominant
i harmonic. From Eq. (2-63) we find that the second harmenic is the dominant onc
and its rms value is V. = 4V,/(3 V2 ) and the de value, Vi = 2V, ).

For n = 2 Eqgs, (2-91) and (2-92} give

1
v‘ =V , = T /1
5 « = Ve = Gopre, -1
= 3
¥ = nwle 2t
R
1
Xe ™ Haly = Ce Vor(nw)

L L

The value of the filter capacitor is calculated as
10
VR T wl) = 7
R+ (2wl) ToC.
oF
10 .
= = 326 pF
Ce = 4nfVRE + (AufL)y >
From Eq. (2-47) the ripple factor is defined as
v, V. Vs ] V72 1
RE = Lo o 2t o e = e = 0.1
Ve Ve Va (4w ¥L.C, — 1 3 [(dnfPL.C - 1]

or (4nfy*L.C, — 1 = 4714 and L, = 30.83 mH.
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The Effect

4

i the Figure below,

of Source and Load Inductances

Consider a Three-Phase Full-Wave Reciifier supplying a highly inductive load {e.g., a DC motor) as shown

Ly
£ iy
K:'?E o Uy 1y 5 :é; h *
5, ¥in L D :{I.‘;D ke
Ty
n Ly ig\h o
‘;;,.J'\f\f‘% o i W | 2l v
a VLt e a
e iy (w
I Ty 75 D
£5 Lo -
FFTTE
b Y+
+ The large load inductance causes the load current to become continuous and ripple free {constant).
#  Current commutation occurs every 120° between two diodes at the same level of the rectifier; top or
bottom.
4 The source inductances prevent instantaneous change in the diodes’ currents during commutation.
+ Considering the Figure below, the current commutation between D, and Ds, the commutation starts at

an angle @i = m, and lasts for an angle, &, called the Commutaition or Overlap Peried {ongle), as

illustratzed in the corresponding voltage and current waveforms of the Figure.

v v‘i
Vinfp = — = — = = —
Ve ey |
g B Ve
I
0 L = wh
X 7 % 4w Bn 2n
3 13 t 3 3
i I
] i
1 )
Vo[> ) | i ;
4ia Jas | igq 1 fd3
g “ = = > o 2. |
LS 2T 4 on "
3 3 s 3

k=

marked on the eircuit of the Figure above.

4+ The output voltage is, therefore, ¥, = V. + V4 ;

As Iy, decreases, a voltage +V;, will be induced across the source inductance Ly, with the polarity

4 Noting that D, stays conductive during the aforementioned commutation period.
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&

T

.

As 43 increases, a voltage —V,, will be induced across the source inductance L, with a polarity opposite
to that is marked on the circuit of the previous Figure,

The output voltage, therefore, is V, = V. — V3.

The result is that, the { |: both dicdes conduct for a certain period
named Commutation or D\:ekl;ip pariod.
The difference between the voltages Vj,. and V¥, is divided across the inductances Ly and L,.
Note that, there is no change in the current of the Diode Dy, iz, = I, and hence V3 = 0,
The effect of Overlap Period (angle) is reducing the average output voltage of the rectifier.
The voltage across the inductance L, Is:
Vi = Lz%
Assuming a linear current rise {or fall),
Vi = Lz%
oV, At = LyAL
The commutation process is repeated 6 times for a Three-Phase Full-Wave Bridge.
Thus, the average voltage reduction ¥, due to commutation is:
V= éz(Vu + Viz + Viz)At
WV, = 2f (L, + Ly + LAL
where f = %is the source frequency, and Al = I.;
Ve = 2f (L + Ly + L3y,
iIf all inductances are equal to a commutation inductance; L, = L; = L, = Ly, then the average voltage

reduction in a Three-Phase Full-Wave Bridge Rectifier becomes:

Note that, the average voltage reduction in a Single-Phase Full-Wave Bridge Rectifier can be derived as:
V. = 2fL A
But, here Ai = 21,,, as the current reverses its direction in the source inductance!

Ve = 2f L 204D,

However, the average voltage reduction in a Half-Wave Bridge Reciifier is

The actual output DC voltage, therefore, is: |
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FExample 2317

& three-phase bridge rectifier is supplied from a-Y-connecied 208-Y 60-He supply.
FrmraverapeTmpTeesimee Y. The load current is 60 A and hus negligible
ripple. Caloulaie she percentage reduction of output voltage due to commuiation if
the line induciance per phase is 0.5 mif

Solution £, = 0.5 mH, V, = 2083 = 120V, f = 60 Hz, {,, = 60 A, and V,, =
22 x 120 = 169.7V. From Lq. (2-77). V. = 1.6542 X 160.7 = 280.7 V. Equation
(2-99) gives the output voltage reduction,

100
280.7

and the effective output voltage is {280.7 — 10.8) = 2669 V.

v, = 6X60X0.0005X60 = 10.8V or 10.8 x

= 3.85%
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Linear Regulated Power Supplies

-
%

There are practical limits, in terms of size and cost, to the reduction in the ripple that can be obtained

with capacitor and inductor smoothing. Furthermore, the ] from these circuits change

For many electronic circuits, a stability of 0.1% and a ripple of less than 0.1% are the minimum

specification, Electronic Regulators are widely used to meet these needs.

Basic Linear Regulator:

@

&

The simplest form of a Linear Regulator is depicted in the Figure below.

Vi (Smoothed)
; at

i

Vaunneg
]
]

C1

c2

o

The regulatar circuit is supplied from a smoothed (unregulated) supply and the load current is passed by

a Power Transistor {Qy) acting inits § 1) as an Emitter Follower.

Assuming that the Differential Amplifier (A} is ideal, it adjusts the base drive of Q: to maintain the output

voltage at:

where V... is a stable voltage reference; e.g.
ref

The output voltage can be set by an appropriate choice of Rl and R,, provided that there is always

enough voltage across the Power Transistor {Qu) for correct operation

The whole circuit is usually fabricated as a monolithic Integrated Circuit. Fixed voltage reguiators are

available for popular voltages such as +15V, -15V, 8V, etc..;
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Regulator Part Bumber

79L05 75108

7805

78108

78L18

Output voltags

+8Y

+18V

»  Photos of regulators are shown below, with their pins connection marked.

L78xxCW savies

3 Pin TO-220

e Above a few Amperes or above 50V, designers usually resort to discrete pass transistors.

i :
t :
- g
4 2-Graund

v oF 3 3-Ouipat

@  Variable voitage regulators are also made using external resistors to set the output voltage; e.g. LM317M

{1A and 1.3V to 37V).

Yin & ‘im L3¢ 704 V.om 3 You
PIN ASSIGNMENT > E;D
1 Adjust N hai | | Ads ‘o
2 Yout P | poT
3 Vin /Lﬁ Re
® Reference  to I
datasheet must be made for __L -

technical specification and prior

selection of components.

e  The output voltage of LM317M is given by (from datasheet}:
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Practical Example:

An output of 5V at 1A is required. The regulator type is LM317M and is supplied through a Single-Phuse Full-

Wave Bridge Rectifier fed from 10Vms & 50Hz transformer secondary. The voltage drop across the regulator

must be at least 1.8V. Assuming the diode’s voltage drop Is 1V,
o} Whétsize of o smoathin-g capacitor is needed? ‘

b) Find the power dissipated in the pass transistor of the regulator?

¢} Ifthe Ripple Rejection Ratio (RRR) of the regulator s 65d8, then what is the ripple at the output voltage?

solution:

a) Tofind C! Fegulator

NYM2 zL o a3

- 4. g"
| N '

The peak source {transformer’s secondary) voltage is:

e

Aad] Vs

L‘JJ_

¥, = v2(10) = 14.14V
Allowing a 2V voltage drop across the two conducting diodes, then the maximum voltage at the output of
the rectifier is:
Vipax = 1414 —2 =12.14V
Noting that, the minimum input voltage to-the regulator must be 1.8V greater than its output; therefore,
7 Vipin = 5+ 1.8 =68V
The allowed peak-to-peak ripple at the smoothing capacitor (at the output of the rectifier and the input of
the regulator) is:
AV = Vpax = Vinin
AV = 12,14 — 6.8 = 534V

But, the peak-to-pezk voltage ripple, retated to load current and circuit parameters, is:

!
AV = f—rE
=
AV = 27
1
534 = T = C=1,873uF

Choose € = 2,200uF, as itis the nearest thigher} preferred value!
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b} To find the power dissipated in the transisier of the regulator (Qy),

The average input voltage 1o the regulator is:

Vin = Vnax — 5 = 12.14 ~ 2% = 934V (based on the rippie with

O o= 1,873uF}

The power dissipated in the transistor of the regulator is the difference hetween the mean input and

outpul veltages muliplied by the average load currens;
PQI = (E/y,_'ﬂ - Vg)g = (9334‘ - 5)1 = &.34W

which Is within the ratings of the regudator {from the datashest!)

Note that, the regulator also has built-in short circuit, current overload, and thermal protection.

¢} To find the Output voltage Ripple!

The gain in dB is expressed, for power, as:

db = 10log (ﬁ:g—)

in

The attenuation in dB is expressed, for power, as:

19log (Pm)

dB

n terms of voliage, the is exnrassed as:

el =

- 1010g (1i57)

For the ripple voltage,

dB = 20 log (‘“’”‘)

65 = 201log (2’34)

o

534 534 5.34 534
55_1 g(—-—-) ©10( ) =4l —‘10(% =4V, T 177828
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Part 1II: AC-to-DC Converters:
Controlled Rectifiers

Controlled Ractifiers are power electronic circuits designed to convert an AC voltage (or current) into a

H voltage (or current). The output of these controiled rectifiers.consists of an average voltage

or current {a DC component), plus other {undesirabie) AC components called

Half-Wave Controlled Rectifiers

Consider the simplest form of a Half-Wave Controlled Rectifier, fed from a transformer secondary and

supplying a resistive load, and shown in the Figure below,

+ -

q@w—-—-‘w—
Vg

Synchronizing and
Triggering Circuit

g

ate

+ i d
iy Ano T, Cathode i +
R
g v = Vo 8in wt Vo

4 The Thyristor (T1) is triggered by applying a pulse of positive gate current with a sufficient duration (long

F-—

enough to aliow the SCR Anode current to rise above the Latching current {F,)), provided that it is forward
biased (V5 > Vou).
where, V,,, is the on-state voltage drop across the SCR, and it is in the range of [1.5V to 4.5V] depending

on voltage and current ratings of the device,

4 The Synchronizing and Triggering Circuit synchronizes the Thyristor’s gate signal with the supply voltage
and applies an appropriate pulse of Gate current and Gate-Cathode voltage for a proper turning-on of

the 5CR.
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&

- 1 eon ’
'i v nn q N ofe
Vae = == I Vi sinwt der

v,
Vae = o (—eoswil}

Von
¥V = ——
de =5 {1+ cosa)

where, 0 <o <

¥ V4. can be varied

varying a from 0to 7.

% The output voltage and current have
one polarity, hence this converier
has one quadrant of operation, as

shown in the Figure below.

% The root-mean-square of the output

Ve

<

voltage is:

Vims = J"z‘]';; f;r(vm sin wi)? dwt

Viens = Jg-’ﬁf:(i — cos 2wt) dwt

4
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Example 4-1
If the converter of Figure 4-1a has a purely resistive load of R and the delay angle is
w-= /2, determine the (a} rectification efficiency; (b) form factor. ¥F: (c) ripple
factor, RF; (d) transformer utilization factor, TUF; and (¢) peak inverse voliage,
PIV, of thynstor 7. : '
Soletion The delay angle, o = w/2. From Eq. (4-1), V,. = 01592V and [, =~
0.1592V,,/R. From Egq. (4-3), ¥V, = 0.5 pu. From Eq. (4-4), V. = 0.3536V,, and
fe = 03536V, /R. From Eq. (2-42), P, = V. 1, = (0.1592V ¥R and from Eq.
(2-43), P,. = Vol = (0L3536V, )R,
(a) From Eq. (2-44) the rectification efficiency, -

_(0.a592V ) _
T 03536V, )7
(b) From Eq. (2-46), the form factor

_0.3336V,
701592V,

de

20.27%

FE = 2.221 or 222.1%
(c) From Eg. (2-48). the ripple factor, RF = (2.221° — 1)!® = 1.983 or 198.3%.
(d) The rms voltage of transformer secondary, vV, = V.2 = 0707V, The
rms value of the transformer sccondary cutrent is the same as that of the load: I, ;"
0.3536V /R. The voli-ampere rating (V A) of the transformer, VA = V.1, = 0707V,

m

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

0.15922 _ _ 1
= 0.1014 and —— = 9 8h
0.707 % 0.3536 Y TUF

TUF =

{e) The peak inversc voltage, PIV = V.-
Note. The performance of the converter is degraded at the lower range of
delay angle, a.
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Classification of AC-t0-DL Converiers
Single-Phase or Three-Phase AC-te-DC Converters can be dassified aceording to number of quadrants of
operation as: 7
a. Semi-Converiers {one quadrant of operation)
Lo Full-Converters ftwe guadranis of operation)

£ DualConverters (Four quadrants of aperation)

Single-Phase Semi-Converiers

% The circuit topelogy of a Single-Phase Semi-Converter is shown in the Figure below.

B &
+ .
i ' “‘% 1 y g =la
o o—— ¥ r -1,
i} B, :gs D, 7 Oy, L

e T S—

Lip, 4 loe » Ipr

' T L

% The load is assumed to be highly inductive with a large time constant, thus the output current (i,) may
be considered to be constant, continuous, and ripple-free.

% During the positive half cycle of the input voltage, the Thyristor Ty and the Diode D, are forward biased.

¥ During the negative half cycle of the input voltage, the Thyristor T, and the Diode D are forward biased.

% The Thyristor T) is triggered at wt = a.

% Fora < @t < o, tha Thyristor T;’_"é'rid"thé Dicde Dz' gondict.

# The voltage and current wavefarms are shown in the Figure next.

Page 100 of 215



During the period 7 < wt < (T + a),
the freewheeling diode D, is forward
biased, and hence it conducis and
carries the output current {i,); the
output  current commutates from
T.& D, to Dy,

Consequently, T & D, turn off, whilst
D turnson at wt = m.

The Thyristor T, is triggered at wt =
i .

Since the Thyristor T, and the Diode Dy
are forward biased during the period
(7 +a) < wt < 2w,

they conduct,

apply-ing a reverse voltage across the

.freewheeting diode, D,,.

Consequently, the output current
commutates fram Dy, to T,& Dy; Dy
turns off, whilst T, & Dy turn on at wt =
T+a. -
This process is repeated and so forth...

Note that, any conducting Thyristor
turns off only when its Anode current
(iy) falls below the Holding current.
Since the oad is highly inductive (has a
large time constant), it maintains the
current at its steady state value even
though the output voltage is decreasing
values,

to small or even becoming

negative!
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% Mote also that, if the freawheeling diode was removed, the cutput current wit! circulate within one
converiar teg, whichever had its Thyristor conductive, The conductive Thyristor turns off when the other
forward biased Thyristor turns on.

. N l.

% I the semi-Converter had no freewheeling Dinde, the conduciion power loss would be greater; two

revices will be canduciing during freewheeling!

Y

Y Due to having a freewheeling diode {or due to the presence of

Y

N

diades in the legs) in this converter, the ouiput voltage cannet be \;;\\\\
"

negative {also the output current cannot be negative}! Hence, this 0

bae
., as shown in the

converter has

Figure next.

% The average output voltage is:

Z g -
Vi, = Tnfa V,,, sin wt dast

2V,
Vee = 52 (—cos wt3)

N v T

% V), can be varied by varying a from 0 to x.

% The root-mean-square of the output voltage is:

Vims = J.ZZ—E f;(vm sin wi)? dwt

Vims = JU;”;I)Z f:(l — cos 2wt} dwt

b<a<m

% Vs can be varied from %tn OV by varying & from G to .
N
% if the load was resistive, then the freewheeling diode does not conduct. The output current wilt have the
same wave-shape as that of the output voltage; each Thyrlstor will turn off when its Anode current fails

below the Ho%dmg current at the end of the corresponding half cycle, i.e. at'm or 27,
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Example 4-2

The scmiconverter in Fig. 4-2a is connected to a 120-V 60-Hz supply. The load
curTent, {,, €an be assumed to be continuous and its Tipple content is negligible. The
turns ratio of the transformer is unity. (a) Express the input current in a Founer
series; determine the harmonic factor of input current, HF; displacement factor, DF;
and input power factor, PF. (b) If delay angle is o« = /2. caleulate V.. ¥V, V
HF, DF, and FF.

rmsa

Sohution (a) The waveform for input current is shown in Fig. 4-2¢ and the instan-
tancous input current can be expressed in a Fourier series as

i(1y = doe + 2 (a, cos nwt + b, sin nof) (4-8)

A=

i

where

s ] b ki " ]
f,, = 5:—7 J; i) d(wf) = 7 |:J; I, diwt) - J;m 1, (!(mr)] =)

a, = 1 I- i(t) cos nor d{wr)
w

a

-1 [J I, cos nwt d{wt) — f_ I, cos nut d(mt}]

L LS v
24
= — "dnpe  forn=1,35,.
nw
=f form = 2,4,6, ..
1 .
b, = —j i(r) sin awt d{wi)
e

= ! [J i, sin nwt d(wt} - j- 1, sin nut d(ml)]

w

2]
=T:‘(l+cosna) forn =1,3,5,...

