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What is power electronics?

The power electronics combine power, electronics, and control application of solid-state
electronics for the control and conversion of electric power.

Power electronics is based primarily on the switching of the power semiconductor devices.
power semiconductor devices:
1-power diode. 2-Thyristors.

3- power bipolar junction transistor (BJTs).

power diode

Introduction: -
1- A power diode is designed for high forward current and high reverse breakdown
voltage.
2- The area of pn junction in power diodes is much larger than in a signal diode
because it is designed for large current flow.
3- The frequency response or switching speed is low compared to signal diodes.
{a) Symbol (b} Stud type packaging
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K
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Fig(2) Diode characteristics
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Single Phase Uncontrolled Rectifier

Rectification is a process of converting an alternating current or voltage into a direct
current or voltage. This conversion can be achieved by variety of circuits based on
and using switching devices. The widely used switching devices are diodes, thyristors,
power transistors etc.

Uncontrolled Rectifiers: It uses only diodes & the output DC voltage is fixed in
amplitude by giving the amplitude of the AC supply.

a-Half Wave Rectifier with R Load: This is the simplest type of uncontrolled rectifier.

In a half wave rectifier, for one cycle of supply voltage, there is one half cycle of output,
or load voltage and other half cycle blocked.
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Fig(3-a) single phase rectifier half wave uncontrolled rectifier
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Fig(3-b) voltage and current waveforms
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17 17 Vm
Vdc = —j Vin dwt = —j Vm sin(wt) dwt = —
2n 2110 s
0

Id _Vdc
‘TR

— L ™vin)2 —|Lm ; 2 _ Vm
Vrms—\/zﬂf0 (Vin) dwt—\/zﬂf0 (Vm sin(wt))? dwt =

Vrms
Rl

Irms =

Ripple factor(r):- The ripple factor (r) which is a measure of the ripple content is

defined as
% Vm/
r= |G)?-1= ’(W/]ZT)Z —1=1.21
Efficiency(n)
Po VdcxIdc
n —EX 100%—WX 100% = 40.5%

Peak inverse voltage(PIV)

PIV=-Vm



Soml s S sl 0 sl aste Al eSO ol DS D dgad) A dans V) ) daals
2021-2020 Al Als )

b- Full-wave rectifiers.

1-Center-tap Full- wave rectifiers.

Full wave rectifier using two diode and center tapped transformer. diode D1
conducts for the positive. half cycle, while D2 conducts for the negative cycle. .
diode D2 is subjected to a reverse voltage of 2VS. In the next half cycle, diode D1 is a
reverse voltage of 2VS. Thus, for diodes D1 and D2, peak inverse voltage is 2Vm.
So that for one cycle of source voltage, there are two pulses of output voltage.
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Fig(4-a) Single phase Center-tap Full- wave rectifiers
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Fig(4-b) voltage and current waveforms
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10 . 1 _ 2Vm
Vdc = —j Vin dwt = —f Vm sin(wt) dwt = ——
L L L
0 0
Ide Vdc
‘TR

— 1 (™vin)2 _ [Lm i 2 _ Vm
Vrms = \/n Jo (Vin) dwt—\/1T Jo (Vm sin(wt))? dwt = ¥
I _ Vrms

rms = —p
Ripple factor(r)
Vrms Vm/\/j
r=|Ga)? 1= |Gm)?—1=0.48
Efficiency(n)
1 :%x100%=%x100%= 81%

Peak Inverse voltage(PIV)

PIV =-2Vm
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2-Bridge Rectifier: Bridge rectifier using four diodes. bridge rectifier does not
need
center tapped transformer. Diodes D1, D2 conduct at the positive half cycle.
Each of the diodes D3 and D4 is subjected to a reverse voltage of Vs.
Diodes D3, D4 conduct at the negative half cycle. Each of the two diodes D1
and D2 are reverse voltage of Vs.

v, =V_ sin mt

Fig(5-a) Single phase bridge Full- wave rectifiers
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Fig(5-b) voltage and current waveforms
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I _ Vrms

rms = —p
Ripple factor(r)
Vrms Vm/\/j
r=|Ga)? 1= |Gm)?—1=0.48
Efficiency(n)
1 :%x100%=%x100%= 81%

Peak Inverse voltage(PIV)

PIV =-Vm
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Three Phase Rectifier

(A) Three Phase Uncontrolled Rectifier: Three phase rectifier converts AC into
DC.

(1) Three Phase Half Wave Rectifier

(2) Three Phase Bridge Rectifier

1. Three Phase Half Wave Rectifier (Common Cathode): -

Three phase half wave rectifier is consists of three diodes D1, D2, D3. These
diodes are

connected to a common load. The other load terminal is connected to neutral
N of the supply. The cathode of three diodes are connected together. This
configuration is called common cathode three phase half wave rectifier. The
three phase supply voltage is Va, Vb, Vc. A diode with the highest positive
voltage will begin to conduct at the cross over points of the three phase
supply. Diode D1 will conduct from wt=30"to wt=150" as the most positive

as compared to other two diodes during this interval. Diode D2 will conduct
from »t=150"to wt=270" and diode D3 will conduct from wt=270"to wt
=390°. When a diode is conducting, the common cathode terminal P rises to
highest positive voltage of the phase and other two blocking diodes are reverse
biased. The voltage across the load Vo follow the positive supply voltage
envelope and waveform is shown.
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Fig(6-a) Three phase uncontrolled half- wave rectifier
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Fig(6-b) voltage and current waveforms
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Equations:-
51/6 5n/6
3 _ 3 _ 3v3Vm
Vdc = — j Vin dwt = — j Vm sin(wt) dwt = =0.827Vm
21 21 21
n/6 n/6
Vdc

Idczﬁ

Vrms = \/% L8 (Vin)2 dwt=\/%f 5/6 (Vm sin(wt))? dwt =0, 84 Vm

/6 n/6
N _ Vrms
rms = —o
Ripple factor(r)
_ Vrms ., . _ 084Vm .5 .
re Gt 1= |G~ 1= 0.178
Efficiency(n)
Po VdcxlIdc
n= EX 100% = WX 100% = 96.9%

Peak Inverse voltage (PIV)

PIV =-v/3Vm
2. Three Phase Full Wave Bridge Rectifier: -
Three phase bridge rectifier is consists of 6 diodes. Diodes D1, D2, D3 is for

positive group and diodes D4, D5, D6 is for negative group. Three phase bridge
rectifier configuration and waveform is shown.

Dy
] I —» —
LR G ¢ !

— -

' Dy T_ 4,
e |

Fig(7-a) Three phase uncontrolled bridge full- wave rectifier
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Fig(7-b) voltage and current waveforms
Equations:

2n/3

6 . 3Vm
Vdc = — j vV3Vm sin(wt) dwt = —— = 1.654Vm
21 T
/3
Vdc

Idc = —
‘TR

Vrms = \/% f:;/ *(Vin)2 dwt=Vrms = \/% fj;/s(ﬁVm sin(wt))2 dwt =1. 655 Vm

[ _ Vrms
rms = Rl
Ripple factor(r)
Vv 1.655V
r= )Gy - 1= (A - 1= 0.05
Efficiency(n)
N =12 X 100% = — 2 X 100% = 99.9%

Peak Inverse voltage (PIV)

PIV =-v/3Vm
11
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The power transistor

The transistor is a three layers N-P-N or P-N-P device as shown in fig. 9. Within
the working range the collector current Ic is a function of the base current Is a
change in base current gives a corresponding amplified change in the collector
current for a given collector-emitter voltage VCE. The ratio of these two currents
is in the order of 15 to 100.