=0 form = 2,4,6,...

Since I, = 0, Eq. (4-8) can be writlen as

i = » V2ZI,sin(nwi + $,) (4-9)
n=172,...
where
_ g T 4.
. ¢, = tan b 5 {4-10)

The rms value of the nth hanmonic component of the input current is derived us

V2, Ao o
cos —~ (4-11)

| ==

"

(a3 + b)) =

t31

W
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From Eq. {411}, the rms valug of the fundamental current is

=
F 2\‘»‘!""' a [4:4
Fy &7 = {35

™ 2

The rms input current can be calewlated from Bq. (4-11) as

5/ . oz

5o N

L i z’:i ‘Ifl
w11

A

£, can also be determined directly from

13

i i o i { .-
L - [—)‘:—_ T d{w:)g A %}

Fromm Bq. (2-51), HF = [(£,4F — 1} or
. ro
w{m ~ a) -i
R I o S |
HE L(_l 4 COs @)
From Eqgs. (2-50) and (4-10),
£
DF = cos b, = cos ~ =

From Eq. {2-32).

. 5 o V{4 cosw)
P = = ¢os — = —ormr———————
. 2 [wlm — a)]™®

(4-12)

{4-13)

(4-14)

(4-15)

{4-16)

(b o = w/2and vV, = VEow 120 = ER9.E3 V. From Eg. (4-5), Vo =
(% foMi 4 cos nd = 31.57 V. from Ea. (4-6), V.. = 0.5 pu, and from Eq. (-7},

5 V?"l
v s T =
Vo

i

tal

3
s

/ l, w
f, = : cos 7 = 0.63664,

T

12
i, = 1“(1 - 5) = 07071,

\ kil

IF = [(E) - l} = {4835 or 48.35%

and DF = ¢cos —

L

b

g = -

PE = %cog = (.6360 {lagging}

ral R

Note. The performance parameters of the converter depend on the delay
angle, e.
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Single-Phase Full Converters

% The circuit topology of a Single-Phase Full-Converter feeding & Highly Inductive Load is shown in the

" Figure below,

i

%

+ 4
-
i3
R
¥
2{2'2 L
1? iU = l&

During the positive half cycle of the input voltage, the Thyristors Ty & T, are forward biased.

During the negative half cycle of the input voltage, the Thyristors T3& T, are forward biased.

T, and T, are triggered simultaneously at wt = .

T, and T, are triggered simultaneously at wt = © + a.

During one cycle, because the load is highly inductive, the

| which is almost constant, regardiess of the value of load voltage;

Therefore, the load current continues flowing through the already triggered {conductive) Thyristors,

despite the reversal of the supply voltage.

In other words, the Thyristors T; & T, continue conduction beyond wt = 1, even though the input voltage

is negative, because
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A

i

The corresponding voltage and current

of

waveforms a Singie-Phase Full-
Converier are shown in the Figure next.
Ty and T, are tiiggered simultaneously at
wi =g, and hecauss they are forward
hiased, they will turn on.

Since the load is highly inductive, the
output current, which is greater than the
Holding current, continues flowing via Ty
and T, beyond wt =7, applying the
negative supply voltage acro'ss the cutput,

as clearly seen in the Figure.

At wt =17+ g, are triggered
simultaneously, and because they are

forward biased, they wi

o

. Therefore, Ty and T,

warill #niem nfF

T, and T, are turned off due to Line or
Natural Commutation; the load current
commutates to Ty and Tj.

In the periods §

the converteris in

b g1z (Vga2)

fg12 (Pgraz)

E.FJ" ﬁ:gS,f-f- (vgka,t&)
: §
4
Kol o imda
— o d Fo Ta
ﬁ;_“\{__ e
Wi Jd,«‘é”ﬂ T -
‘,/- ] \\ Y= W slnwmt /
/ ¢
F Y
N /
1] : ! @t
? Y oata 2
L]
I I
&N i |
. L~
2n
it
0 o n ™+ o \
\\ Y
24, ;
L ! =5 ‘ -+
0| } E wh
£ | n | 2n
Ia [
. 4o 2." ot
0 = 4 *
1 b

the power flows from the source to the load.

in the periods

load to the source.

4 Vo
Vdc \j\
Since the output voltage may have both polarities; positive and \\
. . N\
negative, the converter has two guadrants of operation as o \Q i
Hlustrated in the Figure next, \\\
"vd{‘. k LY
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% The average output voliage is:

2 et .
dc = 5y Vi, sinwt det

TV
Vae = 22 (~cos wtl*)

O<a<nm

B V. by varying « from O to 7.

93 The root-mean-squaré of the output voltage is:

2 it .
Vims = ;fa (¥, sinwt)? dwt

2
Vims = J(“;n;: j:+a(1 — ¢cos 2wt} dwt

% 1,5 is independent of a!

% If the load is purely resistive, then the load CU!"I'E‘F)'t falls to zero at wt = 7, and, consequently, T; and T,
turn off, Also, at wt = 2m, the load current fall.s 10 zero, and hence Ty and T} turn off. Consequently, the
output voltage canhat be negative!

% The instantancous output voltage of a Full-Converter supplying a purely resistive Joad is the same as that

of a Semi-Converter.

% If four quadrants of operation is required, then two Full-Converters connected back-to-back {opposite to

each other} are used in a configuration called a Dual Co;i\._rer{ér, as illustrated in the Figures below.

s NN
| i NN
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Thres-Phaze Half-Wave Converters

L The circuit topology of a Three-Phase Half-Wave Converier feeding a Highly Induciive Load is shown in

b
%

=]

%

e

&

the Figure belouy. Fid -
i —— L
by iy ™
=
by }}\
b FUE B e :
s - f .
o Iy T &
. i Iy
ra b
I/ 'c C y
o o s T o
L] (1]
5
Ta

It can be considered as three Single-Phase Half-Wave Converters.

Because the load is highly inductive, the output current is ripple-free and constant over the whole cycle.
1
Since the available current paths are through the Thyristors, each Thyristor has to conduci for 120°(~3~ a

cycle).

For a suceessful turn-on of any Thyristor, the SCR has to be ferward biased, triggered by a puis'e of gate

- _— S .. . . . - 3 o [ I L A [N SO 1 NS

puise period.

Any SCR becomes forward biased during the period within which it is connected to the highest voltage in
the circuit.

The waveforms of the Figure on the next page show that v,,, becomes the highest voltage in the circuit

at= %, thus T; becomes forward biased.

Besides, the waveforms show that v, starts to become the highest voltage in the circuit at an angle

wt -”:'5?”', at which T, starts to become forward biased. On the other hand, U, starts to become the
. . _— o . o .

highest voliage in the circuit atanangle = —;5, forward biasing T5. Therefore, the turn—on of any Thyristor

can be delaved, via the Synchronizing and Triggering (Control) Circuit, for an angle ‘a’, once that Thyristor

has become forward biased. i.e.,

and§
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#2  The gate signals and the
corresponding voltage and
current  waveforms  are

shawn in the Figure next.

@

The waveforms shown are

Fig
foro ==
e 3

29 Note that, the frequency of

the ripple at the output is
3f.

%5 The average output voltage

is:

5
BI:la
€7 e

V., sinwt dowt

iy

\igl (vgkl) iy2 (Vgi2) igs (vgks) ig.‘a (vgkl) igZ (v_gkz)

4
e O 13m 17n 'y
w0 - —_— e @
r +a ‘ +o . P + o 3 + o
On
i«m@lw—%i*—wlﬂ»ﬂ!
Vln f e, ‘Uﬂ” . Ubﬂ i v{;n_ - U(I]l vb?’i
¢ Vg = Vi Sinwt
/ / \1‘1:7/
0 1
Vo 5
Ved o
§
O
K3
i
ik 1
Y
e
8y
lad
o] : 4 7 wi

Vye = % (cos (% + a) - COS (5-;—‘ + a))

cos (A+ B) =cosAcosB —sindsinB

Using the trigonometric identity:

Vye = 2o (cos( )COb (a) —sin (6) sin (a) — cos( )cos (o) + sm( ) sin (a))

yields, =

= Vdc
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A At e = 0,the average voltage V. = 5‘?:’", which is the same as that with g-Phase Star Reciifier, V. =

GV

” by varying e from 0t o,

sin (EJ‘ hut with g = 31 Note that, V. canh be varied fro

% The root-mean-square of the ouiput voltage is:
g
s Era
pul A " s nd ..
Vs = 1ot (Vi SiR a0t} o
(t‘i &

d<ag<n

Vs depends on ol

% Inthe case of a Highly Inductive load, this converter provides two quadrants of operation.

b Yy

v{ic

O \\\\\\\:}\\ e o

%y If the load was &

% In the case of a resistive load, each Thyristor is self-commutated as its current falls below its Hoiding

value when its input phase voltage is falling 10 zero.
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% The average output voltage is:

3 -
Vdc—gfngmsmwtdwf
LY (E )) L i
Vdcmzﬁ(1+cos 6+a ; 6<a<6

%  The root-mean-sguare of the output voltage is:

3 )
Vins = \lgff(’_%“(vm sin wt)? dwt

Vims = \/—STVmJGS——;%-i-B};sin (Z+24))

|, thei the pgt'pu't:_\'rol_tag'é Visr'continudu,s and hias"-ﬁt,hg sa'rﬁe

% if the load was purely resistive but
average value as that with a Highly Iriduictive Load. The same argument is valid also for the RMS value of

the output voltage!
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Expmpie 4-0

A three-phase half-wave converter in Flg. 4-7a & mp@mtad from 2 three-phase Y-
: cunnf:m@d 208-V 6l Hz supply and the load resistance is & = 10§ 1§ 0 is required
v obtain an aversge output voliage of 509 of the maximum possid ble onipui vollage,
z:aﬁwia'ie the (a) delay angle w: (b) rms and average outpul curTends; {c} averags and
s thyristor currems; {d) rectification elficiency; (e} transformoy itiiization facior,
TUF; and {0 inpui powsr faclor, FE.

Solmtion  The phase voltage is ¥, = 208/ e 1200V, YV, = VIV, = 16983 Y,

¥, = 0.5, and B = 10 €, The mavimnm outpet voliage is

w

3 AQ‘\’F Vr: S £ ’.;
Vi = ___.%f__,,,__,; =33 16;3 2 = {40.45 ¥

The average output volage, V,. = 0.5 x 14045 = 70.23 V.

() For a resistive load, the load current is continuous if o = /6 and Eq. (4-
52) gives V, = cos {(w/6) = 86.6%. Witha resmwe load and 50% output, the load
current is discominuous. From Eq. (4-52a), 0 (VD) 1+ cos (w/t + w)] and
the delay angle is o = 67.7°.

{b) The average output current, fy, = Vo /R = 702310 = 7.02 A, From Eq.
{4-53a), ¥, = 94.74 V and the rms load current, I, = 94.74/10 = 947 A,

{¢) The average current of z thyristor, {7 = !d {3 = 70273 = 2.34 A and the
s current of a thyristor, fer = £ /V3 = 9473 = 347 A

{d) From Eq. (2-44} the rectification cfficiency is = 70.23 X FA2H04.74 >
947 = 54.95%.

T4vA N HAE1T TEEIC ATUNG <= a-
iy L0IC IS “_Yr‘ii_ JERURS ATANE YR REL M RIS AIRD STS 8AR. USRR REMEAT N ARAS LA AR . 22000 MBEG

input volt-ampere rating. Vi = 3V J, = 3 »x 120.1 X 5 5.47 = 1970.84 VA. From Eq.
(2-49). TUF = 70.23 x 7.02/1870.84 = 0.25 or 25%.

(f} The output power, P, = I, R = 9477 x 10 = 896.8] W. The input
power factor, PF = 896.81/1970.84 = (}.435 {lagging).

Note. Duc to the delay angle, &, the fundamental component of input line
current is also delayed with respect to the input phase voltage.
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Three-Phase Semi-Converters

%5 The circuit topology of a Three-Phase Semi-Converter feeding a Highly Inductive Load is shown in the

Figure below.
b1 :
: . st
TQ. Ta - ' |ﬂ =a
& v i '
. ; & b3 ,
o ray) Highly
e " inductive vy
, load
b
; 7T
D.—, D: { om
toa iD1 -

%5 The reference angle for the Firing {Delay) angle (a) of any Thyristor is the angle where that Thyristor

%

becomes forward biased; when the input voltage connected to that SCR starts to be the highest voltage
in the circuit, i.e,,

Tl_ is tr:i'g“g"é_.r'e"‘c'i'at{@;)t ":_%ﬁ-ii- «, Tz is "irig"gerre.d at wt =~5€£ +a, andTgistrlggeredatwt ='?‘é£ + o

The corresponding waveforms for ¢ = % are shown in the Figure of next page.
¢ can be varied from 0 to 7, that is because the turn-on of any SCR can be delayed as long as its voltage
is still higher than the voltage connected to the preceding conducting SCR in the sequence {Ty = T =

T, = T3 = T, = - ). Turn-on of T; can be delayed over the period where vq, is greater than v, , and

Turn-on of T; can be delayed over the period where vy, is greater than Vg, , and so on...
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5
0 = ot

X Tu
= 4o = 1ia
) r -zt

U]
-
L

T

% Applying a pulse of current to the gate of T} at wt = 1;— + o (wt =%+ 3= i—:) triggers T, on, as it is
forward biased. Therefore, the current commutates to Ty, flowing through the lead and returning via the

forward biased diode at the lower level of the converter.

4y At the lower level of the converter, the diode connected to the lowest voliage In the circuit is forward

hiased.
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4

In this case, the Diode Dy is forward biased and thus the current flows back to the source via Dj.

Therefore, the output voltage is the line-to-line voltage vge.

{1V is ahout to reverse polarity}, and

hence D, conducts allowing the load current to circulate within it} Also, at this angle, the conducting
diode (D,) becomes reversed biased, and hence it turns off. |

The current cammutates from Ty to Dy, therefore Ty turns off as its current falls below the Holding
current.

Applying a pulse of current to the gate of T, at ;ﬁ)t = 5?” + o (wt = % + 525 = %E) triggers T, on, as it is
forward biased, and applies a reverse voltage {(vpe) across the Ereewheeling Diode {Dy,), which turns off.
Therefore, the current commutates from Dy, to T,, flowing through the load and returning to the source
via the forward biased diode in this period, which is Diode D,.

The triggering sequence continues, and the load current flows alternatively between a Diode-SCR pair
and D,

Note that,

Note also that, if there was no Freewheeling Diode (D), then the ‘on’ Thyristor would stay conductive

as its current is greater than the Holding current. However, when the voltage applied to that SCR becomes
the lowest voltage in the circuit, the diode forming the same converter leg with the SCR becomes forward
biased and the load current circulates in that converter leg instead of Dpy,. The conduction power loss is

higher in this case; two conducting devices instead of one. The current circulation continues unti! the

next SCR in the sequence is triggered.

%5 To find the average output voltage of the Semi-Converter, assume that the phase voltages are:

Vgm = Vin Sin i

vy, = Yy sin (wt ——5;—[-)

Ve = Vip Sin (wt + z?n)
Then, the corresponding line-to-line voltages are:

Vap = V3V, sin (mt + %)

Ve = A3V, sin (mt — %)
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W Thus, forg >

m{'-ﬁ

[ Ve AT

‘E"K-l- :

;‘I

Vg = — 2 \/—mﬁnsm{mfmm)dui

2r
T
Vae e -mwS{ £ - E}E:
27 Mg g
3‘f“ 3V,
Vie=—L(1 + cosa);

¥ Fora> g— and discontinuous output voltage, the robt-meahfquare of the output voltage is:

1l

VT.‘T! 5

fn (vac) dewt

7w

=

s = 3] (\FV Sin (ocw“))z dwi

2w

Page 116 of 245

~ and discontinuous output voltage, the average output uoitage s

wiA
A
2
A
=

wlH
1A
=
A
=



t
, 2 . . .
%o S%, each SCR conducts for ?ﬁ and the output voltage Is continuous and there will be no

Freewheeling Diode action. The Figure below shows the waveforms for ¢ = %.

. o B AT : N T 1
] : . ' 2 Vin T 1 Vbq'n . % Vin

= X o

% o fa < %, then the average output voltage is:

T Sa
—_ 3]z e
Vdc = n f%+a Vab dwt + _’-52;_ Yac dewt

V ae x-g—@’ﬂ(l-i—cosa); @

2

7
w3

which is the same as that with a >‘1;-!