. Collector =~ 'C/

Fig (9) N-P-N Transistor a) Structure, b) Symbol

In practice for power applications the transistor is operated as a switch, with
zero bases current. Power transistors have controlled turn on and turn off
characteristics. The transistors are operated in the saturation region resulting in
a low ON state voltage drop. The switching speed of modern transistors is much
higher than that of thyristors but voltage and current ratings are lower than those
of thyristors.

?VBB J/

- Ig =
X \&\ {\
[N N R TR ... L.
AMMIMIIITBNGEaaS AN NN
Cutoff regidn Vor
(a) (b)

Fig(10) (a)transistor circuit (b)transistor characteristic, dc load line
12
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There are three operating regions of transistor (cutoff, active, saturation).
In the cutoff region the transistor is OFF or the base current is not enough
to turn it

ON and both junctions are reverse biased.

In the active region, the transistor acts as an amplifier. In the saturation
region, the base current is sufficiently high so that the collector — emitter
voltage is low

and the transistor acts as a closed (ON) switch.

For the input circuit:
Vg = IgRp + Vg

VBB - VBE

Re =
B IB

And for the output circuit:
Vee = IcRe + Vg

The equation above can be used to draw the dc load line by choosing two
points as follows:

1- At cut off region:

Ic(cut off) = 0

VeE(ut off) = Ve

2- At saturation region:

VcE(saty = 0
I _ Ve
C ~o
(sat) RC

I _ IC(sat)
B(sat) — T

The perfect switch ON condition is: Igpen> 3* Ig(sar)

Examples:-

Ex1:- For transistor as a switch if the transistor has the following
specification Vcesaty= 0.15; Vegsaty = 0. 65; B = 45; Vin= 1. 5 V. Calculate the
value of Rg which make the transistor works in saturation region.

Vee = Veg@sary  30—0.15 0.0144

I t) = =
c(sat R¢ 2 x 10°

13
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Ic(sat) 0.014
IB(sat) = B = 45 =0.3x 1034

Choose

IB(per) = 3* IB(sat)
[B(per) = 3x0.3x103=0.9x103 A
Vin = IB(per) X Rg + Vgg

_ Vin = Vg In
Rp=— =2
[B(per)
Ry =209 _ 9440 ~ 1k0 ,L
B™ 9x10% - <
EX: 2

For the circuit shown below (VBE= 0. 7 V, B= 50, and Vin=1V) Calculate
the value of (R1, RB) which make the transistor works in saturation region.

Vee—V 15-0
Ic(sat) = =& R‘f““” =——=0.034

‘VCC: 1bOV
Ic(sat) 0.03 R =500£1

IB(sat) = B 50 = 0 6 X 10_3A

Choose

IB (per) =3* IB(sat)
Iz (per)=3x0.6x1073=1.8x10734

+Vgg = 500V

To certify the operation of the transistor in saturation region we may use
I =2 X Igay =2X0.6X107° = 1.2 x 10734

R, =forler — 50 3 675 KQ
1 I 12x1073

12 = IB(sat) = 06 X 10_314

Vin_VBE_ 1_07
I, 0.6 x 1073

Rp =

= 0.583 KQ

Dynamic Switching Characteristics:
Time delay (tq):
Is the time taken for Ic to reach 10 % of its final value Icsat).

14
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Rise time (t;):

Is the time taken for (Ic) to change from 10% to 90 % of Its final value Icsat).
Conduction time (ton)

ton = tg + tr

Storage time (ts):

Is the time interval between the input and the point at which Ic reaches 90% of
its final value l¢(sat).

Fall time (t7):

Is the time taken for (lc) to fall from 90% to 10% of its final value Icsat).
Cut off time (tofr):

toff = ts + 1

90%
K Base current
Is tf '
s 90%
Collector current
10°%6
to.‘f '_
90%
v Voltage V¢
- CE, SAT 10%5

Fig(11) transistor switching times

Improvement of Switching Time:
The Switching Time can be improved by connecting a capacitor in parallel with
the base resistor Rg.

C —

R

B
ov- 4 TVe

e
—
=

Fig(12) transistor Improvement switiching time

15
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UNIJUNCTION TRANSISTOR (UJT)

It consists of a lightly doped N-type silicon bar with a heavily doped P-type
material attached to its one side closer to Bz, so that a single p-n junction is
produced. As shown in fig (13) there are three terminals an emitter (E & two
bases B1 & B> at the bottom & the top respectively of the silicon bar.

PN B2 i
ﬁB;' Junction i+
(Bases) T |
E E| Channel |
s & |
(Emitter) ) Emitter E |\
|
N |
|
uB- I
(Base:) " 4
B-
UJT . Simplified
Symbaol G Rpian Equivalent Circuit

Fig(13) Unijunction Transistor(a) Symbol (b) Construction (c)
Equivalent circuit

Vg A

Standoff ratio(n)=Re1/Res Cut-Off ‘,’%Smmon
Peak-point voltage (Ve)= nVes + Vb y esistance

Peak-point current (lp) <
Valley voltage (V)
Valley current ()

UJT OFF: When [e< Ip
UJT ON :When e > Ip

Fig (14) UJT Characteristics

When Ve< nVes -~ PN is reverse biased Ie is negative.
When Ve > nVes - PN is forward & biased Ie is positive.

16



Soml g S sl 0 sl e ste Al eSO and DS D dgad) A Jans V) ) daals
2021-2020 Al Ayl

UJT applications

UJT is used in the following
applications:

1- Relaxation oscillator.
2- Triggering circuit.

3- Pulse generator.

Megatve Pulse

Relaxation Oscillator:

The following figure shows how to
use a UJT as a relaxation oscillator.
Initially, the voltage across the
capacitor is zero. The UJT is in OFF
condition. The capacitor chargers through the resistor R according to the
voltage Ve = Vc=nVes + Vp. Then the UJT becomes in ON condition. The
capacitor dischargers to the Vv voltage through the resistor R1.

OV
% R3 R2
B,
E G\)
—1
B

Positive Pulse

o
o

I—

Fig (15) Relaxation oscillator circuit (saw-tooth generator)

Ve=Vuc(1-e*(-t/R3C))

Vv = valley point voltage, Iv = valley point current, Ve = Peak voltage, Iv =
Peak current,

Ve /! Vg = 1-eM(-1/R3C)

eM-t/R3C) = 1- Vc/ Ve

eM-T/R3C) = 1-Vp/ Ve = 1-N

Mo = In—
R T M1y
T 1
RsC 1-7

17
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T = RyC I
3 nl_ﬂ
T=RyC F=:

The frequency of oscillation is normally controlled by the time constant
RsC.
__ Vdc-Vv

R3min -

Iv
Vdc - Vp
Ramax =

Ip
Rs =10/ nVss

UJT Relaxation Oscillator can be used as a pulse generator when the voltage
across the discharge resistor is used. By connecting a potentiometer at the place of
the charging resistor R3, sawtooth waveforms with different frequency ranges can
be obtained across the capacitor. Pulses with different frequency range can be
obtained across the discharge resistor R;.

UJT is OFF (UJT Relaxes): [Vour = 0 {i.e. Vour = Vac * Ry/(Ri+Ry+Res ) } .
Capacitor is charged through R; to the voltage [Vc = Vp {i.e. Ve =Vp Vou | ]
Then UJT turns ON.

UJT is ON: [Vou =V -Vb -Vrei] & Capacitor is discharged through R, to the
voltage Vg =Vpt+V,.