% Fora < g ,and continuous output voltage, the rootQme‘aifg—s‘.quare of the output voltage is:

Ed 5w

3 = —fu

Vins = Z_T;[Igz_i_a(vab)z dwt + f; (vge)? dwt]
6 2

= 5 A LN 2V whichis di i T
Vims = EV’“\J‘J}n(S ++/3(cos ) ), which Is different from that with o > =}
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Frample 4-7
nFig d-da

Repeat Lxampie 46 for the three-phas

Solution  The phase voltape is ¥, - 20805 = 1201V, V. = VI = e Y
4 e 4 I8 5

Vo= 05 and B = 100 The murdimum output voltage 13

- IV, 16%.K3 ,
Vg = T = B e = IR0 Y Y
w T

The averuge outpst volinge, V, = 0.5 » 2808 = 140,45 3

fa) For e 2 w3 and L. (455 gives ¥, = (1 + cos 0332 = 75% With o
resisive load aad 0% autput, the output voltage is discontinucus,  Trom | k.
(4-33), 0.5 = 0.5(1 + eos @), which gives the delay angle, o = 90°,

(b} The average output current, {, = ViR = W0L45100 - 1405 A, Erom

+ 085t 2 = ” = 18013V

BN |

Ny
\3>\1(\Q‘ﬂ{ (1:“
47

and the mms foad current, 7 = 1801310 = 18.01 A.
{c} The averaee curen t ofathvristor £, ~ 103 = 14055 - 462 A and the
ems cutrent of s thyasior, 7, = 13 - e v = 104 A

R R L (299 e revidicadon efficiency i

AT % 1405 o |

L Y Y ———— W g was

VTS0 qmgy ot or AR
{1 The ros input ine current i 1, - [.-= V23 = A The iput vodt-
ampere ating, VI = 3VJ - 3 % 1200« W = S0, From By, (2-9).
TUF = 14045 % 14055300 — 0.372, -4
{f} The output power, P =R = RO < 1= 3236 W, The pawer

factor is PP = 3243 wil300 = (g12 “‘"Eéhfé!- _

Note. The power factor is better than thar of three-phase hall-wave con-

virplers,
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Three-Phase Full-Converters

% The circuit topology of a Three-Phase Full-Wave Controlled Reciifter supplying a Highly inductive Load

is shown in the Figure below.

i';1 XL ﬁL +
t\é T T T Tl

i Load High!y' inductive
WAy o WS | Yo oad

LT
te
T4 TB T?
it _

The numbering sequence of the Thyristors is the conventional numbering sequence implemented in any

c

-,
v

@&

other three phase converter.

% The phase shift between any two ronsequent Thyristors is 60° (org);
T, is trigg_eré_d at wt = % +, Tyis triggered at wt =323+ a,and Ty isitriggered at wt :f—s—g +a

. - N ot . . . L s _""':‘7.,’__;; o : 11T
T, is triggered at wt = 3—3— +a,Tsis triggered at @t :263-—[— @, and Tg is triggered at i = }6—”, +a

%3 At any time, there are twao conducting Thyristors; one SCR at the top level and another SCR at the hottom

jevel of the converter.

%5 The conduction sequence of the Thyristors is: TiTz, T2Ts, TaTa, TaTs, TsTs, TaTa, Tals, T2T3, -

Page 119 of 215



[

[4]
N 5n = el
Blya [ T T + b
&
wt
iy = iy +ia
i)
e
Q 3]
R B —-t
) & e E Ejlﬂ .
[ -t I ———
ra
Lt/
wl

% When T, is triggered (at wf = =+ @), T; becomes reverse biased and turns off due to natural {or line
2 y 5

commutation as its Anode current falls below its Holding value, commutating to 75,.
% Note that, the frequency of the ripple at the output is 6f, where f is the supply frequency.

# I the phase voltages are:

B
. 2
Yy = B sin (mt - ?H)
. 2T
Yo = Vi Si0 (wt + -3—)
Then, the correspending line-to-line voltages are:
Vap = V3V, sin (mt + %)
vy = V3V, sin (mt - g}
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t
% The average outplit voltage is:
6 I+£¥
Vdc = ‘Z-T?I-§+cr Vab dewt

; 3 ;’r“‘“ - i
Ve == f%w 3V, sin (a)t + E) dot

' T
ot

Ve = VLY —Cos (mt +—7£) :
w 6/ 12+

33V
Vg = —cose; ¢sa<sm
T

% The root-mean-square of the output voltage is:

6 pta
Vims = ﬂffm (Vap)? dwt

Vins = %j%%:; (\/§Vm sin (cot + T—;))z dwt

Vdc:

% Since the average output voltage varies from 3%1/_,“,[0 - 3—{13;?-,-"—’ \\

, then two guadrants of operation are essible! -
g p P 0 \\Q by o
W

%3 Note that, for o < -7:-: the output voltage is continuous and does not have any negative instantaneous

value regardless of the load type (resistive or highly inductive). Thus, for a <§ and a resistive load the

average autput voltage is the same as the average output voltage of a Highly Inductive Load.
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{bacause the

output clrrent cannot be negative) and the average output voltage in the resistive load case is:

5
25T

= i the load is resistive, doubie
pufse scheme Tor firing angles is

implemented, as llustrated in

That is to ensure ihat the

preceding Thyristor in  the
sequence is turned ‘on’, when
the next Thyristor is triggered;

{0 ensure that two Thyristors

are turned-on--to -provide-the-

needed current pathl!
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% Toincrease the frequency of the ripple at the output, two six-pulse bridges (converters) can be comhbined
- either in series or in parallel to produce an effective 12-pulse output. However, the input valtages to

these individual converters must be out of phase by 30°

€ A 30° phase shift between transformers’ secondary windings, feeding these individual converters, can be
achieved by connecting one group of secondaries in WYE and the offiér in Délta {these secondaries are

coupled to the same three-phase primary windings), as illustrated in the Figures below.

-

—_— —
- Vol Load Lo Load
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Fuample 4.8
Boreat Faimple 46 for the thiee-phase full convertor in Fig. 4.9,
3 k I

.

sofation The phase voliage. ¥, — 200 A iV, y, =Ty = 59'1“ LER
~ s and B o= 100 The masimut outpat voliage, ¥, = AWV e = 3y 3
W H&Q.E}Bs‘fa = 2809 Y. The averige ouipul voltage, Y, =05 w135 = [441, 4% %
() From By, ($98), 15 = ooéw, and e deday aagle, o = G,
{bY The averg -Dl.i_ir,l.li curtent, £, = ¥, (R = BEASTD = edh A From
Ey. {459,
) P33 N
Vo= vh 15‘_—3.43{& gl dgi;“’ es (2 % f][l"':)‘E = {320V,

and the rms eurrent, £, = 1992910 = 1593 A.
(c) The average current of 4 thytistor, Iy = f3 = 14053 = 4,68 A, and

he tins current of a thytistor, L~ L V26 = h@’. VI = 9.2 A,
(d) From L. (2-44) the rectification cfficicney is

langs = WAL
pom ST o TTR
[59.29 ® [5.94
- - Lran 4 B L lsh L et svnde emamsima
AL g em Y
rating. V1 = sw S 1% 1200 %13 = 46839VA. From Eq. (240), TUF = 14045

¥ 14,054683.9 = 042,

(f} The output power, Pos R = 1598 x 10 = 23300 W. The power
factor, PF = 2537.64083.9 = 0.542 Haggiﬁg').
Note, The power lactor is less than thal of threg-phase semiconverters, but

highee than that of threc-phuse hall-wave converiers.
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pPower Factor Correction

Techniques Used For Power Factor Corvection:
1) Synchronous Condensers {old approach)
2) Parallel Capacitors

3) Power Electronic Circuits: Controlled Rectifiers, PWM Rectifiers, Voltage Source Converters, Current

Source Converters, ...{recent approach]

Power Factor Correction via Controlied Rectifiers:

Two main control strategies can be implemented to enable the Controlled Rectifier to operate as a Power

Factar Correction Equipment; namely:
1- Extinction Angle Control

2- Symmetrical Angle Control

1- Extinction Angle Control

Consider the Single-Phase Semi-Converter, which has switches {$4 and S7) with turn-off capahility replacing

the Thyristors (e.g. GTOs), supplying 2 Highly Inductive Load and is shown in the Figure helow.

isy
r ratr-] T4
81: %’ g 82: : Vio“"‘la

I W | R Yo
+Q=-ﬂﬁ'-h_'“"“§“

k §is2

M % D Load
[ S g ?]
%& o =% Dy

#  in this method, the switch Sy is turned onat wt = 0 and is turned off at an angle wt = — f, whilst the

switch 5, is turned on at wt = 1w and is turned off at an angle wt = 21 — B; such tha

B The output voltage is controlled by varying the extinction angle, 5.
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£ The voltage and current wavesorms of this Semi-Converter, implementing this method, are shown in tha
Figure below,

= The average outpui voltage is:

- g
27 ) ; L
Ve = = J; V. sin wt dewt T e
LTE P 5, L
@ 0 ,/iy ; }‘L‘%\—ﬁ , Jﬁ,‘;‘ _ et
AN e
q E %, - _r«f"» H
VB ‘ma 5:4 i i ? MN
g m -
E3 Y ) i »‘,nﬁ /ifg g ‘j..
B> The root-mean-square value of the 0 S f g
| - )
output voltage is: v =g ‘?’ ] ey
3 Ia [ g
2 l |
Vims = o f (V. sin wt)? dowt o -~ ?ir gl 1 ot
o 8 isz i N |
! i .
o ﬂ 27 - fi W
& iDm ;ﬂ
- s “ s ’i‘.
o | [} ?; 29— ﬁ o5 o
=] s
= 7 5 i
Ee LY [a /g// l}_ 9 e ‘\-E::?
0T s e i,
Y i . ;g\ J k) L, & Dy w;{sﬁ
" s
1 EG e - !ﬁ
Iy .
0 me (23}

eb The fundamental component of the input line current {i), dashed line, leads the input voltage, and the

Displacement Power Factor {Power Factor) isleading; depending of the'valueof extinction angle, f.
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8 The Extinction Angle Control can also be

used Full-Wave Controlied Rectifier to Lo T T
T TLTT b e
. , ! i i gl =l
improve the Displacement power " s, | 184
) Factor. L'-“-;- - o
‘ * s 1153
Tv v Load | '
i ~ o e o
2 |n the Full-Wave Controlled Rectifier, Sl ml r—'"”1|
i I i
shown in the Figure next, the turn-on 1 g 184 \}Zg 182
N I | S -
apd  turn-off of the Controllable ,
2 isa g2 -
switches are controlled such that the L L

input current has the same wave-shape as that with the Semi-Converter; the freewheeling action of the
tnductive Load current is completed within each leg of the converter, zlternatively, as clearly seen in the

waveforms below!

S5, |5,5: 1 8.5y 182821
Ve d
v = Vohsinet
w1
[ ﬂ\—/b
i
& vg I I {
! '
) ﬂ A P 1 — [911]
ﬂun'
# The fundamental component of the isy | i 2a
N
Input current, i4, {dashed line), leads
the input voltage and the 0 ] | n B - ol
) 4 Isa |
Displacement Power Factor ' is li ¥
- 2= (01
leading; hence the Power Factor is 0 \ | @
a
improved! }isa ! I
0 ‘'l ¥ w1
Isa I,
- o tot
0 n-f 1 2n -8 |
i ! 1 ey
;ﬂu P! F»«i«w‘z
: - N
fD T WL en-fp e 51|
LI AN £ 2Zn
N ]
ls S *‘“a
1 B
N —
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2- Sywmetrical Angle Control
% Reconsider the Single-Phase Semi-Converter, shown in the Figure below, app%\-ﬁng switches instead of

the Thyristors and implementing Symmetrical Angle Control,

isg
o LE ol 4 W
&g 5y 32? < ;' 7=l
T T ¥
t 2 lsy
Y Zg[}m Load
e 2% !
73 By é,x O,
L -

4 . e " . . PR - “ . P T [P . z .
% in Symmeirical Angie Control method, the switch §, is turned on at wi = ~—-‘;E and is turned off at an

T+ B 3m—-fF
2z

angle wt = m—:—, whilst the swiich §, is turned on at ot = and is turned off at an angle wt =

e A A A AR P O R T s

5 SUCH whatl

-
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% The voltage and current waveforms are shown in the Figure below.
by

. Vo

2
& g1 J; Ea ‘ ‘
. | : ]
| . | 2n ]
0 n-g @ "IE 7 ¥ i e ot
2 2 2 z +!a I
i 4 [} '
taz |
¥ ! | 3 H l wt
RS e
Hi g ot T \’Ig i g Wl l
s & =
A b T m-p st d N
&Y z z # N
&’ 3 A ‘:&
0 Tr;ﬁ 71’;.'? 7’]\% i 22n \;%WI
( i
”Q ‘%»m/ _Iﬂ
ba
L4 ; !

the

. %9 The Symmetrical Angle Control can also be implemented in a Full-Wave Controlled Rectifier.
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, Part IV: AC Voltage Controllers

An AC Voltage Controlier provides an adjustable rms value of the output voltage. In some AC Voltage

Controller configurations, the output frequency could also be controlied.

The cutput of these controllers consists of a fundamental (AC) component of the output voltage plus other

{undesirable} AC components at higher frequencies called HZA

Types of AC Voltage Controllers:
E J 1) Single Phase Controllers
2) Three Phase Controllers
Two main Types of Control can be applied to AC Controllers:
I} On-Off Control
H) Phase Angie Control
The latter type can be classified as:
a) Unidirectional or Half-Wave Control

b} Bidirectional or Full-Wave Centrol

I} Principle of On-Off Control

4 ASingle Phase AC Voltage Controlter implementing On-0ff Control is shown in the Figure below.

-4 The Thyristor switch is “on” for a particular time t,, and is “off” for another time t;,.

synchronizing ant

Triggering Circuit

7

. 4 The Thyristors Ty and T, could be a TRIACf

the latter has the required ratings!
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-~ The Synchronizing and Triggering Circuit synchronizes the Thyristors’ gate signals with the supply voltage

and applies an appropriaie pulse of gate cuwrrent and gate-cathode voltage for a proper turn-on of a

particular SCR,

e

The associated waveforms of this method are shown in the Figure below,

1;
s
4

s i - ga‘-":“*ﬂmu Kt -=§5>1
Vo b x f':*‘. if "y "p"‘ f#%“-,

4 [ B

% ‘1" is an integral number of g e

-
“on” cycles, whilst . is an \/f \?\j \] \/ \
I -

integral number of “off” cycles. -
0

Vn /’\ i 1 /
TN N
iglﬁ Gate pulse of T,

g

f -l 4 ﬁ i
3 1

Gate pulse of ¥,
8 !

il [l

cycles, and is disconnectad for “m” cycles, then the rms value of the output voltage is:

3
|
|
fl
!
i
!
i
1

I > at

4 Sinre the land ic rannected tn i3]

i Jf

the supply for

Vorms = J—“— I, (U sin wt)? dot

{n+m)2m

Vorms = JHJFmJ(V’") IZE(I — cos 2wt) det

Vorms =

where, k = ;%, and is called the duty cycle, and ¥ is the rms value of the input voltage.

4 This type of control is used for applications (loads} with a high mechanical inertia orfand a high thermal

time constant; e.g. industriat heating and speed controi of motors.
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\

+

The output power for the resistive load is:
F= .V(erjarms = \/?1@101-,;15 = Rl’orms2
where fgms = V—O;El"-‘—, is the rms vale of the output current and equals the input current!
Assuming lossless controller, then the input power is:
Pin = Py = Vk Vilorms
The input apparent power is:
Sin = Velin = Yelorms

Therefore, the input power Factor is:

pF = P - YVsloms _ i {lagging)
Sin Vslgrms
= PF = |—— (lagging)
- n-+m EBINE

The input power factor, as a funetien of the duty cycle, is depicted in the Figure below.

Power Factor, PF

ot //
0.8+

0.6+

0.4+ PF=+k

p.2+

0 T >
p2 D4 06 0B 10

Note that, the input power factor is very low at small duty cycles!
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i) Principle of Phase Angle Contro!

N I ur e
. R o Synchronizing and
i, 1} Single-Phase Half-Wave Controller i T | Triggering Circuit
#. 1 e
B i ois also known as a Unidirectional _— g 2
i I F A [ .
Controller, ig
R O
¥ The creuit topology of a Single- d’ n, 3
. . HiE . ve 2 R
Phase Hali-Wave Controller s éfi} ”
shown in the Figure next.
A e
|
# The associated voltage and current !
Y e it
waveforms of this controller are shown i T 2n

in the Figure next.

_ )
R B

w N 2w

0 NN,

2
ey e [ p— L ™ Fm bmn ema omem m

B The rantemean.orinars nf tha aotaaet

= h‘é B \‘- "-\ o f/
) o kmfy
igi b Gatepulseof T, S
H ﬂ ' - ﬂw ot

voltage is:

Vorms = J% (f::(\/ivs sin wt)2 dwt + f;n(ﬁ'fs sin mt)z dwt)

O<a<m

Vit :-2%171 (f;-\/zi@-sin-wf dot +fnzn V2V, sin wt-dwt-) e

VEZV,

‘2?1'

Vye = (coso—~1) ; 0<a<m
Note that, Vg, p,s varies from ¥, 1o 6.707¥; by varying « from O to =,

: . . V2V ,
whilst V. can be variad from OV to — - by varying o from 0 to .

# The DC current may cause saturation problem to transformer core, hence
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2|
i
]
1
1

Example 6-2
A single-phase ac voltuge controller in Fi
the input voltage is V, = 120 V, 60 Hz. !
Determine the (a) rms value of output voltage, V,: (b) inp
{c) average input current,
Solution R =10Q,V, = 120V,a = w2, 2nd V,, = V2 % 120 = 169.7 V.
(a) From Eq. {6-5), the rms value of the output voliage,

v, = 120 \[Z — 103.92V

{b) The rms load current,

g. 6-2a has a resistive load of R = 10{)and

The delay angle of thyristar T, is & = 72
ut power factor, PF; and

{ :E:M: 10.392 A
¢ R 10 :

The load power,
' P, = ITR = 10.392° x 10 = 1079.94 W
Since the input current is the same as the load current, the input volt-ampere rating
1S

VA = Vi, = VI, = 120 X 10392 = 1247.04 VA

1 (,) L, n za)]'”
- {5} o e 2 (6.7)

3 1079.94 .
2 = .866 (lagging)
\[t 1247.04 (lagging

The input power factor,

L
VA

A&
v

{¢) From Eq. (6-6), the average output voltage,

V2
—120 X — = =27V

le: = 2‘11_
and the average input current,
Vv, 27
Iy =-%= 2= = 27A
" R 10

Note. The negative sign of I, signifies that the input current during the
positive half-cycle is less than that during the negative half-cycle. If there is an
input transformer, (he transformer core may be saturated. The unidirectional
contro} is not normally used in practice.
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i1, 2) Singla-Fhase Full-Wave Controlier

% It is known as a Bidirectional Controlles

Ty
e T i . e . e
5w The circuit topology of a Single-Phase [ ~J Symetroniain and
Full-Wave Controller is shown in the x“”:f"* friggering Circuit
: P ' ]
Figure next. , s | I B
L g ¢ ’* u
% T, controls the power flow during the T _______ o b ip

pasitive half-cycle, whitst T, conirols the
power low during the negative half-

cycle,

o

SaViv
=

£ The associated voltage and current waveforms of this controller are shown in the Figure below.

B Vs

Vi L —

I
U / 2
F
V,, b —
b = W
|
44
!
.
391

Gate pulse of T;l

ﬂ B W

o1 '

Zit+ o

= of

ig2 & Gate pulse of T,
R mwwn
0 wta
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4rj-square of the output voltage is:

! . 2
f VO?.m:\E;f:(ﬁ!@sinwt) dwt

2
B (T(1 - cos 2wt) dwt
4T " )

Vorms =

D<a<n

Note that, Vs varies from V; to 0 by varying @ from O tor; a wider range of control!

is zero.

% Because of the waveform symmetry in positive and half cycles, the

*

Therefore, there is no DC saturation prablem to transformer core.

< Note that, the gate-circuits for Ty and T must be isolated; two isalations are required!
% By the connection in the Figure below, the Thyristors have a common cathode; only one isolation is
required!
Dz Dl
_%_ >t
+3 . :
A i + A io
Pt |
Vs L \ Vo ' R
Synehragizing and
Trizgering Circuit
T
<%  However, the conduction losses are increased, as there are two conducting devices at the same time!
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Example 6-3

A single-phase foll-wave ac voliage controlier in Fig. 6-3a has 2 resisiive load of
£ = 10 € und the input voliage is V, = 120V, 60 Hz. The delay-angles of thyristors
T, and T, are equal: o, = @, = @ = %/2. Letermine the {a) rmns ouipui voliage,
¥, (k) input power factor, PF; (£} average cmrent of ihyristors, {,: and {d) rms
current of thyristors, fg. '

Sofution R = 100, ¥, = 120 V, e = /2, and V,, = V3 x 120 = 1697 v

(a) From Hq. (6-8), the rms awrpot voliage, o
120
Vo= — e B4 85 %
. =5 8485 W

{b} The rms value of ivad current, /, = V,/R = 84.85/10 = 8.485 A and the

load / = 2R = 52 7 i
power, 7, = IZR = $.485% x 10 = 719.95 W. Since (he inpul current is the
same as the load current, the input volt-ampere rating,

VA = VJ, = VI, = 120 x 8485 = 1018.2 W
The input power factor,

P, V¥ i i "
pp = Fe Vo _ 11 _ Sin 2o
VA TV, L ('” @+ 3 ” ,
_ P 719.95 . @
= A T Wizs 0.707 (lagging)
{c) The averape thyristor current,
_ | R
V2,
= SR {cos o + 1) (6-10)

120
VW2 K e =
2w x 10 27 A

(d) The rms value of the thyristor current,

1 = 12
n= [mz f 2V s’ ol d(w*'>]

2V’2 - vz
=ik f“ (1 — cos 2wi) d(m!)]

. |-t
i .. 20 :
I EICEERE ﬂ oty

i

Page 132 of 215



Three Phase Controllers

A- Three-Phase Half-Wave {Unidirectional) Controllers

® The circuit topology for Unidirectional Three-Phase Controller is shown in the Figure below.

> 4

¥en

At least one SCR must be conducting to allow the power flow to theload.
The power flow to the load is controlled by Ty, T3 and Ts. The diodes Dy,
D4 and Dg provide the return current path.-

Depending on the value of & and \.;oltage level, when two devices are

. v
conducting, the load phase voltage is —;—

Depending on the value of & and the voltage level, when three devices are conducting; normal three
. T in

phase voltages are applied to the load.

Examples of the output voltage for different values of the firing angle are

shown below,

Due to the asymmetrical nature of the output voltage waveform, the |

Besides, the

therefore this controfler is rarely used.

T D1, I I v ' ' v
8 Van VAN! ‘ an I }
Vi b = _l_ O'STAC' ! s ‘ l I | D.5vac
d 1
/ ERREEY (\q/r |
0 7 ‘wl 1] : -
=+ WVAN ra— 1/('
1 |
Yan
|
0.5vap 0.5Vas

a) For o = 60° For a = 150°
o)
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B- Three-Phase Full-Wave Controliers
¥ They are alsc known as Bidirectional Three-Phase Cantroliers.

% The circuit topolopy of the Full-Wave Coniroller is shown in the Figure below,

% The number of conducting Thyristors at any time depends on the value of the firing angle.

Yean

L N N O N 1

I 05van l
0. 5UAC

SivSs
i
/ L} wl
0 ! I - eof 0 Po—y </ \ J/
=i L4 l \
@ T o \\
| I 0.5vac s

0.5v
0.8 Van 1 0. 5\’ AC

—_— o
{a) For o = 60° (b) For =120

% Note that;-the AC-Voltage  Controllers-provide ag

,‘ “but the frequency Efk{f_g%ié

i, especially at low output voltage range.

n addition, the g

Exercise: show modification on the above circuit to allow the controller 1o reverse the direction of rotation
of an AC motor.
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Cycloconverters

4 They convert AC power at a fixed voltage and frequency to AC power at a Variable Voltage and Variable

Frequency (VVVE). The output frequency is usually fractions of the input freguency (~<

% the source frequency). ;
id- Thus, their major applications are low speed AC motor drives.
% Types of Cycloconverters:

1) Single-Phase/Single-Phase Cycloconverters

"« The circuit topology of a Single-Phase/Single-Phase Cycloconverter is shown in the Figure below.

i ;-;, '
+4\ ie _ i—CEve_rf_er“ —— tn N-Converter
r -
| La+ + |
t ap L
L he)
1 | - g
© .
'1 i T*‘l- Tz is i Vop
? l
-5 | -
| ) U
| !
J i
;I =
| —

#  Two Single-Phase Controlled Rectifiers [converters) are operated such that their average output

voltages are equal and oppaosite to each other,

% ap isthe delay angle of Thyristors (Tyand Ty} in the Positive Converter (P-Converter), and  ay

is the delay angle of Thyristors (T,  and T,' ) in the Negative Converter (N-Converter), then:
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pype of Cydoceonverier,

i
L
a)

s The associated waveforms {for one period of the output voitage} of i

supplying a resistive load, are shown in the Figure below.

VIV, T
N ™
X‘ J
ey
/" 'ty AN
h.;‘k‘- an,r
L
Ty
Z

'l\n..nnu

P-Converter is ON

__ N-Converter is ON

@ For a resistive load, the average output voltage of the P-Converter is:

Vicp = Lo (E + cos ap)

] PR I R DU DU e
@ For a resistive load, the average output voltage of the N-Converteris:

Vacy = E]_ﬂ(l + cos ay)

&

The combined outputs of the two converters produce an effective square wave across the load,
whose DC level is ——(1 + cos a);

% The fundamental component of the output has a peak value of:

O<a<n

component of the output has a peak value of:
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!
@ If a low pass filter was connected at the output, then the load will have only the fundamental

compohent appiied across it!

&

It is ohvious that, in either case of load type, the peak value of the fundamental component at the

output voltage (and hence its rms value) can be varied by varying the firing angle of each converter,

bearing tn mind that (alwaysl)

4 The frequency of the fundamental component of the output voltage is: o= -;1—, and can be controlled
[}

by adjusting the control voltage of each converter . In this case,

f,= -g_eo = 20Hz!

Note that, this type of contraller has a Variable Voltage (controlied by the delay angles) and a Variable
Frequency {controlled by the period during which each converter is operated) at its output. Hence,

VVVF Drive!

2) Three-Phase/Single-Phase Cycloconverters

& The circuit topology of a Three-Phase/Single-Phase Cycloconverter is shown in the Figure below.

Ts' jfrg’ )‘2 Ty

- T4+

p-Converter i i N-Converter
Wt T _
T e
5 'U‘,, Tz-' Tﬁ,l ﬁ;z T4r

‘ Load c
, B
‘s o A

Tz S oP _UQN

b &

% 1t Is used in higher power applications!
# Two Three-Phase Controlled Rectifiers (converters) are operated such that their average output
voltages are equal and opposite to each other,

% f ap is the delay angle of Thyristor (Ty) in the Positive Converter (P-Converter), and ay is the delay

.angle of Thyristor {Ty') in the Negative Converter {N-Converter), then:
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@  The associated voltage waveforms of a Three Phase/Single Phase Cycloconverier for one peried of the

autput voltage are shown in the Figure below. The waveforms are for Hustration and are not exact; as

there should ke 30 pulses in 5 cycles of the input voltage.,

AN /\ﬁ fl\ Pl
LR k) £
Yoo /
% i
A

)

P-Conwerter is DN

[ { W-Convertar is GN L ! 1wy t

Similar to Single Phase/Single Phase Cycloconverter, for a resistive joad, the average output voltage of

the P-Converter is:

v,
33V COS (] ; a <=
v _ i 3
dcP — 4
‘ @3(1+cos(a+£)); Tea<=<
T 3 3 6
where, ¥, is the peak phase voltage.
& For 3 resistive load; the average gutput voltage of the N-Conwerterigy
@cos a; ; o =< -E
Vacw = 4 3v3v, ' 4
¢ lw"f;’ﬂ(lu-!—cos(oz—%—g)}; Zepg<t
o 3 3 6

@ The combined outputs of the two converters produce an effective square wave across the load,

3+/3V, T

———jr’“cosa; Pooasg
whose DClevelis, ¥4, =4 330 I T ar
’ 2 (1rcos(a+f))i feas<
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#® The fundamental component of the output has a peak value of:

4
Vol = ; (Vdc)

33V,
oM eps ; =

w ]

(1+cos(a+§)); §<a<f—r

- T
Vor =74 avin,
bid 5}

x
3V

&

@ [|fthe load is highly inductive, then the DC level of any converter is 2 cos o, and the fundamental

kg

component of the output has a peak value of:

D<a<n

% If a low pass filter was used at the cutput, then the load will have only the fundamental component

applied across it!

=3

It is obvious that, in either case of load, the peak value of the fundamental component at the output

voltage (and hence its rms value) can be varied by varying the firing angle of each converter, bearing

in mind that {always!)

% The frequency of the fundamental component of the output voltage is: f, = —;—, and can he controlled
o
by adjusting the coniro! voltage of each converter; (fo = Tif) In this case,
e . Tt

21 3
= — = !
fo Ton 60 ‘2‘12]-12.

» Note that, this type of controller has a Variable Voltage (controlled by the delay angles)and a Variable

Frequency {controlled by the period during which each canverter is operated) at its output, Hence, 2
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3} Three-Phass/Three-Phase Cycloconveriars

a) Full-Wave Three-Phase/Three-Phase Cydloconverier

€ if '3 Three-Phase/Single-Phase Cycloconverters are usad {with appropriate control valiages apolied
o each converier}, then a Full-Wave Three-Phase/Three-Phase Cycioeonverier resulis. The loads in

this case have 1o be connectad as WYE or Delta.

B The controfled voltages of the converters have to be shifted by £20° for each phase!

B

B> inthis type of converter 36 5CRs are needed!

b} Half-Wave Three-Phase/Three-Phase Cycloconverter
¥ The circuit topology of such a Cycloconverter is shown in the Figure below.

¥ In this type of converter only 18 SCRs are needed!

Three-Phase Supply

P M P ] P N

a

@ & ! 5 @ ®
!

| f !
i} Phase 2 of i | Phase b of Phase ‘¢’ of
the load the losd the load
Meutral

» Each phase of the output can be connacted to the three inputs, as shown in the Figure below.

P

T ?& Ty ﬁ Ty T 1y T &

E Ph-ase ‘@ 0f-

the load
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Matrix Converters

» A Matrix converter is fairly a new converter topology, which was first proposed in the beginning of the
1980’s. It is & newer form of the Cycloconverter!

o - A Matrix Converter consists of nirie bidirectional switches connecting any of the three input voltages to
any of the three output phés"'es"directly as shown in the Figure below. The inputs are of voltage source
characteristics and the outputs are of current source characteristics (because most loads are of an

inductive nature).

input Filter
- .
oot 11 A < <
AC Input Supply 8 i S E 5”’“\'\ S

Arbitrary

B 1T
Frequency B \ * N

A1 4 Sga SBE’\ S;‘?\

e T

C .
Sep™.
a b
Bidirectional
Switch

toad

»  The switches in the Matrix Converter are bidirectional switches; that is, they must be able to supporta

voltage of either polarity, and be able to conduct a current in either direction.

I
s An example of a hidirectional switch constructed from non-reverse N\, 14
blocking 1GBTs and diodes is shown in the Figure next. =l lf“
) —
o If reverse blocking IGBTs are available, then the bidirectional switch will i

be as shown in the Figure next.
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2 Anyinput phase can be connacted to any output phase at any time, & The nutput

depends on the state of switches;

E’Zm“ 54a Sea  ScalVan
Vbng“ Sab Smp Sow VBN'

— |
V. E—SAC Spe Seed Wiy

where, Vo, Yy, and ¥, are the output phase — load neutral voltages!

2 Howsver, no two switches from the same phase can be connecied st the same Time, such that to avoid

three-phase output {even for output frequencies higher than the

input frequency).
#  An example of an outpul voliage waveform at 25Hz {obtained from 50Hz sources) is shown in the Figure

below.

R
< Outpui Line-to-Line\/om

Yolis

@  The outputs of these converters have lower harmonic content compared to those in the outputs of
Cycloconverters, as clearly seen in the frequency spectrum of the Figure below, at which the switching

frequency f; = 2kHz, Here, the switching frequency is reduced deliberately for illustration purposes!

Qutput Voltage

Sidebands around

100 4

multiples of the

sWitcrhing freq u'ericy

-t
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Part V: DC Choppers
(DC-to-DC Converters)

B They are also called DC-to-DC Switch Maode converters!

B They are often used in switch mode DC power su pplies and in DC motor Drives,

® They are the basis for non-linear voltage regulators; more efficient regulators!

A typical Block Diagram of a DC-to-DC Converter system is as follows:

DC—to-,;DC
: Converter

oc

~
Regulated
e -Jr:

Main Types of DC-to-DC Converters {Choppers):
3) Step-down (Buck) Cenverter
a) Step-up {Boost) Converter
5} Step-dawn/Step-up (Buck-Boost) Converter

6) Full Bridge DC-to-DC Converter
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1} Principle of Step-down (Buck} Operation

%  The basic topology of Step-down (Buck) converter ' Ysw
. . ) = ‘ e
is shown in the Figure next, C Phnoner
Sirivieels
i “-\:_,y’ 4’330
N b .
. " y . - e € é &
& The swiich could be any iype of controllable & g A A b
N _i A
swiitches; a Power BIT, a Power MOSFET, an IGBT,
a GT0, an 60T, of even an SCR with s v 2
N Vs Ve <
comimutation circuit, etc...
& &
% The switch is turned ‘on’ for a A Veonirol
specific time (£,,), and is turned
v? toff N .
‘off for another specific time | & y
- ton
(toff), as depicied by the =gz
T, i
waveforms Vo, 10 the Figure
next.
I\ Lopr
g ES¥3
' e | j Y BN
Vop = EIDM v, dt kT, T; £
1 ffon t ,
Vaw =‘I'_SJ-0 Vsdt:%:ys v, Alo
Var = tonfsVs R ;
- . fon of f fon
Vap = &V ; 0=k=1 & 3 | 3| >
Y
v
and the average current is: Aoy ET: ¢
w vSW
Imf = 'Ei
where, T, is the chopping period, Vs
fon - .
k== is the duty cycle of the =
T, v o KT, T, f

chopper, f. is the chopping

{switching} frequendy, and varies between a few kHz to a few

% I varies between 0 and ‘1". Therefore, ¥, varies between ‘0’ to V.
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The rms value of the output voltage is:

- kT,
3 Vorms - .{0 5(170)2 dt

1
T

Vorms = VRV o<k<1

Assuming a lossless chopper, the input power to the chopper is the same as the output power {power in

&

| DC and AC components) and is given by:

1 rlgn,
Pip = Fo ET_SIUOH iov, Al

. 1 kT (vg)?
Pin = Fy ZE.ID S_R—dt

o p L )R
Pirt\f—'ylp'o'-:f k'_R_'

%5 The effective input resistance (seen by the saurce) is:

Ve Vs
R = 7= =as
1w R
s BT R
i 243 k

. Note that, the chopper and the load are seen by the source as a variahle resistor dependent on !