Example 1 1oy
Using the UJT to construct an oscillator ““T
as shown below, calculate? i i
1- Minimum & Maximum frequency of i = 470
pulses which can be generated. Ris-iH
2- Maximum capacitor voltage. | e =0.65
i Pulaa Cutput
1
T=R3*xCxln 1= c
ﬂﬁllFT
T=(Rp0t+R1)*C*ln1_n T : °

When Rpot = 100kQ

Trax = (100 X 103 +2.2x103) x 0.1 X 107° X In
Toax = 10.8 X 107 3sec

1—-0.65

1 1
Finin = = = 93.2Hz
Tmax  10.8x1073

18
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When Rpot =0

Thin = (0+22 X 103) x*0.1x107° *lnm

Toin = 0.23 X 107 3sec

=L —__ 1 4 33KkHz

F =
max T ., 0.23x1073

Maximum capacitor voltage

Example 2

The data sheet for a 2N2646 Unijunction transistor gives the intrinsic
stand-off ratio as 0.65. If a 100nF capacitor is used to generate the timing
pulses, calculate the timing resistor required to produce an oscillation
frequency of 100Hz.

1- the timing period is given as:

T=2=-1=10mS

F 100
2- the value of the timing resistor Rz is calculated as:
1
T =R3Cln
3 1-1
T 10mS 1 10000000
Ry=—— = - = = = 05238 Q =
Cln—  100nF+*ln——  0.0000001F*In2.857 In2.857
1-1 1-0.65
95.3 kQ
Homework 05 UJT
The specifications of UJT in the circuit shown below, are:
RB1=3900€2, Rg2=3500Q2, Iv =2mA & Ip = 1pA & Rp1=100Q if ;RZ
the UJT is ON, calculate? 500

2-  Standoff ratio(n)
3- Current in E, B, B2 & Vp in OFF state. B2

VE £ Vdc

4-  Current in E, B1, B> & Vv in ON state. v C

19
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Operational Amplifier

Op-amps are one of the basic building blocks of Analogue Electronic Circuits. It
is a linear device that has all the properties required for nearly ideal DC
amplification and is used to perform mathematical operations such as add,
subtract, integration and differentiation. The output signal is a differential signal
between the two inputs and the input stage of an operational Amplifier is in fact
a differential amplifier as shown fig (16).

AWV o
+VYCC Positive Saturation

Inverting +Wsat
Input -
Output Vin

e Vu

Non-inverting
Input
¥ [+ -vee

Megative Saturation -Vsat

operation amplifier symbol W
Lirear
e gion

(a) (b)

Fig (16) (a) op amp symbol (b) op amp Characteristics

Ideal op amp

Ideal op amp has following specifications: -

1- Input resistance very high.

2- Output resistance very small.

3- Voltage gain in open loop very high.

4- Vo = 0 when vi=v>

5- An ideal operational amplifier has an infinite Frequency Response.
6-Most (but not all) operational amplifiers require a symmetrical supply (of
typically

+6V to £15 V) which allows the output voltage to swing both positive (above 0 V)
and negative (below 0 V).

The voltage gain (AV): -

Vin = V2 -V
V, V,
AV=—O= 0 = 0
Vin V.=V

Vo=0 when V,, =0
Vo ==V, wWhenV,, <0

Vo = +Vee whenVy, >0

20
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Application of op amp

1- Zero crossing detector: -
The output will go high when the input sine wave is positive while the output
will go low when the input sine wave is ne

Vin=0-Vs=—-Vs Vo \/vs
B WO +Yce \_
AAA e
r O L Vin 3 ";:T— U Time,
£ b |
I‘:‘_lk_‘f;MS } _m]: ﬁ b -Vee \/
«:‘El "'u'rCI

(a) (b)

Fig (17) Zero crossing detector (a) Circuit diagram (b) Input and Output
waveform

2- Comparator: -
The comparator is used to compare a signal voltage with a reference voltage.

Pt

R +VCC o I

—w [T A

@; 2 ~vee 'ﬁj':"RL Vo

(a) (b)

Fig (18) Comparator (a) Circuit diagram (b) Input and Output waveform

21
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3- Inverting amplifier: -
The closed-loop voltage gain of an operational amplifier is defined as
the ratio of output voltage to input voltage

R
Fig(19) Inverting amplifier EEAVAVLY o
E.-I I L !
NSNS 2 _J
in ——
- b |
Vl = VZ =0 Ilﬁ),'s --:r.:l]'/ <Ll2 EL
s Vo
Vo = —1Z; T .
VS = IZl e e -
Vo —1Z _ Zs
YUve 1z, 7,
4- Noninverting amplifier: - Zf
mdA'A"
= |
1 +VCC |
_.l"' 1'\_ _.l'lhv'(ﬁ" u,,_ _'H.“‘-
< Vin . -
| —{=1T |
Fig (20) Noninverting amplifier l 71
ﬁ"aui}fﬁ -vee Vo
o=
Vo =1Z; + 12,

VS:VZZV]_:IZl

Vo 1Z;+1Z, Zs
v = ———_= + —
Vs 17, A

5- Multivibrators

A multi-vibrator circuit oscillates between a “HIGH” state and a “LOW” state
producing a continuous output.

1- Bistable — a bistable multi-vibrator has TWO stable states producing a
single pulse either HIGH or LOW in value.

2- Astable — A free-running multi-vibrator that has NO stable states but
switches continuously between two states this action produces a train of
square wave pulses at a fixed known frequency.

3- Monostable — A one-shot multi-vibrator that has only ONE stable state as
once externally triggered it returns back to its first stable state. The timing
period of a monostable is:

22
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5.2-Astable Multivibrator: -

When the output is saturated positive, the (V2) will be positive, and the
capacitor

will charge up in a positive direction. When (V1) exceeds V2, the output
will saturate negative, and the capacitor will charge in the opposite
direction, Oscillation occurs.

The frequency of this oscillator may be adjusted by varying R and C.

Re [ Ra

(a) (b)
Fig (21) Astable Multivibrator (a) Circuit diagram (b) voltage
waveforms

Vo =Ay(V, = V;)

Vo=t
2_(Ra+Rb)0
Ry
K=——"—0
(Ra'l'Rb)
T=2RCI L+ X
- "T-K
F—l
T
Example

The circuit shown in fig if Ra= Rp = 10KQ, R =10KQ and C = 0.1uF.
When maximum output voltage V, = £18 V calculate (V,) and operation
frequency(F).

23
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h=—=tt_ y 19 ig-9y

27 (R, +Rp) ° (10+10) -
R, 10 o

(R +Rp) (10+10)
T =2RCI 1+K—2x10><103><01><10‘6><l 1+0'5—219

= nl—K_ . n1_0.5— . msec

F_1_ 1
T 2.19%x10x 1073

= 455H,

5.3-Monostable — A one-shot multi-vibrator that has only ONE stable state as
once externally triggered it returns back to its first stable state. The timing
period of a monostable is:

(.|:|1 R3 Ain

| | wr \
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Fig (21B) Monostable multi-vibrator (a) Non-inverting input (b) Inverting input

(c) Input & output waveforms
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Opto-electronic devices

1- Photoconductive cells: -

The photoconductive cell is a semiconductor device in which its resistance
varies inversely with the intensity of light that falls on it.

R
AAAAAA
. 100 ~
. N \
N 22
\_ A s |
R 210 S ‘
S o
32 S
" O 5 = — 30V
..... z .
VAVAYA 4 :‘;’ 1 i O

10 100 1000

1= 100 k€2
— luminaton (lux)

(a) (b) (©
Fig (22) photoconductive cell (a) symbol (b) Characteristics
(c)Practical circuit
2- Photo diodes: -

The Photo diodes are pn junction devices which operate in reverse bias. The
reverse current increases with the intensity that falls on pn junction.

Reverse Voltage
< v v 1V

N ‘ R — e e
4
o + -

ﬂkk’ o ‘&J O Dark 10,000 100 pA
) Current &
2 I A «
S 15,000 [~ 200 uA
.bR or ——_______——_,/ |
> il z 1

Ra+ﬁr' ___.—ﬂﬂﬂﬂﬂ_—// 300 pA

(a) (b)
Fig (23) Photo diodes (a) symbol (b) Characteristics
3- Photo transistor: -
The Photo transistor has a light sensitive collector base pn junction.

12

M be
- b b
l I-(mA) 4 X
'y I 3
~ e
L Dark Current |
e
0 10 20 301
»> \’(.F (V)
(@) (b)

Fig (24) Photo transistor (a) symbol (b) Characteristics
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4- light emitting diode (LED): -
The light emitting diode (LED) is a semiconductor diode that emits light, in a
response to a sufficient forward current.

Light output
power (mW) —»
N w
|

-~
VA
o
-l

|

I T
/'/ T 50 100 150
o ™~ o . ||’ Forward Current —»
+ L] - | (mA)
Vb'ms
(@) (b)

Fig (25) light emitting diode (LED) (a) symbol (b) Characteristics

5- Optical couplers

Optical couplers are designed to electrically isolate one circuit from another.
The purpose of isolation is to provide protection from high voltage transient,
surge voltages and low-level noise that could result damage to the device.

1 6 1 6
23%' I_:;)S EE& 5
30 4

30 4
Photo-transistor Photo-darlington
1 —06 1 E —6
"\--.__‘
2 2 z 2 —= VA& o5
30 - B 30 04
Photo-SCR Photo-TRIAC

el ey Photo-

Fig (26) Optical couplers symbols .

Plastic or Heat-shrink Tubing
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Thyristor (SCR)

A Silicon Controlled Rectifier (SCR) is a 4-layered PNPN switching device, having
three junctions J1,J2 and J3.1It has three external terminals, namely, the Anode
(A), Cathode (K), & Gate (G). The anode & cathode are connected to the main power
circuit. The Gate terminal carries a low level Gate current in the direction from Gate to
cathode. The internal structure and the symbol of the SCR is shown in fig(27).

I A?K;ie
® Anode
(A)
P
= I SCR
J2
Gate i J3 (b,_; Z
= . Gate
(G) Cathode
K
Cathode . e
(a) " (b)
Fig(27) Thyrsistor (a) Structure  (b) Symbol
Thyristor family
SHOCKLY DIODE (Unidirectional)
SCR (Unidirectional)
TRIAC (Bidirectional)
DIAC (Bidirectional)
Shockley ~ DIAC SCR  TRIAC  Opo-TRIAC

"
.-'-.—H— K T —ﬁ— L, a—’# K r.r:r,*ﬁ; LT, T, —HT MT,
G G &

V-I Characterstics of SCR:
The static V-I characterstic of an SCR is shown here Vak 1s the anode-cathode voltage
and I, is the anode current. The SCR V-I characterstics is divided into three regions

of operation. These three rigions of operation are:

1. Reverse Blocking Region (Vak <0, I~ 0): When the anode is made negative
with respest to the cathode, the thyristor becomes reverse biased, and acts as open
switch. In OP is the reverse blocking rigion. In this rigion, the thyristor exhibits a
blocking characterstics similar to that of a diode. In this reverse biased condition,
the outer junction J1 and J3 are reverse biased and the middle junction J2 is
forward biased. Therefore only a small leakage current (in mA) flows. If the reverse
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voltage is increased when at a critical breakdown level called reverse breakdown
voltage VBR an avalanche will occure at J1 and J3 increasing the current sharply. If
this current is not limited to a safe value, power dissipation will increase to a
dangerous level that may destroy the device.

Region PQ is the reverse avalanche region. If the reverse voltage applied across the
devise is below this critical value, the device will behave as a high impedance device
in the reverse direction. The inner two region of the SCR are lightly doped compared
to the outer layers. Hence, the thickness of the J2 depletion layer during the forward
biased conditions will be greater than the total thickness of the two depletion layers at
J1 and J3 when the device is reverse biased. Therefore, the forward breakover voltage
VBO is generally higher than the reverse break over voltage VBR.

2. Forward Blocking Region (Vak >0, Ix = 0): In this region, the anode is made
positive with respect to the cathode and therefore, junction J1 and J3 are forward
biased while the junction J2 remains reverse biased. Hence, the anode current is
small forward leakage current. The region OM of the V-I characteristic is known
as the forward blocking region when the device does not conduct.

3. Forward Conduction Region (Vak>0,I1>1Iy): When the anode to
cathode forward voltage is increased with the Gate circuit kept open, avalanche
breakdown occurs at the junction J2 at a critical forward breakover voltage (VBO),
and the SCR switches into a low impedance condition (high conduction mode )
The forward breakover voltage is corresponding to the point M. When the device
latches on to the conducting state. The region MN of the characteristic shows that as
soon as the device latches on to its on state, the voltage across the device drops
from say, several hundred volts to 1-2 volt, depanding on the rating of the SCR,
and suddenly a very large amount of current starts flowing through the device. The
part NK of the characteristic is called as the forward conduction state. In this
high conduction mode, the anode current isdetermined essentially by the
external load impedance. Therefore when the thyristor conducts forward current, it
can be regarded as a closed switch.

When a Gate current is applied, the thyristor turns on before VBO is reached.
The forward voltage at which the device switches to on state depends upon the
magnitude of the Gate current, when the Gate current IG =0, the forward breakover
voltage 1s VBO. For 1G1, the forward breakover voltage is less than VBO and for
IG2>1Gl, it is still further reduced. In practice, the magnitude of the Gate current
is more than the minium Gate current required to turn on the SCR. The
typical Gate current magnitudes are of the order of 20mA to 200mA. The SCR is
conducting a forward current that is greater than the minimum value, called the
latching current(IL), the Gate signal is no longer required to maintain the device in
its on state. Removel of the Gate current does not affect the conduction of the anode
current. The SCR will return to its orignal forward blocking state if the anode current
falls below a low level called the holding current (IH).

Holding current (In):-is the maximum value of anode current which lets the
thyrister to switch from the forward conduction region to the forward blocking region.
Latching current (Ip):- is the minimum value of anode current at which the
thyl}rlister switches to the forward conduction region when sufficient gate current applied
to the gate.

I~ In
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Forward Blocking Region (Vak >0, Ix <Iv, I = 0): In this region, the anode is

made positive with respect to the cathode and therefore, the anode current is small

forward leakage current. The thyrsistor does not conduct.

Forward Conduction Region (Vak >0, 14 > Iv. ): In this region, the anode is made

positive with respect to the cathode. With applying voltage geater than the forward

breackover voltage (Vak > Vio) The thyrsistor conducts. or with applying sufficient

gate current (I > 0) with anode cathode voltage less than forward breackover voltage

(Vak < Vo) The thyrsistor conducts.

Reverse Blocking Region (Vak <0, I = 0): In this region, the anode is made
negative with respect to the cathode and therefore, the anode current is small reverse

leakage current. The thyrsistor does not conduct.

forward breackover voltage (Vak = Vgo):

This is anode cathode voltage at which avalanche breakdown occurs and The thyrsistor

conducts with the Gate circuit kept open.

~

+],

Amp

F orward conduction
(On state)

Latching current

Holding current

Reverse j

blocking

OH\

Forward Forward Leakage
blocking Current
V., = Forward breakover voltage

V.. = Reverse breakover voltage
I, = Gate current

Fig( 28 ) Characterstics of SCR
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Two transistor model for thysistor:

The positive pulse of current at the gate turns on Q2 providing a path for IB1 Q1 then
turns on providing more base current for Q2 even after the trigger is removed.
Thus, the device stays on (latches).