% The duty cydle, k, can be variad from ‘0" to 1" by varying gither tgy, topy, or Ty and fs

Duty Cycle Control

A) Constant Frequency Operation

in this type of control, T is kept constaht, whilst to, {and top) is varied. This method is called Bulse

ﬁidth i@odulaﬂon {PWM) control. itis a more commonly used method.

PWM can be achieved by comparing a sawtooth {(or atriangular) voltage with a control (constant) voltage,

as shown in the Figure on the next page.
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- S
) Yo PR & %’%% Y conirot .
idesirad) o, {amplifier errod) N
v Amphifier o Suwiieh
5 e COMparaior |l Control
gaﬁ:tﬁaj L i ,_;’“3‘; = )
o gm,m Signak
sawioolh voliage (V)
The rasulting wavaforms are shown in the Figure nexi.
. V. = sawtooth voltage
Note, from symimetrical _ v =
i control

triangles:

amplifier error

_ff_":{ - Vca'r:trol

= ~gen =
Ts Vr

Swiikch Contfoﬁ

signal P

P I T
SEALONMIE WEGUS Y, J g —

Ts

B) Variable Frequency Operation

The switching frequency (f;) is varied; either t,,, or t, ¢ is kept constant. This method is called frequency

modulation. This type of control would generate the significant harmonic at an unpredictabie {(a variable)

frequency, and the output filter design would be difficult.
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Example 7-1

The dc chopper in Fig. 7-1a has a resistive load of R = 10 {) and the input voltage
is V, = 220 V. When the chopper swiich remains on, its voltage drop is v, = 2V
and the chopping {requency is f = 1 kHz. If the duty cycle is 50%, determine the
(a) average output voltage, V,; (b) rms output voltage, V,; (c) chopper efficicncy; (d)
effective input resistance of the chopper, R;;

Solution V, = 220V, k = 05,8 =100.and v, = 2 V.
(a) From Eg. (7-1), V, = 0.5 x (220 - a'—109v
(b) From Eq. (7-2), V, = V0.5 x (220 - 2) = 15415 V.
(¢} The output power can be found from

' T y -
P,,xij Y% g 1[ v, - ‘"}d—k( Dor)'
1}

T R (7-3)
2
= {.5 x 220 — 2§ _ = 23762 W
10
The input power to the chopper- can be found from
®T v o— —
b L] Y = v g P = )
R R (7-6)
= (.5 x 220 x 201 2398 W
The chopper efficiency is
P, 23762
Juli = &
P 2308 99.09%

(d) From Eq. (7-4), R, = 10/0.5 = 20 £}.
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Step-down Chopper with an ‘R Load

Chopper
“h\
5 = ‘ gl g it
. . K Sy il Y £ ‘
# Consider the cireuit shown 5! I
5]
in the Figure naxt. g”
[ Ya 0 0m 4
iR
= 'E eould represent the “lljw o
back emf of a DC motord - = “T
o -
» There are two modes of operation, as shown in the Figures below.
L =g e
L\ iy L bz L.
+ T 3
b g
— “’g““ = T E

[
Mode 1 . Winde 2
{The switch is closed) {The switch is opened)
{The diode is off) (The diode is on)
& Yo
v, =

The inductor charges during mode ‘1

and its current rises, whilst the inductor

discharges during mode ‘2" and its

current falls. The Figure next shows the

Page 154 of 215



For Mode 1 {0 < t < kT,), applying KVL for the equivalent circuit yields,

diy (t)

P +F

3
| V.= LR+ L
|
. Ki,(t =0) = I, then:
. _t
i1 () = iy (00) + (1,(0%) — iz (e2))e

L, -
where, T = = s the load time constant.

- -
51(t)=V5RE+(f1'—VSRE)E L; 0t kT
At the end of Mode 1, t = kT, the current is:
- ) V,—E v—g\ - Bls
Gt = kT =1, == +(n-E5e T

For Mode 2 {kT, < t < T}, applying KVL for the equivalent circuit yields,

diz(£)

it +E

o But, the initial condition for the current is, i (t' = 0) = I; redefining the time origin such that t’ = 0
at the beginning of Mode 2",

s Therefore,

Rt!

() =4 (L +5) et 0<t’ < (1- KT,

= Assuming a continuous current, at the end of Mode 2/, t' = (1 — k)T; and ("= (1-1)T) =1

_RO-K)Ts
L

=24 (L +1)e

e Under steady state conditions, I3 = Iy; i.e,,

_ _ RG-K)Ts
]1313:?5"*‘([2']'%)6 L

@ The pealk-to-peak current ripple is defined as:

Aizfz_ll
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©  Aformula for the peak-to-peak current ripple can be obiained by simplifying the {“i,"} equation,

__R.’c‘?s RTg R(1-1Ts
Vodwmg [ S A £
ar=< ATy
1-e L

5 A detailed derivation for the above formula is llusiraied next page.

2 This peak-in-pasak curvent ripple causes torque pulsation and vibrations in BC motors.

@ Note that, the peak-to-peak current ripple is a function of the duty cycle, k.

& The value of the duty eycle k at the maximum peak-to-peal current ripple can be obtained by deriving
d{Al)

Al with respect to k and eguating with zero; = 0;
_RiTs _R(1-K)Ts
e L —eg L =0

= —k=—{1—k)ork=0.5

Thus, the maximum peak-to-peak current ripple occurs at

e Therefore, the maximum peal-to-peak current ripple at k = 0.5 is:
v L
i ==
) —— 2 mnh”ﬂ

- sinh v X =X

ench Ak b At

e For alarge load time constant,—i; 3 Ts (i.e.,4f;L > R), the approximation tanh x = x can be used;

. . . . L
e The above derived equations are valid for a continuous output current (when Pl Ts).
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|
I

Proof of AJ Equation for a Continuous Inductor Current

Lo o
— ;-Z&CC_ d '&- L.-wﬂngu.,l‘“ — it e
S i SIRS 1 S
3 - i i
S w = = v (! £ R T., fod = '
= /
- B T
+ = ft L ) ——
¥
—EEs ( = ﬂLlwl““-szmﬁ T = E } o 7:#—'__:?‘5.37?
- SV S e " IS (l-e*)
Vo : [ 4
£ é[_:\“‘l".z- " -
~ = - SN
_ . B 2 harlB NN =S A S . - /\ -
e - il Pod i
SR T —KER = E= — TEIE
A/? 1H—— f;-_.a b . E £ “ i Vj”t' F I I‘L
— e RE— | ———— O
Fiat 2 . i
~ e i c — (-2 )
- U N W " { ) y -
e U
Fom
- T TTUKTET
e ’fjmgf.f‘”e -f::!)._
J<.

= i .
. =L we
ol V ,.__-.-’ L= —"“.? ‘;\E-,_-}K\
£ R~
TR T
2.
T =RYT ST
e C- 4 e ""\r
~¥E
e - —
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o W the cutput current is discontinuous, then the current waveform is as shown in the Figure below.

Then, the initial current for Mode ‘1" will be zero {/; = 0}, and the current in Mode ‘1’ is:

- Rt
il(r)="~‘RE(1—e‘T); 0<t<KkT,

Also, at the end of Mode 1, ¢ = kT, the current is:

RET.

V.~E [ ALLLE §

= jz = —5——(_ g Z )
R

ii(t = kTS

Maet?

Rtf

ity =24 (I +5) e T, 0 <t <tysuchthatt, < (L — k)T,

Again, redefine the time origin such that ¢’ = 0 at the beginning of Mode 2’1

At the end of Mode ‘2, the current falls to zero (st t' = &3);

Rta

. ~E E
Pt =t)=h="4(L+l)e =0

Since the current is discontinuous, then the currentis zero at the end of Mode 2; I; = I, = 0, then the

necessary condition for discontinuous conduction can be found as:

£ =sin(1+22)

and must be < (1 ~ k)T, if the current is to be discontinuous!
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2) Principle of Step-up (Boost) Converter Operation

% The basic circuit of a Boost converter is shown in the Figure below.

e Y L . i Y S - o ﬁ T J—
+4 L i O | {L *
_ i |
vﬂ
V, / Chopper :L Load l
—~+ G
!
— o e ] -
A

% Assuming @

the waveform is as shown in~ {5 =0

the Figure next.

% \When the switch is closed {for £,), the indﬁctor current rises. Applying KVL at the input yields:
V= 152 = v
= M=%,
% When the switch is opened {for t,;f), the current falls and the output voltage is:
v, =V + LE%
If a large capacitor “C\” is connected across the load, the output voltage will be continuous, and then, the

average output voltage is:

Al
=Vl
V.T
Vo=V 4 LA
‘o = Vs tors
- ton - Lon,
Vo=V Y =, _VS(HW)

_ tg)ff-% Con _ Ts
=Vo = VS( for ):> Vo= Vs ((1-1«:)13)
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ey

3

6y

The re_fm'e, the average output voltage is:

- 0 S
Mote that, the minimum average outpuivoltage is ¥, at k =

The chopper cannot be switched ‘on’ continuousty such that k = 1

.o
RN

A
. . 7y
A plot of a normalized V, versus k is shown in the I8
6:- .
Figure next.
5_h
For values of k tending to unity, the average output 44
voltage becomes very large and very sensitive to Um‘sta‘uée
changes in k; region
od .
el y 3 ! i

02 04 0.5 OB 10
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Boost Converter Applied in a Battery Charger

4 Consider the circuit shown in the Figure below, the battery ‘E’ is To be charged from the source V5’

. o)
| _ + :
\Vs Chopper _“’“L“" E
! |

< There are two modes of operation, as illustrated in the Figures below.

PNy o' .
+
L Iy
Vg

S o
| hMode 1 #ode 2

{The switch is closed) {The switch is opened)
‘ {The diode is off} ‘ {The diode is on)
‘ {The inductor charges) {The inductor discharges)

4 For a continuous current conduction, the current waveform is shown in the Figure below.

Ai i4

iz
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4 For Mode 1 {0 <7 < KT}, applying KVL vieids:

di (&)
Ay 10)
¥ L dt

AOER TR

wiére, Iy is the initial current for Mode "1

During Mode ‘1, the inductor current must rise, and the necessary cendition is:

iy (t)

Vs
o >0 or = >0 Le, Ve=>0

The source 'V’ is connected with its polarity as shown in the previous circuits.
+ For Mode 2 {0 < ¢’ < (1 — k)T,), applying KVL yields:

_ diy(£)
V. = L_dc + E

V;—E
L

()=

where, [, is the initial current for Mode ‘27

t'+ 1,

‘?;..

For a stable system, the current must fall during Mode ‘2’ and the necessary condition is:

-—--—-dléit) < 0 or M—VSI—E <0 ie, Vo< K

# Therefore, for a centreliable energy transfer, the combined condition is:

O<V.<E
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\ 3} Step-down/Step-up {Buck-Boost) Regulator {Converter}

‘ 4 A Buck-Boost regulator provides an output voltage, which could be less than or greater than the input
voltage.

4 The output voltage polarity is opposite to the polarity of the inpuf voliage.

4 The circuit topology of a Buck-Boost converter is shown in the Figure below.

+ | iy - +
Lc |7 .
V.S' l Laad i va (V;lv)
_ | i'.l iL ic 3 + ‘ -
- o (av)

“ There are two modes of operation:

Dem
-
L
18 l
L C ] Load
ic :
g
Mode 1 Mode 2
{The switch is closed) {The switch is opened)
{The diode is off) {The diode is on)
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ror continuous current conduction, and assuming a linear current rise/fall, the wave

vy
the Figure helow,
odn Mode 1 {0 <6< R the
Vi
current rises from 4 to f, during £,,,,.
. L4
Applying KVL vields: -
iy
=L dt
; 1
v = g 2oh
5 Eon
AF
Vo= I —
5 ton
Af
bon = L A (1)
Ve
and Al = < ton {2}
where, Al is the peak-tc-peak
current ripple!
+ In®Mode 2{kT,., < ¢ < T,.), the

current falls linearty from I, 1o 1 in
tor - Assuiming an average output

vuitage, ¥y, and appiying Rvi

yields:
IL—1F
V, =V, = L2
L av toff
_ -1
Vo = =L
Vap = ~1L =
Lors
Al
togr = L . 3]
VﬂV
Al = — Ttﬂff cereen L}

+ Equating eqs. {2} and {4} yields:

BUL, top = kT and torf = (1~ k)T,
VokT; = V(1 — )T
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4 Therefore, the avérage outpilt Vc}ft’l’igéidft‘_t‘hé'Blﬁé‘kfﬁdos"t' converter is:

4 The average output voltage and the converter's operation depend on the value of k;
if k < 0.5, then 1V;| < [Vi] = Stép-down dperation
if £ = 0.5,then V,; = =V, = Inverting operation

i k> 0.5, then |V;,| > |Vi] = Step-up operation

4+ Input/Cutput Currents Relationship:
Assuming a lossless converter, then the power supplied equals the power consumed;
IV = —IVay
E Mote that, the negative sign is used, because the power is considered to be consumed if the current

enters the positive terminal; but here the current enters the negative terminal.
Also note that, I; is the average input current, whilst I, is the average output current!

Substituting for the average output voltage in the balanced power equation yields:

K
I3V, = =l (= 15%)
The average input currerit is:
ok

== daw

Note that, the converter acts as a transformer but for DC variables in stepping up/down the

current/voltage, whilst keeping the power constant!

3
]
i
1

4 The Inductor Current Ripple:

Substituting for t,,, = kT, and rearranging equation (2) yield:

Vs
Al = 'Eton
Vs
ﬁ‘u’ = IkTS
kv
Al = Lfs
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4 The Output Voliage Ripple:
When the switch is ‘or, the capacitor supplies the load current, and the average capacitor current equals

the average lnad curvent;

fe = fgy )
The capaciior voltage is related to its current by:

AV, = = [ I dt

F 1 'trm N
AV = 2[5 1y it

H
AV, = 24,

But, £y, = k7, then:
Iﬂ'li

bed
fsC

Compare the above formula with the voltage ripple at the output of a rectifier with a capacitor

= AVC"-T

smoathing!

Example 7-6
The buck- boost regulator in Fig, 7-9a has an inpui voliage of V, = 12V, The duty
evcle, & = 0.25 und the switching frequency is 25 kHz. The inductance, L = 15
pH and filier capacitance, ¢ = 220 pF, The average load current, 4, ~ E,?;S AM

e e R RN EBERM mEams g R § e o mmpmem L mm e - —— P

AV (c) peak-io-peak ripple current o inductor, Af; and (d) pedk\ current of the
transistor, /.

k] Fil
Solutien V, = 12V, & —~ 025, 1, = 1.25 A, f = 25 kHz, L = 150 pH, and
C = 220 pF. :

(a) From Eq. (7-58), V, = —12 x 0.25/(1 ~ 0.25) = -4V,
(b) From Eq. {7-65), the peak-to-peak output ripple voltage is
1.25 x 9.25

25,000 x 220 = 10 ® = 56.8 mY

AV, =
© Emm Eq (7hz)thc p;.il\.topt.dk mduuornpple L
12 = 0.25

A= 35600 < 150 % 10- =084

{d) From Eq. (7-59). I, = 1.25 x 0.25/1 - 0.25) = 0.4167 A. Since /[, is the
average of duration k7, the peak-to-peak current of the transistor,

I AL _ 04367 08 oo

i”“k‘z"@.zs 2
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4) Full Bridge DC-to-DC Converter

%5 The circuit topology of a Full-Bridge converter is shown in the Figure below.

= 0
-] Each leg of the bridge is made up of two switches, here IGBTs, each with a diode in inverse parallel.

The switches could be any other type of controllable switches; e.g. a Power MOSFET, a Power BIT, an

IGCT, or a GTO...

€y If the switch does not have any diode,‘an external anti-parallel diode must be connected across each
switch. If MOSFETs are used, the diodes can be the body diodes if the switching frequency {speed), f;. is
modest, or external fast-reverse recovery diodes for higher switching frequencies.-

% The load could be the armature of a DC motor; a back emf in series with resistance and inductance.

% A number of ways of controlling the bridge exists. It is usual to have one of the two IGBTs in each leg

! when both switches are

conducting at a given time, although in practice a

is allowed @

off,

45 provided that, in a given leg one transistor is ‘on’, the average (mean) output voltage can be established!
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hen there are iwe possible current paths depending the switching

states of the bridge, as marked on the Figures helow. Nete that, the inductive load maintains the current

in the same direction, a5 its time constant is much larger than the switching period.

i )
P g
§ zt Jj‘%}l Dt _!_L/l Z3
a7 D3 P .
O il
=== VB
o i?_ LoD [ g
74 p2 I 22
o 04 Al
=0

Z18& Z; ave’‘on’ and Z38& 7, are “ofl
vg=Viandwvp =0

iy builds up

718 2, ave ‘off and Z,8 Z, are ‘on’
vy =0andvg =V,

I; decays

where, ¥4 and g are the mid poinis’ voltages with respect to ground!