A
IA=1Iy
Iy = I
A a BL Lt
I Q

>

p Q,
ho—= Loy
n n
G I A\ G Q,
P p O : & I# s3]
I it G B2
Q| n I
K
Ig
K K
(a) Basic structure (b) Equivalent circuit

Fig(29) Two transistor model for thysistor
Thyristor conduction methods

The thyristor can be turned on by any one of the following techniques :

(a) Forward voltage triggering (Vak = Vgo)

(b) gate triggering (I > 0)

(c) high instantaneous voltage (dv/dt >>0)

(d) Temperature triggering (Temp > >0)

(e) Light triggering (Light)
(a) Forward Voltage Triggering: When anode to cathode forward voltage is increased
with gate circuit open, the reverse biased junction J2 will break. This is known as
avalanche breakdown and the voltage at which avalanche occurs is called forward
break over voltage Vgo. At this voltage, thyristor changes from off-state (high voltage
with low leakage current) to on-state characteristic by low voltage across thyristor with
large forward current.
(b) Gate Triggering : Turning on of thyristors by gate triggering is simple, reliable and
efficient, it is therefore the most usual method of firing the forward biased SCRs.
when turn-on of a thyristor is required, a positive gate voltage between gate and cathode
is applied. With gate current thus established, charges are injected into the inner p layer
and voltage at which forward break over occurs is reduced. The forward voltage at which
the device switches to on-state depends upon the magnitude of gate current. Higher the
gate current, lower is the forward break over voltage.
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(c) high instantaneous voltage(dv/dt): This is undesrible method and it is caused by
sudden instantaneous voltage across SCR with values exceeding break over voltage.

(d) Temperature triggering: With increasing the temperature leakage current through
junction J2 further increases. This cumulative process may turn on the SCR at some high
temperature.

(e) Light triggering: With increasing the light leakage current through junction J2
further increases. This cumulative process may turn on the SCR.

Thyristor turn on mechansim
Delay time(tq):it is the time in which the anode current reach 10% of its final value.
Rise time(t;): it is the time in which the anode current to rise from10% to 90% of its final
value.
Conduction time(ton ): ton= tat+ t:

: v |
f ] e ax —

¢ Firing angle

>t e o > J|' Vi
“

11
rate il :
VAK 11 S s
1|1
I

|1l
S =

=~ "¢— Expanded scale

Turn on characteristics of a thyristor.

Fig(30) Turn on charcteristics of thyrsistor
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Diac

Diac is pnpn 4-layer device Switching device bilateral diode conducts both ways. It
remains off at low voltages as voltage increases to the breakover voltage it conducts
with voltage drop results, and flow of current useful for triggering signals. typical
breakover voltage is 20 to 40 volts, breakover current is 50 to 200pA and power
dissipation ranging from 0.5 to 1 watt

L
1 /
I:o ( _
e | v
Ne v — Veo
P % e
My [
f
+ /
Tl T1
(a) (b) (<)

Fig(31) Diac (a) Structure  (b) Symbol  (c) charcteristics

Diac appliactions
1) Counters, register and timing circuits computers,
2) Pulse generator,
3) Voltage sensors,
4) Oscillators
Triac

Triac operation similar to two SCRs back-to- back gate current trigger turns on Triac
Terminals include, Gate, MT1 and MT2 Triac will remain off until the gate trigger,
it on Triac conducts until current drops below holding current.
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L) Al

LE T,
T, ’ l
h 4
YA o A
G
G = Cate g
(G) N] X _
| Terminal | T,
I, I
(a) (b) (c)
+l e
High current "Ry
“on condition™ 1
Yi
Holding current
/
Reverse blocking current /
“off condition™ N / +Vgo
\ Ig2 > Igl )
Ig =0
-y N = \ 3 “\
/ /]
-Vgo / * Forward blocking current
\ / “off condition™
. /
(d) g Holding current
SRy
. High current _—
YA

*“on condition™

Fig( 32 ) Triac (a) Symbol (b) Structure (c)equavilent circuit (d) charcteristics

Triac appliactions:

1) As a high power lamp switch.

2) Electronic changeover of transformer taps.

3) Light dimmer

4) Speed controls for electric fans and other electric motors
5) Modern computerized control circuits

6) For minimizing radio interference
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Diac and traic application :
The diac is used in firing circuits [Toap |}
for triac in ac power controllers as R 2
exmaple dimmer circuit. Vig J
<O 7
Fig( 33 ) Triac triggering aT

circuit using diac

Thyristor triggering circuits

It is very important to study the triggering circuits of the thyristor and study both DC and
AC triggering circuits.

1- DC triggering Circuits.

2- AC triggering circuits.

3- Pulse current triggering circuits.

1-DC triggering Circuits:

Resistor Rg limits the magnitude of the
gate current and control the triggering
angle between 0° and 90°. The diode is to
prevent the reverse bias on the Gate.

Fig( 34 ) triggering circuit using resistor

2- AC triggering circuits: -

a- Using Resistor (0 <0 <90°):-
Resistor Rg limits the magnitude of the gate

T G DI Rg 5
current and R, control the triggering angle R3 @
between 0° and 90°. 6 < 90°.

Fig(35) triggering circuit using resistor
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b-Using capacitor (0 < 0 < 180°):-

In this circuit the capacitor current should be greater than the gate current. firing angle is
greater than 90 degree. Part of the anode voltage is fed to the gate circuit. phase shift
angle due to capacitor is given by O=tan!(Xc/R). 6 > 90°.

AAAY

Fig( 36 ) triggering
circuit using
capacitor

3- Pulse current triggering circuits: -

This the best method to trigger the thyristor by applying pulses to the gate terminal.
these pulses may be narrow width or series of pulses with sufficient amplitude. There
are many ways to generate the firing pulses.

Relaxation oscillator: - In fig (37-b) the switching is used to amplify the gate current;
the pulse transformer is used for isolation.

Vs
e R AYA
R éRL >

Fig(37)
triggering
circuit using
relaxation

oscillator (a)
and(b)

&)
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b) Zero-crossing detector: -

. R

A el

Fig( 38 ) triggering circuit using zero-crossing detector

¢) Comparator:-

+ Ve
{ 4740 e
10k 2
c A
22 ‘/‘ . V.
2.2ikQ2 NPN o ——®
B .
014 | +
1k0 E C —_— . Voo R,
] =
D3
(a) VRVC \;CET_/ VvC
VR

(b) o [T L

+VCC

Fig( 39 ) (a) Triggering circuit using
comparator (b) Waveforms

-VCC
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Single Phase Controlled Rectifier

Rectification is a process of converting an alternating current or voltage into
a direct current or voltage.

(1) Single Phase Half Wave Controlled Rectifiers with Resistive Load:
Single-phase half wave controlled rectifier means that the single SCR is used to convert

the ac to dc. During the positive half cycle of the input voltage, thyristor T1 is forward
biased and current flows through the load when the thyristor is fired, at ot = a. The
thyristor conducts only when the anode is positive with respect to cathode and a positive
gate signal is applied, otherwise, it remains in the forward blocking state and blocks the
flow of the load current. In the negative half cycle, i. e. , at ot = &, the thyristor is in the
reverse biased condition and no current flows through the load. Thus, varying the firing
angle at which the thyristor starts conducting in positive half controls the average dc
output voltage — cycle. The waveforms of the above circuit are shown in fig the output
load voltage and current is positive, i. €. , they are one quadrant; it is called a half —wave
semi converter.

g,=FE_ sm

()

Fig( 40 ) Single Phase Half Wave Controlled Rectifiers with Resistive Load

The average dc output voltage across load is given by

0 0
1 . 1 .
Vdc = o f Vin dwt = ﬁf Vmsin(wt) dwt
vm x (¢
= (1 + cos(x))

Average current is given by
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Id _Vdc
‘TR

1 . 1 .
Vorms = \/ﬁ f::(Vm)2 dwtz\/g f;(Vm sin(wt))? dwt

{n—o<+%sin(20c)}

~ 2 -
Vorms

Rl
Porms = Vorms X lorms

Iorms =

. Vm
Pin = — X lorms
V2

Power factor (p.f.) =

Porms

Pin

Voltage across thyrlstor (Vscr)

Vm
Vdc = —j Vin dwt = —j Vm sin(wt) dwt = —(1 — cos(x))

Example :- A heater of 10 Q resistance (constant with temperature if it is used

with a half wave rectifier, the input voltage source is (V =240 v ) calculate

at (o =m/3).