Z1 D1 Z3

Vs ——

2875 are ‘o and T8 2y Ave efp

UA:VSandIJB:O

Iy decays

Page 1568 of 215

. Other combinations are possible,

7. .
ja ki

Vo

@==_

LOAD

k) l_zz
D4 g —

i
O

VB

vy = Dandvg =V

Iy builds up




% The average value of v, Is:

Vi =kl

where k, is the fraction of the switching period for which Zyis ‘on’, and is called the duty cycle of Leg "A’

lorZ), 0 <k, < 1

% Similarly, for the other leg, the average midpoint voltage is:
VB = kBVs

where kg is the duty cycle of Leg ‘B’ {or Z3), such that 0 < ky < 11

% The instantaneous output voltage between the two midpoints is:

V, = Vy— Vg

can be implemented to generate the

duty cycle of the two legs: '

A} Pulse Width Modulation (PWM) with iB'iPOIfajr'll.s%vitthihg, which involves treating (Z,& Z,) and
(Z5 & Z.) as pairs .

B) Pulse Width Modulation {PWiM)} with Uﬁigéiéﬁsi{ﬁitthing, where each leg is operated independently

A} Output Voltage of a DC-to-DC Fui!‘ Bridge with Bipolar Switching
The average output voltage, ¥, is!
Vo=Va=Ve
Vo = ka¥s — kg¥
Assuming a negligible Dead time, the two duty cycles are related by:
kp=1—ky
Therefore, the average output voltage is:
V, = (Zks — 1)V,

V. can be varied from —V; to +V; by varying the duty cycle, ky, from ‘0" to ‘1"

At k4 = 0.5, the average output voltage is zero, and the output is a square wave, the bridge is operating

as a single phase inverter in & square wave mode.
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Genaration of the Doty Cydle {&,) for Bipelar Switching
% The control of the Pulse Width Modulation uses a triangular waveform of amplitude ¥V, and a control
valtage {v.).

4y SR B B— P PRSI B TN tery remr P
S The switching waveforms are shown in the Flgure balow.

% The conirol is based on a comparison

between a control volage (v,) and a

triangular voltage (v}, and then the

output:

Y, = ¥y — Vg is established;

period 1),
1] o,
Z1& 75 are ‘on’ and 7,& Z, are ‘off, i et : Fl
DBA : : ton H : 3
y=VWandvy =0, andv, = | g . : :
g
a e
. .
% S S - Y Y N ¢
7 BT swn nf mmd 7 RT n an? Vs i £ i ¢}
U 5 kL 1 v
v = 0andvg =1, and v, = —¥ = T, 7 e
A

“# Since the output voltage alternates between V; and —Y¥,, this method is

% inperiod1, Z.& 74 are on’

inperiod II, Z, & Z; are ‘on”
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% The duty cycle (k) is set by the time for which the triangular waveform (v} does not exceed a control

valtage (v.). From the previous Figure, the ‘on” time for (Z18& Z5), ton, is:

T
ton =ty + by +

. . . T,
From similar triangles; the time, t; = %’75 (f)
r
_ ¥ T_) %
ton =2 A (4 * 2
=% E) 5
fon = Vr(z Al 2
Therefore, the duty cycle of Z; {or Z,) is:
| — fon _, i( Ye
ky = =3 i +17¢

% Substituting for k,in the average output voltage equation yields:

Vo = (2kqa — L)W
v, = (2§(1+§-”;)—1)v5

> =)

where, -1 < LS|
Ve

The average output voliage can also be expressed as a function of the control voltage:

o= (e

=1 = kv,

| where k; Is a constant depending on 1 and Ve

Note that, the average output voltage ¥ varies linearly with v

V, varies from —V; to ¥;!
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By Ouiput Yollage of a D-1o-0C Full Bridge with Unipolar Switching

2,
\%9

Unipolar expleits the fact that v, is zevo if Z,& 73 are both ‘on’ or Z,8 Z, are both ‘on’.

# The switching waveforms ars shown in the Figure helow.

% The control of the Pulse Widih
Modulation uses a wiangular waveform
of amplitude V; and two contral voltages;

v, & v,

*% The switches in Leg ‘A’ are controlled by

i

., and those in Leg ‘B’ are controlled by : P

H i : ]

Ve ! P ! P

VA}\ i H— M ];'—1'_"—| | E i

v i : s j i

5 ! I i i

Z, is‘on’ {and Z,is ‘off) and vy = V;; 0 : ! 1 X i

e E

i v : : 4 : :

Otherwise, 8 A i : : 1 en | : : 1

Ve vavesd :

Zyis ‘off {and Z, s "on’) and vy = Of

P T o P N L I N T
LOREITILY £S5 B0 1N J M g T Vg

tr e v
LR Y

Otherwise,

!
<

Z4 1s 'off’ {and Z, is ‘on’} and v =

% Inperiod I, 7,& Z4 are “on’
tnperiod 11, Z; & Z, are ‘or’
in period 111, Z; & Z, are ‘on’

in perio.d .I;V, ZI&ZZ are‘on’
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< As with Bipolar switching, the duty cycle for teg ‘A’ (orZy)is:

1 v,
kg = > (1 + ﬁ;)
and from the diagram, the two duty cycles for the two legs are related as:

kﬂzl'—kA

% The average output voltage is the same as that with Bipolar switching and is equal to:
Vo. = (Zkﬁ - I)Vs

Also, it varies from —¥, to V;, as k, varies from ‘0’ to ‘1!

Also, the average output voltage with Unipaiar switching can be expressed as a function of the control

voltage:

V, = (;_i) v

=V, = kv,

where k, is a constant depending on V; and V.

| : Note that, ¥, varies linearly with v, !
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Choppers” Classification According to Power Flow

i} Class’s’ Chepper: /J;

2 The power flows from the source 1o the load.
€ It has one quadrant of eperation, the first quadrant of v-i

chavacteristie; e.g. Step-down chopper.

[ 1

2} Class ‘B’ Chopper:
e The power flows from the load to the source.
e [t operates in the second guadrant of the v-i characteristic.

@ |tis appropriate for regenarative braking of DC motors.

3} Class ’C’ Chopper:
¥ The power flows in both directions; from the load to the source,
and vice versa.
» It has two guadranis of operation; the first and the second
guadrants of the v- characteristic.
> It is_appropriate for motoring and._regenerative braking. of .DC. .

motors; e.g. Half Bridge DCo-DC converter.
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4) {Class ‘D’ Chopper:

% The power flows in hoth directions; from the load to the source, and vice versa.

% It has two quadrants of operation; the first and the
fourth quadrant of the v-i characteristic.

% |t is appropriate for motoring and braking of DC

1 Vs —
| maotors. R
Yo
_
| }\1‘*‘\5&*&\\
‘ A, .
| :*\‘N&\\ [
| Ny
5) Class ‘E’ Chopper:
i , B The power flows in both directions; from the load to {l
' ;1—] - D1 o 73
the source, and vice versa.
Vo
B> It has four quadrants of operation. VA ] VB
N LORD
" la
B |t is appropriate for motoring and braking of DC T
Z4 L2 z32
motors in the forward and reverse directions; e.g. the CJ} - 04 =
. 2

Full-Bridge DC-10-DC converter,

v, F

X
R \%“\"‘\ ¥

NN B 2

:
|
i
!
1
!
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Part VI: DC-to-AC Converters
- (Power Electronic Inverters)

Introduction:

Inverters are power electronic circults designed to convert a DC Voltage {or Current) into an AC Voltage {or
Current). The output of these inverters consists of a fundamental component of voltage or current, plus other

{undesired} components at higher frequencies called harmeonics.

Main Types of Inverters:

1} Voltage Source Inverters (VSis)
The input to the inverter is assumed to be a copstant DC voltage source; it could be a rectified AC supply

with a filter. A typical three-phase Voltage Source Inverter (VSI) is shown in the Figure below.

e E:

+ 5D f Da L/ Ds
l z l
G GD, _] Z GDy 4 I’ GDs ° N

Voo = 7] Ver/2

- b d oo
VA L — VC

[ EO O — VB

C Voef 2 \NDy Ds A D
— . GD s L2
6D, LJ Ez“ 6P | J Ezs 2 __J K22

% The switches in a VS) have the ability to conduct current in both directions (upwards and downwards).

&  Therefore, each switch has an anti-paralle! diode; either the body diode or an external fast reverse

recovery diode.

&

1between switches in the same leg, where bath switches are off, should
. elapse before turning on the off-switch. Typically, the Dead time ranges from 1ps to Sus, depending

on the switching speed of the switches used, the circuit’s topology and layout, and power level.
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2} Current Source lnverters {CSks)
The Input to the inverter is assumed o be a constant DU current source, A voliage source inseries
with a large inducicr represents a current source. A typical three-phase Current Source Inverter {C5ls)

is shown in the Figure below.

iedo . §

DC
I o Vo Vo Ve N .
i I .
Y AV ¥ 57 Ds
[ J
Z4
, &b JE )
Yoo = ' G0s
ia
S

GDa j[z, e, IJK _
Yo,

% The switches in a CSl have the ability to support {black) voltage of both polarities.
4 Therefore, 2ach switch has a reverse blocking capability; if switches with only forward blocking
Lapdbiiities dre used, o divde is cunnecied 1 series wille each swilch: ¢ aiiain reverse piocking

capability.

%

An Overlap time (period) between switches in the same level of the inverter (upper or lower), where
both switches are on, should elapse before turning off the conducting switch. Typically, the Overlap
time ranges from 1ps to 5us, depending on the switching speed of the switches used, circuit’s topology

and layout, and the power level.
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Applications:

| The main applications of inverters are AC Motor Drives, Uninterruptable Power Supplies {UPSs), and
E <L Interconnection of PhotoVoltaic {PV) and Wind electric system with the Utility Grid. Inverters are essential
| .

" components in renewable energy systems.

Not to scalel e 4 Hybrid Car

AC Motor
Drive

e
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Switching Schemes

Since the output of these inverters follows the control voltage of gates/bases of the controllable switches,
various switching schemes can be employed to obtain an AC output of the various types of inverters. These
schemes vary in their complexity, quality of output, switching losses, harmonic content and magnitude of AC

gain. Some of these:

1. Square Wave Strategy
The gate/base control signals have a square wave shape with a duty cycle of half the period. This method

is simple, but the harmonic cantent is high! This method will be studied in details later.

- 2. Sinuscidal Pulse Width Modulation {(SPWM) Method

Since the desired outputs are sinusoidal, the control | \

signal{s) has(ve) a sinusoidal shape. Therefore, the i | A L /\ /\A
: |
outputs are more closely sinusoidal with less harmonic I

The contrel voltage is compared with a triangular _‘

voltage to produce the gate signals of the controllable “ H

switches, as shown in the Figure next.

3. Sinusoidal Pulse Width Modulation with Third Harmonic Injection Method

This method is applicable to three-phase inverters. Each R

control signal, which is sinusoidal, has an added Third @ / \
A )
Harmonic signal to increase the AC gain compared to that of @ 4 _ \ ] ——:"m
SN ’ ' s o« Thuhomor
SPWM method. The frequency of the Third Harmonic signal @ = \ | fmoma

is three times that of the fundamental frequency, but its

P duty cyche (Full modulation)

/’ / B

]
| =Y
T

magnitude is fractions of the magnitude of the sinusoidal

signal.
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The per-unit modified control voltage {Third Harmonic Modulation Equation) is;

= v, (t) = 1155 sin wt + 0.1925 sin Zewt
The amplitude of the Moditied refarance control voliage cannot exceed 100%, but #s fundamental

component can, This produces a fundamental output voltage higher thanr that is obtained from SPWM

by about 15.5%. Consequently, this method provides a beiter uiilization of the DT supply.

Injection are in the Figure next.

Three-Phase Modified Sinusoidal Voltages with Third Harmonic | %
/\\ )

v\

/

-
3

Y

L

\

S

i
[\
—— it

4. Harmonic Elimination Method

The outputs are shaped with a number of notches removed at specified angles calculated by a

microprocessor or a microcontroller in order 1o eliminate particular harmonics.

5. Space Vector Modulation (SVM} Scheme

-1 ar . . . - ' '8 - o - Fa— . . F— — .

method has a higher AC Gain compared with SPWM, less switching losses, and it is more feasible for

digital implementation. This scheme will be studied in more details later in this course.

The AC Gain {Gac) is defined as the maximum value of the fundamental component of the line-to-line

voltage to the amplitude of the unfiltered pulses compromising the same component (the DC value).

For a three-phase Voliage Source Inverter, th is defined as:. .
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1) Square Wave Operation of Voltage Source Inverters
} 1.1) Single Phase Voltage Source inverter {Full Bridge as a DC-to-AC Converter) , /° by

A. Single Phase VSI in Square Wave Mode
The Full Bridge can be operated in a Square Wave Mode to function as a single-phase Voltage Source Inverter
producing an AC voltage at the output. The Figure below shows the circuit diagram of a single-phase V5l

implementing IGBTs as switches.

Ta
Ja—

Each of the inverter switches is ‘on’ for one half of a cycle

. 914%}
) (180°) of the desired output frequency (f1}. ' Ly 1

D,
92”’5}

B The output square wave consists of an infinite number of sinusoidal voltages; a fundamental component

and other high frequency components (harmonicé).

¥ The frequency at the output ranges from few Hz up to MHz.

5

The frequency ¢an be adjusted by varying the frequency (f; = %) of the controliing signals.

# The Figure next page shows the gate-emitter voltages of the IGETs, the output voltages of the mid points
of inverter legs with respect to the negative terminal of the supply, and the output voltage of a single-

phase VS! with a Square Wave Mode.

= The Frequency Analysis gives the amplitude of the output at the fundamental frequency f1 (: ;—) as:

i B The amplitude of the AC output can be controlled by varying the DC input voltage, which could, for

example, be derived from a Boost converter.
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Viot, Yz

Vs, Vi e ‘ L

Y
v, Bguare wave Fundamenial

/ Ns%ne wave conmponent
Ve

3 Harmonic —
% x \ 5% Harmonic
o, . i " - /—\\ » .E/ ,«’
NSNS
SX TN N \\7’/
Ve

L/
AN
“-

The harmonic components of the output are;

= Var 4
Voh ~h T hn.VDC

where h takes odd values only!

Thus, the Frequency Spectrum of the output in a Square Wave Mode is shown in the Figure below.
Yon
.i.qd.gh‘dvﬂc

12

1.0

.8

0.6

o4

e

O
A |

=

1

T ¥ 5 % 3 ,
7 = 11 i3 15 @ih@;??gaﬁ

mmﬁ
u!*w
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B. Single Phase VSi Voltage Cancellation Method for Square Wave Mode

# The AC output voltage and its harmonic content v
can be varied by switching the legs of the inverter —y
independently. The duty cycle of Leg A (k) is , Voc
: ' o B=wt
made equal to the duty cycle of Leg B {(kg)and ¢ _ =
q y ¢y 2 B (kg o b 180°—
equals 0.5. But, the switching is phase shifted vg |l
g b
with an angle (delay), o, between the two |egs, ] R
so that the voltage is cancelled at the output for Voc
. o 1] - L‘8=UJ1'I
particular angles. Hence, it is called Voltage l—180°—]
- Cancellation Method. Yy 180°- a
, N } ‘ -
B The amplitude of the fundamental component at - N - - - - T
. [
the output and its harmonics are again obtained —o!rq-— o ; : Vijc
. . ¢ » bk - ,' B=wt
by Fourier Analysis as: 1 | B v
. ; . ~Voc
s k) ! N J_
2 .
Von = ;f:ilvo cos (hwt) dwt 11804 a | |
. Vo 180 — ol a..
" g ST o - 5y
Von = %f_ﬁﬁ Ve cos (hwt) dwt R . ¢ 2
Evaluating the integral and simplifying yields:.
. a ; B
\ Sine aave J‘." //
U odedtea <

where f§ =90-—-§- and h is also an odd

e

integer!

LFhmbvrtands

——n

| sguaTEsard
'

Stparseave”

®  Setting @ = 60° remaves the third harmonic component and multiples of it {no Triplen harmoenics).

® The minimum Total Harmonic Distortien (THD) is

. . ) . ' o 1.0

achieved with selecting a to be slightly less than 60 Nd&mmm

0B
{~55%); as illustrated in the Figure next, noting that ~

DEf ~
the Y-axis is normalized. Totatharrenic

: sl distertion "v-\
g Remember that the Total Harmonic Distortion (THD) e T

pgpudth 2 < F_,-S‘
. . . 7 - p
is the ratio of the harmonic contents to the value of i Ao e

14 &4 b20 LB0

the fundamental component, and is given by:

THD =3 /2;3 7,n X100%
01
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= The degrae of adjustment of the fundamental component amplitude is limited by the rise in Total
Harmoitic Distortion as & exceeds 55°.

&5 Filtering is required if the load cannot tolerate the harmonic currents,

1.2}  Half Bridge {an nverter Leg)

= One leg of the Full Bridge can be veplaced, for AC operation only, by twa large and equal capacitancas.

B> The inverter leg configuration is shown in the

Figure next.
+ ]
B The capacitances can be very expensive unless the Kgi = Cy |_-
output frequency is very high. S)
- v +
& Regardless of the switches” states, the current + §_°|
: V.,
divides equally between the two capacitors; C, and pe = 0 ] Va
C_. +
Yoo L.
L
I £
# The midpoint beiween the two capacitors stays at N
v
the same potential; —2%.
B lhe voltage across the load is nalf the value
' Yie
obtained from the single-phase VSt {Full Bridge) )
and is given by: s o
iV ’/ \\ rlle
) — 2.BC ;g 2
VUI = T = = 0.637 VDC O N 7 ; VDC 3
| SENA B
and the harmonics are: 1 -
v 1 (?J
o £ Vp _
Voh = E"?ﬂ; = }'{0637[/])(: B

Alsa, h is an odd integer.

el
3]
o
]
=3
9
&
o
in
Bd
[
L



: !
| h

¥ The Frequency Spectrum of the output is ilfustrated in the Figure below,

1.4t~
1.2
1.0
Q08—
G&
O.# E

- Og T f f X ¥ L R (harmtnies

] 5 7 9 11 13 15 of F1)

] ‘ 1.3} Three-Phase Voltage Source Inverters in Square Wave Mode
i

B Three Half Bridge Legs can be connected in parallel, as illustrated in the Figure below, to generate three-

phase output voltages.

| A
+ D D D
C. [ I : r z; : Ezs °
o R GDy s GDs 4§ AT GDs 4
| Voe = < T Voc/2 4
) T L
- 4 v
Va ¢
. 4 Vg ‘
€ v /2 D o Dg ’ 5\ D2

| B The numbering sequence is the same as the conventional numbering seguence.

N ® Each IGBT has an anti-parallel diode.
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The voltage waveforms for 180° conduction in each switch for a Square Wave Operation are shown in

tha Figure balow.

The gate-emitter volisges of ihe

switches are phase shifted by — {or
3

50°) for  any twe  conseguent

switches.

In the same leg, the gate signals of
the switches are complements of

each other {180° out of phase).

I the same inverter level, upper or

iower, the gate signals of the
switches are shifted by -2—25 {or 120°)

for conseguent switches in the

sequence 1-3-5-1.., or in the

Vo]

8]
kA
1#’5@2

(2]
wgei

sy

wt

; s | :
| | : | (T
| I . ! [
V.BC___Lﬁ i Lo | L -
Ve i - Y | I
s ¥ I rd N e ! &
The harmonic components 0 v _ =
< N M P |
. I .
amplitude of the line-to-line veq b Py S e !
4 | ! - T |
voltage is obtained by Fourier Voe | =771 ! ; oo
o N
. i I Id ' ' .
Analysis as: e S ’ N s
“ . N 2 [
P 4 ,
Vith = 5= Vpc Sin h(90 — g)- o /-3- -V
pofd boa s e
Vpc/3 — w4 I i_*_‘ —{J—T—ﬂ
where o, in this case, is 63° o T Lt 2| ot
: i2n 3
: S
The fundamental component’s -
amplitude of the line-to-line voltage is:
?LL]. = VDC S”’l (1) (OO - "“)
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= VLLI = %VDC sin (60)

which can be rewritten as:

S 4

Vi = V3 (i VLC)

T 2

. the peak of the line-to-line voltage is /3 times the peak of the phase voltage!

o ?LLl = 1' 103 VDC
The rms value of the line-to-line voltage is then:

VLLI = 0.78 VDC

Note that the line-to-line voltage leads the respective phase voltage by %{or 30°).

Clearly, balanced three-phase voltages result!

The Line to Neutral voltage can be derived for a Y-connected resistive load, by deriving the eqguivalent
circuit during each switching mode, which is 60°. Maode 1 represents the period: 0° < wt < 60°, Mode
2 represents the period: 607 < wt < 120°, whilst Mode 6 represents the period: 3007 < wt < 360°.
The equivalent circuits during these modes are shown in the Figure below. Other modes for other periods

can be derived.

A R B 3} A R
B i A ‘::;w—‘ i AN
N - 3] — C R B A
a \\"Hf‘\ Voo o N Vor ——1N Voo VAR N
P T
- N B S LA G, <A

P S Mode 1 Wode 2 Mode 6
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Harmonics in the Output of a Three-Phase V51 with Square Wave Qperation .

The harmonics in the line-to-line voltage have amplitudes reprasentad by the following formula:

- L 1
the harmonics die as o wher
T

The Freguency Specirum of the line-to-line voltages output of a three-phase VSl in o Square Wavs Mods is:

L F . 3 harmonits
2 11 13 ot Fy

N I O
5  F

For a three-Phase V31 in a Square Wave Mode, it is not possible to contyol the output valtage magnitude by

voltage cancellation via the inverter, as a is fixed here to be 60°.

General Commenis:
The use of Half, Full, or Three-Phase Bridges to generate an AC in the ‘Square Wave’” Mode is simple, but

the harmaonic content of the output is high.

For some applications at high frequencies, > 20/kHz, such as switch mode power supplies, and radio
frequency heating, the square wave is acceptable or the load can be tuned to minimize the harmonic

currents.

@} For AC Motor Drives, operating at around 50Hz, filtering components are very bulky and expensive. In
addition, harmonic currents may cause torque puisation and vibrations, and severe losses and require
derating of the machine. In these systems, Pulse Width Modulation {PWM) schemes are adopted to

produce an output which is more closely sinusoidal,
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2) Sinusoidal Pulse Width Modulation in Voltage Source Inverters
(Switch Mode DC to AC Sinusoidal AC Inverters)
Many applications, notably AC Motor Drives, require an AC source, which has a lower harmonic content
than that can be obtained by a simple Square Wave operation of the inverter. An effective solution is to

use Sinusoidal Pulse Widith Modulaticn (SPWM).
It was shown eartier that, the average output voltage of a Full Bridge can be made proportional to a

control voltage {v.). The control voltage can be made sinusoidal to produce a sinusoidal output, within

fimits imposed by the switching frequency of the Bridge.

2.1) Sinusoidal Pulse Width Modulation in a Half Bridge

Consider one leg of a Full Bridge, shown in the Figure next, Vo ’l c+ L

2 - .
which is sensible for AC operation! - v+ R

a
+
Voo 04—y

The transistors numbering is as before. It could be part of l_f_gﬁa c :
single-phase or three-phase Bridges. - {jLS’

Switching Waveforms
The controt voltage (v.) is sinusoidal and
must be at a lower frequency than that of

the triangular voltage (vy,;).

when v, > vy

7 . _Vbc HF -
yisonand Zyis of f = v = _lH T“Fﬂ

<
| S—
| snymasamewmr
e
| 2emsemem——
— Pl
oL
—
e— 1
, et
e |
; i i
po—
g::l
]
sl

when v, < Uyt

_VDC

ZiisoffandZyison = vy = > L
Ve € Py v:ail - t=49
Zyroff and Zon _..[ E...._
— Ve >V
Zy:onand Zy: ef f
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¥ The triangular signail (v.) is maintained at a constant amplitude (V), and its frequency {5} is called
the switching frequency or carrier frequeney.

¥ The controlveltage (v, ) modulates the duty cycle of the switches and has a variable frequency {f3) and a
varfable magnitude.,

> The fundamenial frequency of the inverter output is, therafors, fi.

k4

The inverter output will contain harmonics related to 7 and fL.

> The Amplitude Madulation Index or Ratio (M) is defined as:
M=t
T7tr[

where 7. is the amplitude of the conirol voltage.

A4

The Frequency Modulation Ratio {my) is defined as:

Switching frequency 5

Me =
! Modulating frequency f

¥ The inverter legis controlled according to the scheme:

Voc

WREN V. = ¥, Zq 85 ‘on’ and Zyis off = vy = e

e . v
when v, < vy, Zp5'0ff and Zyis ‘on” = vy = —-—-2’25

P Note that, a Dead time between swiiches is always neaded in V5i legs i

1. The outputvoliage is:

2. The amplitude of the fundamental componentis:

— n¥DC

Vao, 5
Z. The harmanics in the output are centered around {at the side bands of) the switching frequency, f;,

and its multiples, and they are related by:

where 71 and k are integers. However, for odd values of 5, the harmonics exist only for even values of
&, and vice versa. For example,
Imy + even: Tmy F 0, 1my + 2, 1mp + 4, mp ¥ 6, Ling F 8,..

2mp F odd: 2my ¥ 1,2mp + 3,2mp + 5, 2mp + 7, .
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4, Adopting an results in only odd harmonics of m, in the Frequenty

Spectrum {a result from signal analysis by Fourier). Note that the Frequency Modulation Ratio (mg) for

the previous waveforms is 15.

5. The Frequency Spectrum of the previous output voltage at M = 0.8 and m; = 15s shown in the Figure
below. Note that there is no harmonic component at 2my, because my was selected to have an odd

value.

?Aah

V“JC/Z
5.2

1.0}
0.8 M =08andmg = 15
0.6
Lo 3 o
0.2}

o S B N '!J;,I\z *-“”3,[,,]\"

.l

1 wy \
{my -+ T} 2my + 1} (3rmy + %)

viarmonies kol f —p

6. The amplitudes of the fundamental component and harmonics are obtained from tables. An example of
these tables is shown below, which depicts the values of the fundamental component and the harmenics

at the output of Half and Full Bridges for my = 9.

M
h\ 02 04 046 08 10

| 1 0.2 0.4 0.6 0.8 10

Fundamental
m, 1242 115 1006 0818 0.601
| iy 2 0.016 0061 0131 0220 0318
my = 4 0,018
2m, > 1 0.150 032 0370 0314 0.8
m, = 3 0.0 0071 0139 0212
- 2, 5 0013  0.03
! 3m, 0.335 0123 0.8 017t 0113
| Iy + 2 0.044 0139 0203 0176 0062
m, = 4 0012  0.047 0104  0.157
Im, = 6 0.016  0.044
L am,* 1 0.163  0.157 0008 0105  0.068
| dm, = 3 0.012 0070 0.132 D115 0.009
: 4m, x5 0.034 0084 0119
A T 0.017°  0.050
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Factors Influencing the Choies of the Switching Frequency:
tn general, a higher switching frequency males the filtering of harmonics easier, but increases the switching
tosses iin the inverter. Basides, it is very advantageous to have the switching frequency shove 20kHz so that

it is inaudible; i.e. audibls converter noise against swiiching losses.

A second, more subtle, choice is the adoption of an odd integer for iy, in 2 Half Bridge, so that there is both
odd symmetry and half wave symmetry. As a result, cosines and even harmaonics disappear from the Fourier

series.

In some machine applications, a need for an output frequency up to 200Hz and a switching frequency say

2kHz vesult in 2 low my. The

g g‘iﬁi (mf should be integer) 1o avoid beating and appearance of subkarmonics. Beating may occur

if £, is close to f; (the harmonics may be am plified depending on the output filter characteristics), which

is & problem in Thyristor inverters,

i1} Large my {m; > 21}

Synchronization of f; and f; is not so important, as the amplitudes of the beat frequency components are

less. Nevertheless,
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Over Modulation (M > 1)

For M <1, the amplitude of the fundamental

component at the output is proportionalr to the

amplitude of the control voltage, and the harmanics

are pushed up to around the switching frequency.

However, a greater output can be obtained at the cost
of increased harmonic content by making M > 1.

Ultimately, a Square Wave Mode results!

The relation between the output voltage and a wide range of Modulation = LETE e memm
1
Index is illustrated in the Figure next. There are three distinctive regions: {
10— 1
a Linear region (M < 1), an Over Modulation region (1 < M < 3.24), and | E
! ]
a Square Wave region (M > 3.24).  inoar !
Z |
i
f i
| i
; f
|
UO l}ﬂ I M

3.24
(or mip = 1B}

i VAD},
| Vpel2
I
4
10k
M =25 andmfm15
054
] L x 1 1 t _x ¥ ¥ .
Lo O3 s 7 8 11 i3 FEEELEECIES 73 25 gy~ Harmonic A
(mp
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2.2} Sinusoidal Pulse Widih Modulation in a Single-Phase Voltage Source Inverier
The Sinusoidal Pulse Width Modulation (5PWM) scheme can be realized in a Full bridge using either Bipotar

or Unipolar Switching Strategies.

2.2.1) Bipolar Switching Strategy
As Hlustrated before, @ Bipolar switching 4
. . Wogl2 =
sirategy treats every fwo switches as a pair; .
Z4& Z, is a pair, and Z5 & Z, is the second pair, e ©
T +
The switches in each pair are switched together, Voel2T ©-
simultaneously. )
Therefore, one control voltage {12,) is compared ey Pwrin
with a triangular signal (¥} to produce the ., i '& } \ f E W /\ /\ /\ /\ A /\
gate signals of the switches pairs, which are v V v v v IK\M—\M
Vax, Vam1
complement to sach other. L£13 NE—— = ]
Voe | 1] F““}:» f ' ]
z I I \1“--_ \# et ""‘1
g2 vani,
Voc—— AT T o —
Van and vgy are the voltages at the midpoints ” J:}_ "‘-—-..___\_J—
FRR I
of Leg A and Leg B with respect to the negative ov L LIt :;H: L. MJ L ] TI

terminal of the supply, respectively, Voc

ov
~Vac l_ L)

.

1

1]

|

!
=

f

]
T
 —

Z2ims Zdnx Z80mz 3Zms 36ms 40ms

The output of each leg with respect to 2 is the

same as that of a Half Bridge, but they are shifted from each other by 180°.

For Bipolar switching, the output is given by:

Vo = Vap = Vg
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The output voltage for M < 1 is:

y v
v, (1) = M-é’ﬁsin Wt — M—%sin(wit — 180°) + Harmonics

% . Ve . .
v, () = M—*sinw, t + M-*sin w,t + Harmonics
o ; 1 5 1

v .
v,(t) = 2M Esinw, ¢t + Harmonics
o ) 1

8 The dotted/dashed curves represent the fundamental companent for the respective voltage.

& The harmonics in the output are similar ta those found in the output of one leg. The harmonics are, also,
centered around {at the side bands of) the switching frequency, f;, and its multiples, and they are refated

by:

where n and k are Integers. However, for odd values of n, the harmonics exist only for even values of

k, and vice versa,

& $if is selected to be an B

B The Frequency Spectrum of the output voltage, for example, at M=08and my = 15 is shown in the

Figure below.

V”h

12p
10
D8
0.6 |
04
0z

D:O ”.ui g_h;.;x?il]?...}uilllix
! mr N 2N Bmg N

fmg + 2 {2y + 1) {3my + 2

H

M=08andm; = 15

v

Harmponles A tf fy —s
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[

2.2) Unipolar Switching Strategy

€ It was noted earlier, in the DC-RC Converter, that 3-7 .
. T P zs “‘”i“
the Unipolar switching doubles the effective C o4 21 !’ D [ el
Vnel2 o G+ o b3 .
switching frequency at the output without - o %‘1“’"17”: N
i o Va el Vg
increasing the swiitching losses in the nverter. & =, - -
’ ’!,,;d; C_ 1D4 D275 ““H‘Tf
is also an atiractive featurs in single phase meie . m_ﬂf Jll 2
- ok,
Inverters, - )

42

Eachinverter Leg is controfled by its own control

volitage, independent from the other. Hence, two control
voltages (v, and —v,) are needed.

% The control voltages are sinusoidals, and have the same

magnitude, but they are 180° out of phase.

<
w
. =
_-_I
+=

2 Bilja.z o o
switches in Leg B. ) . T

. Py e o I R A Voe

S L

@ v, controls the switches in Leg A, whilst —v, controls the

r{:f.i%

The conirol voltages are compared with the same triangular  ¥pc ‘“‘ ‘I]‘M’M/
Vot

I R TRIREIE

iz 5

voltage (- ). v,
VJJE

& The Unipolar strategy is implemented according to the following:
e whenv, > vy = Z; isturned ‘on’ and 7, is turned ‘off’
Leg’s A voltage with respect to the supply negative terminal is vy = Vpe
s whenv, < vy = Zyis turned ‘off and Z, is turned ‘on’
 Leg’s Avoltage with respect to the supply negative terminal is v,y = 0
e  when —v, > v,y = Zzisturned ‘on’ and Z 5 is turned ‘off’
Leg’s B voltage with respect to the supply negative terminal is vgy = Vp
e when —v, < vgy =% Zy is turned ‘off’ and 2, is turned ‘or’
Leg's B voltage with respect to the supply negative terminal is vgy = 0

€ The output voltage is:

Uy = Vay — Vay
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9 The effective doubling of the switching frequency at the output in the Unipolar scheme shifts the

harmonics up in frequency. The harmonics have frequencies represented by the following equation:

where n and k are again integers. But, since the coefficient of my is "2n”, which is always even, k takes

odd values only!

€ Compared with the Bipolar strategy, filtering is easier with Unipolar, as harmonics are at higher

frequencies for the same inverter switching losses.

J to eliminate particular harmonics

off the spectrum. The phase difference between harmonics in vy and vgy is 180%my, so if my was
selected to be even, some of these harmonics would be in phase and would cancel gach other,
@ The Frequency Spectrum of the output voltage, for example, at M = 0.8 andmy = 121s shown in the

Figure below.

o)

o

=
=
&

1.8
08
0.5
0.4

0.2

b " N lll:‘ i " PO B B Tk 3% B S
12 £ A 1= Yo

12ety - 1) Rmy < 1) tharmenics o /p)

M=08andm; = 12
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2.3) Sinusocidal Pulse Width Modulation in 2 Three-Phase Yoltage Source Inverter

&  The thres-phase Bridge {Inverter} can also he used with Sinusoidal Pulse Width Modulation {SPWIM).