1- Vdc of the heater.

2- The power of the load.

3- The power factor.

4- The voltage across the thyristor (SCR).
5- Draw the wave forms.

V2 x 240

1 60) = 81
= (1 + cos(60) = 81v

Vdc = 1+ (x) =
—_— xX) =
C > ( cos

= 152v

1. 1.
Vorms = Y™ \/{ﬂ—°<+551n(2°<)}_\/§x240 \/{n—g+551n(2><60)}
= - }

I _Vorms_152_15 24
orms = Rl - 10 _ 1>

Porms = Vorms X lorms = 152 X 15.2 = 2310KW
Vm
Pin = — X lorms = 240 X 15.2 = 3648KW

TT

V2
Power factor (p.f.) = POFTS = 2212 = 0.633
V2 x 240

Vdc = E(l — cos(oc)) = (1 — cos(60)) =27v

2T
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(2) Single Phase Half Wave Controlled Rectifiers with RL Load: The single phase
half wave controlled rectifier with inductive load is as shown in the following figure
due to energy stored in the inductor the current continues to flow during the
negative half cycle , till the load current is zero & due to negative supply voltage

thyristor turns OFF.
T,
o A +Dk; A
N 4
R
Single phase e=E, sin ot E
AC Supply | | m de
L
o ki M

Frring

Ppulres

s sl

Lo
Carrent
[
(N

Lcrancd
Curment

ikl

——

I‘;‘% 0, u=ai

F N

Wl Langeas

TSRS
b M
L

;— / e

Fig( 41 ) Single Phase Half Wave Controlled Rectifiers with RL Load
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(3) Single Phase Half Wave Controlled Rectifiers with RL- Load &

Freewheeling diode:
As we know that due to the inductance, the current continues to flow during the
negative half cycle. To avoid this unwanted flow of current through the load a diode 1s
connected in parallel with the load to commutate the current away from the rectifier
whenever goes into the reverse state. Circuit & waveform of single phase half wave
controlled rectifier with L-load & freewheeling diode.

T

o = —
o A T ] I ]Id
L L _| l R

Single - phase ‘ ‘ =E, sin ot ZS

Supply 5 3 L

i[][

: v e

Supply = ‘\ /T..- ‘\
Voltage
O - — A ~—
F N

Firing
pPulsaen
»

—

:.::::;!f 177;/% m\ L
\//-// '/.’_"“-—-____“__‘“ -/-/—/_/..,»\

\ V.
\\—_- /

Fig( 42 ) Single Phase Half Wave Controlled Rectifiers with RL- Load &
Freewheeling diode
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Single Phase Bridge type Full Wave Rectifier:

There are two types of bridge configuration full wave rectifier:
1-Half controlled bridge rectifier

2- Fully controlled bridge rectifier

1-Half controlled bridge rectifier:

(@)  With resistive load

In this configuration two thyristors and two power diodes are connected in either arm of
the bridge During the positive half cycle, TH1 is forward bias and when thyristor is

triggered, the load currents flows through TH1 and the diode DI in the circuit
shown in figure. During the negative half —cycle, TH2 is forward bias, the thyristor TH2
and the diode D2 constitute the load current. The waveforms of the voltage and current
in relation to the input voltage are shown in figure.

7 THY
26
N

FIG(43)Half controlled bridge rectifier With resistive load

The average dc voltage across load is,

Vm
Vdc = = (1+ cos )

The average load current is,

Id _Vdc
‘TR

Therefore, the dc output power is, Pdc = Vdc * Idc

1 om,. . 1 om .
Vorms = \]E J.. (Vin)? dwt=\]; J.. (Vm sin(wt))? dwt

Vm {1T—0C+%Sil’1(20()}

V2 T
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Vorms

Rl
Porms = Vorms X lorms

Iorms =

. Vm
Pin = — X lorms
V2

Power factor (p.f.) =

Porms

Pin

(b)with inductive load

The single phase full wave half controlled rectifier with inductive load is as shown in
figure. During the positive half cycle, SCR1 & D1 are forward bias and when thyristor

is triggered, the load currents flows through SCR1 and the diode D1, due to energy
stored in the inductor the current continues to flow during part of the negative half cycle
through SCR1 and the diode D2, till the load current is less than Iy or SCR2 is
triggered and turns ON which applies reverse bias on SCR1 and turns it OFF. SCR1 and
the diode D2 actas a free wheeling diode for the load and thus there is no negative
voltage appears in the output. The same relationships of load voltage (not current) of a
single-phase half controlled bridge with resistive load will be applied here also

9.9V

sov| Vgx (Pulses)
BV

T.2v-

6.3V

5.4v
45V
WS SCR1 SCR2 SCR1 SCR2

7\ SCRI SCR2

28A 2.0A

24R IL 184 lL
22A ki
2.0A
188 o
16A 128
TN 1.0A
128
A 0.8A
0.8A 0.6A
0.6A dan
o
st 028
0.0A - — ~ = 0.0A
5ms oms 15ms 20ms 25ms 30ms 35ms 40ms

oms 1 Oms Sms 10ms 15ms 20ms 25ms 30ms 35ms 40ms

5

F1G(44) Half controlled bridge rectifier With inductive load. Left low inductance & I
reaches zero ampere. Right: high inductance & I doesn’t reach zero ampere.
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2- Fully controlled bridge rectifier
a-with resistive load

A single-phase fully controlled bridge circuit consists of four thyristors as shown in
figure, with a resistive load. During the positive half cycle thyristors SCR1and SCR2

are in the forward bias and when these thyristors fire simultaneously

at ot = a, the load is connected to the input through SCR1 and SCR2. When ot = &t the
thyristors current drops under holding current Iy and conducting thyristors SCR1 and
SCR2 turns OFF.

This process will be repeated during the negative half cycle after triggering
simultaneously thyristor SCR3 and SCR4 at ot =7 + a.

are in the forward bias, and simultaneous firing of these thyristors reverse biases the
previously conducting thyristors SCR1 and SCR2. These reverse biased thyristors turn
off due to line or natural ommutation and the load current transfers from SCR1and SCR2
to SCR3 and SCR4. The voltage and current waveforms are shown in figure.

The same relationships of a single-phase half controlled bridge with resistive load will be
applied here also.

Z‘_\.jscm ZfTSCR_]

FIG(45)full controlled bridge rectifier With resistive load
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(b)with inductive load

The single phase full wave full. controlled rectifier with inductive load is as shown in
figure fig(46) due to energy stored in the inductor the current continues to flow during
the negative half cycle.

load angle ¢=tan"' ®L/R

if the inductance is large the load current will be continous ¢>a

the load dc voltage

Ve =2Vpcosa/m

But if the inductance is small the load current will be discontinous ¢<a

AN I J{

(43 ™ + O
£y THY

V. B [O)
| W ., o
\\/ K Z§HY3 Z§HY4 %
(b)

F1G(46)full controlled bridge rectifier With inductive load discontinuous and continuous
current
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Single Phase center tap Full Wave Rectifier with R Load: The circuit diagram
of a single-phase full-wave converter using center- tapped transformer is shown in figure

3
]

+,
‘ E.

e——r

o T 'J//:::
om0,

k J

sl

™4+ LT
s
; ﬁ ["-F'-_-\_\--\"'"\.\_“ e
| ¥l n il W] 2
Lig e T,
P T [’
m-_l 1 f:u - \ ( -\\ = il
o | b Uy, | | @ I T+ 02 2
r'IS- u.,|
In
| =, [ 2E._
I
AN | | | Ny = | 1
"' 4
= o R .“'ll
Q] DIJ e i .