L T
- J;/? /N y 7% b
P ”i‘,w Gy e _:\7:4 T s | R O G | 5 ]
vm.;”fj: T Yo 2 . E -
- o e e
f .
+ b e
3 =
1 ]
c /'"“-\VDC./Z Dq |\/ Dﬁ = EBZ
7 GD 6D l/
GDa _”:Zt‘ f ¢ «__i _;,wzﬁ ? % 3&22 T

@ Three control voltages (Veone 4, Veont B, and Veont ¢}, Which are 120° out of phase from each other, are
compared with a commeon triangular voltage (v, ) to produce the gate signals for each switch (IGBT} in

the respective leg.

&

SPWM generation can be achieved either by:

1. Microcontroller/Microprocessors

NS COFIOE SUrATeny W MDTeMenTen ICCornmn TO Ie To o

e When Vegpe a > Uy = 24 is turned ‘on’ and £, is turned "off’

Leg's A voltage with respect to the supply negative terminal is v, = Vp,
e When Vegne a4 < Ui = Z, is turned ‘off’ and 2, is turned ‘on’

Leg's A valtage with respect to the supply negative terminal is v,y = 0
e when vcom;_‘z, > Ve = Zglisturned ‘on’ and Z ¢ is turned ‘off’

Leg’s B voltage with respect {o the supply negative terminal is vgy = Vp
o when vCOMB.. - v.m. - 23 e ZG;s cirmad g

Leg’s B voltage with respect to the supply negative terminalis vgy = 0

a4

when Vepne o & Yy =2 Zgis turned ‘on’ and Z 5 is turned ‘off’
Leg’s Cvoltage with respect to the supply negative terminal is vey = Vi
e When Veonr o < Vet = Zy is turned ‘off’ and Z; is turned ‘on’

Leg's Cvoltage with respect to the supply negative terminal is vy = 0
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The switching waveforms are shown in the

Figure next.

@

& &

Note that the fundamental line-to-ine
voltage (VAgl) leads w4y, by 30°, which is
consistent with three-phase concept.

For 0=<M<1 the fundamental
component of one leg, for example Leg A,

has an amplitude of:

. Ve
VANl = M —2—

Thus, the amplitude of the fundamental

component of the line-to-line voltage is:
VLL1 = ‘\/§ M%‘g‘
== VLL; = 0. 866MVDC

The rms value of the line-to-line voltage is:

VLLlrms = \ﬂ. 612’MVDC

Veanta Voont B Peont ¢

> Voo

Therefare, the output line-te-line VOltage between phases ‘A" and ‘B’ is:

145 (t) = 0.866MVy- sin{wqt +%) + Harmonics

The comments for Over Modulation apply also for three-phase inverters.

The harmonic content of line-to-line voltage can be reduced by making

This suppresses harmonics at m; and 3nm, where n is an integer. Because some of the harmonics

in the phase voltages are phase shifted from each other by 120° m. Consequently, eliminating each

other from the line-to-line voltages.

The Frequency Spectrum of the line-to-line voltage, for example, at M = 0.8 and my = 1515 shown in

the Figure below.

FLL;,
Vpe
M =08, andm; = 15
10
o8
LY
0.4
0z
2 1111# BIIITIA N SR O T s
1 TS 2my 3y
tmy b T Qmy + 1) Arty v 4
barranica of fy
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Space Vector Modulation {SYIM)

ineroduction

# The SVM is a method of generating a3 sequence of switching combinations of the inverier. Each

g;)

combinalion is called a stata.

The Space Vector {5V} is a complex pumber that can be reprasented by any three guaniities, not
necassarily sinusoidal, which add up 1o zero {with the neuiral being disconnected}.

These states can be representad in the complex plane by Space Vectors (5Vs) and are of two types; zero
and non-zere states.

In a Current Source Inverter (CS1), a non-zero state allows the DC link current {lac) to complete its path
through the output load, whilst a zero state shorts one of the inverter legs and no current, from the DC
bus, passes to the load {ls. completes its path through one of the inverter legs). In a C51, there are six non-
zerc and three zero states.

In a Voltage Source Inverter {V$1), during non-zero states the DC link voltage is applied to the load, whilst
no voltage is applied to the load during the zero states. Thus, in a V5t there are six non-zero and two zero
states oniy.

Therefore, more switching sequences are availabie in a C3l, hecause of the increased degraes of

- . . T L U

Advantages of SVIM over sther PWM Technigues:

1. Itis easier and more feasible for digital implementations and microprocessor control,

2. It reduces the switching frequency of the inverter. For example, compared with an equivalent
Sinusoidal PWM based system, the switching frequency will be reduced to approximately half the

carrier frequency.

PWM, in the case of over-modulation, some pulses are dropped and low order harmonics appear at
the output, which can be avoided by the addition of Triplen harmionic to the sinusoidal modulating
waveforms.

4. The AC Gainis higher in SYM. For a three-phase Inverter, the AC Gain s defined as:

The Eéﬂ _'agnr f
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Space Vector Modulation {SVM) in a Current Source Inverter

% The Space Vector (SV) is a complex number that can be represented by any three guantities, not
necessarily sinusoidal, which add up to zero {with the neutral being disconnected}.

% The topology of a Current Source Inverter {C51) is shown in the Figure below.

|

DC .
VTV -
S]Z Da Ds
D
AR JL Z3 t/ Zs
S GD1 _JK - GD3 =N GDS ~h,
s L.
fa —t e
{8 le
J Za GDs v Zs £2
GDy . GD; |
I | S D2
D {
. 1

# The Space Vector Current {l,) associated with the ACline currents of a three-phase CSl can be generated

by a proper selection of the SVs that reﬁresent the states. |y, is given by:

2x 2T

2 F= I .
= 5 (atire 3 +icte 1) =Rtjln (VL)

where i, Ip, and ic are the instantaneous magnitudes of the three-phase line currents, refer to Figure V1.1,

R and I, are the real and the imaginary components of |, respectively.

% Fach state produces three-phase line currents, the magnitude of each is defined in Table VI.1. The tabie
shows the nine-possible states for a CSl with the associated ‘ON’ switches, while the other switches are

‘OFF’, and the respective per unit line currents, with the DC link current {lac) chosen as the base quantity.
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State i+l

Hector
b eg——— Siate i
. \ En
Sero stales
- >__%,,R
Ig

Figure VI.1: Representation of S¥s (states) in the complex plane

Table VI.1: Possible states and their respective per-unit
line currents in a CSI.

Mol 7 T amert e T = 74 s s T &sa. |
Iy 21,4 1 0 -1
i 22,23 1 -1
la 23,2y -1 i 0
b 25,75 -1 0 1
Is Zs,Zs G -1 1
ls g, 2y 1 -1 0
Iz 21,74 0 0 0
le 23,25 0 [t 0
Qg SRSy £y SORPIN SR + | 0 B S

Figure Vi.1 shows the 5Vs representing the states, the line currents, and b, in the complex plane. In is
represented by an equivalent SV, having a magnitude and an angular position 6 depending on the state SVs
representing it. The objective of SYM technique is to approximate |, with the nine SVs (k, k=1...9) available in
the CSI. So that it will have an amplitude proportional to the Modulation index (M), and rotating in the

complex plane with an angular velocity {®) proportienal to the frequency of the fundamental output current
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{f;). By approximating I, using the nearest two non-zero SVs, {i and li.1), and one zero 5V, {1.= 15, Iz or lg), the

AC Gain of the technique is maximized and the switching frequency is minimized, as seen in Table V1.2,

The AC Gain {Gac) is defined as the maximum value of the fundamental component of the line-to-line voltage

to the amplitude of the unfiltered pulses compromising the same component {the DC value}.

Thus, if the Space Vector Current (I5) is lying between the arbitrary space vectors | and bz, the following

expraessions can be derived:

ln*tcycle = |'\ * L+ Ii-(—l * Tig + I * t (V'Z)
where teye is the period of one carrier cycle (toyoe =1/f), while &, tin, and t, are the times of state i, i+1 and

zero-state (for M < 1), respectively, Their values can be calculated using the following equatians:

t = tyae * M ¥ osin {{n/3}-0) ' {V1.3)
tier = toye * M* sin{0) (Vi.4)
t, = teyee - ti - T (V1.5)
B = *t _ {V1.6)
o =2%n*f (V1.7}

Such that f1=1/T, is the fundamental frequency at the output
The Space Vector Current (Ir) can be moved in the comblex plane by a step of:

Ag = 3_6;& (V1.8)

Selection of States

Within one sector, only three states are used to represent l,. However, the sequence in which the states are
used to control the inverter switches can be designed. Some of these sequences are known as Sequence I
Sequence ‘B’, and Sequence ‘C’, and are shown in Figure V1.2. Once the SV sequence is fixed, the selection of
the zero SV defines the switching frequency, but the line current wave-shape does not depend upon the
selected zero SV. Figure V1.3 shows the possible state transitions between states 1; to I, in sector 1. Table

V1.3 shows the zero SV {1;) to be used in each sector in order to minimise the switching frequency, and hence

the switching losses.
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F:\ Sequence ‘A’

L Lisy I
b
t; fiel % . t
- I:"'
te
A Seqguence ‘B’
| . .
i Ei EiJ,n] fz EZ ]i Ei+i
L .
t fir & tz i firg J
B
s
& Sequence ‘C’
Edhn | L || & »
W2 (a2t (G0)/2 42 t
i
f
Figure VI.2: Possible sequences of SVs (states) in a CS!
B Technique Category Switching frequency AC Gain (Gac)
(£sw)
Sinusoidal PWM Analogue fe 0.R66
Third Harmonic Injection Analogue fe 1
Trapezoidal PWM Analogue fe 1.053
Dead-band PWM Analogue 2/3%f. -1 1
Mod. Dead-band Analogue V(D) 1
8VM, Seq.’A’ Digitat /2 !
SVM, Seq.’B’ Digital 5%*(fe/12)-1 1
SVM, Seq.CT . O 1] Lo SO T S R 1
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o Possible
Initial stazz Final stale
Zeom Yecior

il/yl‘lm{il4}\:\
(®) h={l-2};;:‘—-ﬂ—la={3,5}q—‘;51=(213}

) =;={1.2}§1w15={3=6}-&—-=§t.={1e2}

© L@ —TETER S L2

-\ NN TR

b momm———aa

Figure VI.3: Possibie state transitions in sector 1 involving a zero 5V for a CS]

{a) Transition: I, to I, tol; OR I; to Lio f
(b) Transition: I: to I; to

(¢} Transition: I to Iz to Iz’

Table V1.3: Sectors and respective zero states recommended
for minimum switching frequency in a CSl.
Sector; L Fivz |3
| 1 Iy I, {g
| 2 2 Iy ls
3 Y i 7]
4 la Is Iy
- 5 Is ls Is
& ls h b
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SVM and Sinusoidal PWM Wavelorms in a €51

For M = 0.7 and f.= 300Hz, the gate signals obtained by SV for a VS! ave shown in Figure VL4, On the other
hand, Figure Y15 shows the comparativa sinusoidal PWM gaiz signals. it is ciear that the number of switching

transitions is minimized.

L] A
G S A L 1
S R i ]
L N fLi] il

“HIE T 1

6. Bems 9. 32ms 16 .h7Rs 24 Cims ©3 . 3RS 26.67us 36.900s
5 ¥y N Tipe
Tt Tnt, Ty Tty Tat; Tai

Figure V14! The SVM signals in a CSI for M = 0.7 and f.= S00Hz

i L 1min
11 T R

M T

Vi HALFfms 10, 00w

AE - At mn A0 0Mme

Figure Y1.5: The equivalent Sinuscidal PWM signols in o CSI for M = 0.7 ond f.= 900Hz
Clearly, the switching frequency has been reduced for a simiar harmonic content.
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Space Vector Modulation in a Voltage Source Inverter

4 The topology of a three-phase Voltage Source Inverter {VSI} is shown in the Figure below.

2

@

& I
ol J Hzl AN R E ’J EZ"“ Ds J Ezs Ds
L GDy ¢ =N GD; | GDs 5

Vo = "—f‘“'\fpclz P b
. Va v Ve
+ . a
L E*]
C 1 D 5D
VS22 D 5 N U2
o] Iz 3o | 70| | 2]

The Space Vector {SV) is a complex number that can be represented by any three guantities, not
necessarily sinusoidal, which add up to zero.

The Space Vector Voltage (V.) associated with the AC phase voltages of a three-phase VSI can be"
generated by a proper selection of the 5Vs that represent the states, V, is given by:

2T L
2 J= IR S R F
Vo= 5 (Vatvise 3 Fveke 5 ) =R+l {(vi.19

where va, vu, and v, are the instantanecus magnitudes of the three-phase line voltages, refer to Figure

VE6, R and |, are the real and the imaginary components of Vy, respectively.

There are 8 states in the VSI: 6 non-zero states and 2 zero states. The space vectors are shown
in Figure VL.6. Each state produces three phase voltages as seen in Table Vi.4,
Assuming that the Space Vector Voltage (Vi) is lying between the arbitrary space vectors Vi and V., the
following expressions can he derived:

Vettogde = Vi * i+ Vieg * tin + Vo * 1p (V1.2°)
where teee IS the period of one carrier cycle (towe = 1/fc), whilst 4, tiy, and t;are the times of state i, i+1

and zero-state (for M £ 1), respectively. Their values can be calculated using the following equations:

i = tyae * M * osin {{n/3)-8) {V1.3")
T = Leyete * M* sin{6) (vi.4")
t: = tcycle = b - Ena (VIS')
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g =m*i {V1.6")

o = P ¥ iT #* fl {V!.?’)

Such that f1= 1/T, is the tundamental fraguency of the output

The Space Yector Voltage (Vo) moves in the complex olane by a step ol

£ = .3.5;’_& (V1.8

State i+1
P —— T o) o |
Vil
Zero states v State |
G State 1
Va A

R

Figure V1.6: Representation of SVs (states} in the complex plane for a VS

Table VI.4: Possible states and their respective per unit voltages

State ‘OGN’ switches Vaf Vac Vof Ve | vof Ve
Vi Zi1, Zs, 4> 1 ] 0
Vz Ly,43, L2 1 1 0
Va Za,23, L2 0 1 0

.V4 . 24' 23125 o —
Vs 24,45, Zs 0 0 1
Vs Ly, 76, Zs 1 0 i
Wy 71,23, Zs 1 1 1
Vg Ly, 2a, 42 o 4] 0
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Switching Secjuences ina Vsl
There are two main switching sequences in a VSI: Direct-Direct sequence and Direct-lnverse sequence.
1. Direct-Direct Sequence
- . Ituses Vy, state 7 (111), as the zero state in sectors 4, 3 and 5, and Vs, state 8 {000) as the zero state in

sectors 2, 4 and 6. The switching sequence remains the same during the same sector for example in the

first sector, the switching sequence Vi, V2, Vy, Vi, Vo, V3, and so on.. T The switching frequency for this
strategy is (2/3)*f,

2. Direct-lnverse Seguence
ft uses redundancy of the two zero states in the same sector to reduce the number of commutations per
cycle. The switching sequence is reversed after passing through each zero state; for example in the first
sector, the sequence is Vi, Va, Va, Vz, V4, Vg, and so on... The advantage of this strategy is that it gives three

commutations per cycle and gives symmetrical pulses. The switching frequency for this strategy is (1/2)*f

Each switching sequence has its own advantages and disadvantages in terms of switching losses and current
ripple at the output. The selection of the switching sequence should be made according to the type of load,

and the range of Modulation Index, etc.

5VIVE and Sinusoidal PWM in a V§I

For M = 0.7 and f. = 900Hz, the sinusoidal PWM gate signals for a VSl are shown in Figure VL.7. On the other

hand, Figure V1.8 shows the comparative gate signals obtained by SYM. Itis clear that the number of switching

transitions is minimized.

ﬂ@pmﬂﬂﬂﬂnnnnnmnmﬂﬂw
Wi AT R N A
ﬂ@pﬂ:ﬂﬂﬂﬂﬂMﬂﬂEﬂﬂﬂﬂm
u ﬂﬁﬂlﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

EREREhnEEN

sov~| ’T‘;
ﬂﬂmﬂﬂmﬂﬂﬂ Lo

Vﬂg!
43 33m A5 657m b0.00ms 53, Ssms 56 67ins 80.00ms

Vsl( 1
o Time

Figure VL.7: The sinusoidal PWM gate signals for a V3l
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Figure V1.8: The SVM gate signals for a V81, Direct-Direct sequence

The voltage at the mid-point of the inverter is Pulse Width Modulated and has a fundamental component of

O R T B O T R e T - . R N o -

0.7. Clearly there are some pulses, which are drepped from the line-to-line voltage (Vas).
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Figure V1.9: The voltage waveforms in a VS| employing SVIM
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Example:

Show that the Square Wave Mode {six-step) is a special case of SVM, whose teyee= T/6 {such that f1= 1/T)

and M = 1.1547.

Solution:
The time for state ‘I’ in sector ‘' is t = teyae * M * sin ({m/3}-0 )
For 8 = 0 and under the above condition:
u=T/6
tirs = teyae ¥ M 5in(B)
and Tz = teyele - -t
Therefore, tit1= 0, and t;= 0.

Thus, during one sixth of the period, only the switches which correspond to state vector V' are ‘On’. Similarly,
in the sector ‘i+1’, only the switches which correspond to the state vector ‘i+1’ are 'On’. Conseguently, during

ane period (20ms), each non-zero state will be used for 3.333ms.
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