- c _-" i D\/I R = cad
|
|. I | TS

(a) (h)
F1G(47)full controlled center- tapped transformer rectifier With resistive load

The same relationships of a single-phase half controlled bridge will be applied here
also.

Single Phase center tap Full Wave Rectifier with R L Load:

The circuit diagram

of a single-phase full-wave +&; ;
converter using center-tapped T,
transformer is shown in = =
¢,=E_sinot
figure . l N R p—
Single - phase —00000 VN —1—
Supply N | L R
e, Load
l VT,
+ N
B

FIG(48)full controlled center- tapped transformer rectifier With inductive load.

The voltage and current waveform and the load average voltage in a full wave rectifier

with highly inductive load are the same as full wave full controlled bridge rectifier with
inductive load.
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Single Phase center tap Full Wave Rectifier with R L Load and free wheeling
diode : The circuit diagram of a single-phase full-wave converter using center
- tapped transformer is shown in figure

Iscra @

FIG(49)full controlled center- tapped transformer rectifier With
inductive load and free wheeling diode.

The voltage waveform is the same as in full wave full controlled bridge rectifier with
resistive load and current waveform is the same as in full wave full controlled bridge
rectifier with inductive load.

Examplel: A resistive load (30€) is supplied from single phase half controlled full
wave rectifier, calculate the rms and dc voltage and current at firing angle (30°) the rms
power dissipated in the load and the power factor, the supply voltage 230 V.
Ve = Vi (1+c0s o) / m=\2x230(1+cos 30) / 3. 14=194 v
Lic = Ve /R=194/30=6. 5A

Vm {1‘[—0C+%Sil’1(20()} \/2X230\/{3.14—o<+%sin(2x30)}_
Vorms = e — =—5 514
Vorms _ 226.6

Rl 30

226 v

=7.55 A

Iorms =

Porms = Vorms X lorms=226.6 X 7.55=1710. 83 watt

Porms Vorms _ 226.6 _
Pin \' 230

0.9

Power factor (p.f.) =

Example2: For full controlled bridge rectifier L=50mH, R=10Q, a=30°,
Vin=325*sin(100 mt) calculate:

1-load angle

2-1s the load current continous or discontinous
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3-average load voltage

¢=tan™! wL/R=tan" (100 x3. 14 x50x107/10)=57. 5°
¢>a the load current is continous
Vdc=2Vmcos o/ m=2x325cos 30/3.14=179.2V

Al Jaws g1l jal) el
400 Ala

Example3: For full controlled center-tapped transformer rectifier with highly inductive
load The transformer turns ratio 2:1, the supply voltage 240v calculate:

1- the dc load voltage with and without freewheeling diode for firing
2- discuss the results

wﬁ‘@

angle 45°

1- the dc load voltage
i_m
V2 N2
V,=22=120 i
V,= ﬁ =60 v

A-without freewheeling diode

Ve =2Vm cos o/ = 2%/2 * 60*cos 45 / 3.14=37. 8v
B-with freewheeling diode

Ve = Vi (1+cos o) / = V2 x60 (1+cos 45) / 3. 14=45. 66 v

2-: Vdc with freewheeling diode > Vdc without freewheeling diode because there is a

negative part in the load voltage without freewheeling diode.

Summary:
vde =™ (1 4 cos ) d 1dc = Y9¢
c = - Ccos o), an c= Rl
1 .
Vm [{m— +3sin(2 )} Vorms
Vorms = ,and Iorms =
7z ™

2Vm * cos a
Vdc = —

No relationships
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Three phase controlled converters

a) Three phase half-wave <
converter with resistive load 5 h
S
n pr— AL ALA
TH2
T Vo< R
We use here phase voltage . -
where Th

v
Vivout) Vi V2 vz V3
J2ov -

- YAVAVAVAVAVA
220V AN \
AV ARVARVARVARVARY

180V
160V \u
140V
120V
100V
B0V
GOV
40V
20V
ov-| . ; : : : : : :
Omis Sms 10ms 15ms 20ms 25ms Hms 35ms 40ms;
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Vi vz a v vz
4.2V
36V
3.0V
247
1.8V
1.2V
0.6V
0.0V

Al Jaus ¥ ) 3l aals

L) dla )

V{vout) V1 v

320V
300V
2B0V-|
260V-
240V
220V-|
200V
1B0V-|
160V-|
140V
120V |
100V [ \\
BOV-
G0V
40v-
20V

v
Oms

5ms 10ms 15ms 20ms 25ms I0ms

35ms

40ms

Fig (50) Three phase half-wave converter continuous conduction with

a=0° and o=15°

v V3

a2y
36V
30V
2.4V
1.8V
1.2V
0.6V
0.0V

o=30°

V{vout) Vi1 vz V1
330V

300V
270V
240V
210V

180V

120V
a0V |

30V

0V

oms Sms 15ms 20ms 25ms I0ms 35ms

40ms
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V1

V3

V1

4.2V

3.3V
2.TV-
21V
1.5V
0.9V
0.3

o= 60°

-0.3v-
330

_;uf{v-:lutJ

Vi1

vz

V3

V1

V3

300V
270V
2407
210V~

180V~

120V
90V
GOV

I

Sms

]
15ms

Zﬂﬁts

25ms

T
Jms

I5ms

v

V3

4.3V
3.6V
3.0V
2.4V-
1.8V
1.2V~
0.6V

0.ov
Vivout)

Vi

L

V1

V3

20V~
18Y-
16V
14v-
12v-
100

BV

(TS

w—l
v

o

Oms

Ems

10ms

T
158ms

20ms

25ms

3lllms

3sms
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V1 vz V3 V1 V3
4.2y .
see| O=150°
3.0V
24V
1.8V
1.2V
0.6V
st Vi{vout)
10w
Vo=20
W—r— — p— Te— — T e — T— p—
Oms bms 10ms 15ms 20ms 25ms Jms Jams

40ms|

Fig (51) Three phase half-wave converter discontinuous conduction with

a=30° a=60°, 0=145° and 0=150°

VI = Vm sinwt
V2 = Vm sin(wt-120°)
V3 = Vm sin(wt +120°)

1- Continuous control.:-
When 0 < o < 30°

3v/3Vm
Vdc = ——— Cos(x)
2T

2- Discontinuous control.:-
When 30°<a < 150°

3Vm
Vdc = 3 (1 4 Cos(30+x))
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Example:

A resistive load is supplied from three phase half-wave rectifier, if the supply voltage is
230V calculate the dc load voltage at firing angle 0% 15%30% 60% 90% 120° and 150°.

At 0=0° continuous conduction

Vdc 3\/3va s() = —3“32’;221";30 0s(0) = 269V

At o= 150 continuous conduction

Vde = 22 cos (o) = 20 155(15) = 2615V

At 0r30O continuous conduction

Vde 3\/3VmC s() = 3vV3xV2x230 0s(30) = 233V
2x3.14

At 0=30° discontinuous conduction

vde = FXV2x230 (1 + Cos(30+)) = Vd 3xV2x230 (1 + Cos(30 + 30)
= — o e -
T Tx314 0s( ) T Tx314 0s( )
Vdc = 233V
At 0=60° discontinuous conduction
vd 3xv2x230 | + Cos(30+ vd 3xv2x230 | + Cos(30 + 60
= —-— o( —_— e
¢=—31a L+ Cos( ) €= 3 1a L+ Cos( )
Vdc = 1553 V
At a=90° discontinuous conduction
vde = FXV2x230 (1 + Cos(30+)) = Vd 3xV2x230 (1 + Cos(30 + 90)
= — o e -
T 314 0s( ) T Tx314 0s( )
Vdc =777V
At 0=120°  discontinuous conduction
vd 3xv2x230 | + Cos(30+ vd 3xv2x230 | + Cos(30 + 120
= —-— o( —_— e
¢=—31a L+ Cos( ) €= —31a L+ Cos( )
Vdc = 20.8V
At 0=150° discontinuous conduction
vd 3xv2x230 | + Cos(30+ vd 3xv2x230 | + Cos(30 + 150
= —-— o( —_— e
¢=—31a L+ Cos( ) €= —31a L+ Cos( )
Vdc=0V
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1- Three phase full-wave converter

We use here line voltage where

VLine = V3 Vphase OR VL = 3 Vph
1- Continuous control:-

When 0<a < 60°

3v/3Vm
Vdc = TCOS(OC)

2- Discontinuous control:-
When 60°<a <120°

 Lei 3 h 2% R%
L - - L ]
'b\-) - .5 -l |-|.'-1|;
Vin | S — . S
- —-i l; -' -H “"
T X1, Xn X1,
il-‘
L3 - |
(a) Circuit
Output voltage waveform Delay angle (B) setto Zero
16 12 32 34 54 56 16
LNENAEN VAN -V,
VAB Vv Vg VB \ Ve .
. Six
o voltage
g 0 waves
o V
> AB
VBA
Ve
Ves
-1 VCA
0 90 180 270 360 v
Degrees G

Fig (52) Three phase full-wave converter
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Thyristor Commutation

To turn OFF the conducting SCR the below conditions must be satisfied.
o The anode or forward current of SCR must be reduced to zero or below the
level of holding current and then,
« A sufficient reverse voltage must be applied across the SCR to regain its
forward blocking state.

Methods of thyristor commutation:-

1- Natural commutation. (line commutation)
Natural Commutation of thyristors takes place in AC circuits, at every end of the
positive half cycle the anode current goes through the natural current zero and also

immediately a reverse voltage "
is applied across the SCR. T/\ /\
0 - b;

These are the conditions to SCR Igl \/

turn OFF the SCR. _ :
Vs =Vm Sin wt : :
Fig(53) Natural Commutation C@ 0 L I\ >,
circuit Load LA :
2- Forced commutation. R /\  ,

This commutation is mainly -

used in chopper and inverter circuits. It is a technique used to force the thyristor to be in
reverse bias or the anode current to decrease to zero by using an external device
connected to the thyristor.

Types of forced commutation:-

a- Load commutation

This is also known as resonant commutation, or self-commutation. In this
commutation, the source of commutation voltage is in the load. The commutating
components L and C are connected either parallel or series with the load resistance
R as shown. This load must be an under damped R-L-C supplied with a DC supply
so that natural zero is obtained. The time for switching OFF the SCR depends on
the resonant frequency which further depends on the L and C components.

55



Bl i ) ) o0 Ll ne AtleSH LN ad DS i dgaal) A da V1 Al Aaals
2021-2020 L) Al

Ig 4
SCR ’\ ﬂ
l ¥ : %
I Ig ) \/
L}
1
— vd :
rde i
L Iscr i t
L :
1
1
1
(]
/\
—t— RL Vicra —p H t
- Re -| Toff y—
I/ ;
Load in parallel with capacitor Load in series with capacitor

Fig (54 a) Load commutation circuit

b- Self commutation *
the LC resonant circuit is connected i \ t
across the SCR but not in series with S
load as in case of class (a)
commutation and hence the L and C o ‘
components do not carry the load e
current. b Toft

|[_

Fig(54 b) Self commutation circuit

c- Complementary commutation:-

In this commutation method, the main SCR is to be commutated is connected in
vparallel with main SCR. In this, SCR turns OFF with a reverse voltage of a
charged capacitor.

Igl

Ig2 t

Vde SZ . Sg SCR o n t
I Ig

En

+Enc
/ RIC

-Enc

t

Fig(55) Complementary commutation circuit
d- Auxiliary commutation
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In this, the main SCR is commutated by the auxiliary SCR. The main SCR with load
resistance forms the power circuit while the diode D, inductor L and SCR2 forms
the commutation circuit.

Igl
T2 t
t
L
Ic SCR1 I
|+ —
—
e SCR2 Ie
. [fele In § t
Vde_— L=l
— di/dt
L h t
D Vg dvidt
¢ Ru Toff,
L
t
Iz 4
Ic t ¢
t

Fig (56) auxiliary commutation circuit

e- External pulse commutation
An external pulse source is used to produce the reverse voltage across the SCR. It
uses a pulse transformer to produce the commutating pulse.

Igl

||+

- ij_\ t

Generator Ep

Vde

It difdt

Fig (57) External pulse commutation circuit
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DC to DC Converters (Choppers)

Many DC operated applications need different levels of DC voltage from a fixed DC
source. Such as subway cars, DC traction systems, control of large DC motors,
battery operated vehicles, trolley buses, etc. They require variable DC to produce
variable speed. The output voltage is controlled by adjusting ON time of the
thyristor (or switch) which turn changes the width of DC voltage pulse at the output.
This method of switching is called as pulse width modulation (PWM) control. The
output of the chopper can be less or greater than the input and also it can be fixed
or variable. DC choppers are classified into three basic types based on input and
output voltage levels and are discussed below.

Methods of Control

The output dc voltage can be varied by the following methods.

- Pulse width modulation control or constant frequency operation.
- Variable frequency control

A
HighTon 4 High frequency
Vs V.
7 [NV N | NN (SO | N—— A b ) N o N ..
<— Ton —= ¢ ;
T 2T T -
'y ;
Vs Midium Ton % Medium frequenc:
v | || (DI W S A R W — V.
l=— Ton —=| . ; = f o
iz T :
Ve T Small Ton . V,T Low frequency
Vo —_I _________________ _\___‘ | No_. L7 TS K E—— M
1 > t .
Ton T T T

Fig (62) PWM and Frequency control

1- Step-down Chopper or Buck converter:

It produces an average output voltage lower than the input DC voltage.

a) with resistive load

Figure (62) shows a step-down chopper with resistive load. The thyristor in the circuit
acts as a switch. When thyristor is ON, supply voltage appears across the load and
when thyristor is OFF, the voltage across the load will be zero. The output voltage
waveform is as shown in Fig. (63).

58



3)33“ &—ll.g.l‘g‘)ﬂ‘ gﬂj‘)ﬁd\ C)ﬂ RO e lﬁh)@.ﬁ\ AL\L\.E:\” e-mg ;)u‘)s ‘5-\343‘ J@.!.A\ :L;L\Aﬂ\ .LNJY\ t_l\‘).d\ daala

2021-2020 Al Ayl
Chopper
P apt & F 4
vd z R§ Vo . Tvo 1_ ¢
T e ton——f—tor—]
i b—1 = 3 —
Fig.(63a) step-down chopper Fig.(63b) The output voltage waveform.

Pulse Width Modulation (PWM)
ton 1s varied keeping chopping frequency F & chopping period T constant.
Output voltage is varied by varying the ON time #oy

t
V, ==V, =DV,

T
Where, Vd is supply voltage
Vo is load voltage
D = t"T" is duty cycle
T = ton + toff is control period
1 .
F = T is Frequency

Example 1: - A step-down d.c chopper, fed from Supply of (60 V), the waveform of the
load voltage formed of rectangular pulses each of width (2 ms) and the periodic time of
(5msec), Draw the waveform of the load voltage, then calculate the average output
voltage.

fon

2
= — X =
=V =2 X 60 =24V

Vo=

b) with inductive load: -
chopper circuit with R-L load as shown in Fig. (64). This is a step-down chopper.

Th i
> g 3
R
Vi Te— Drw ZS L VO

Fig (64) step-down chopper with inductive load
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In case of large inductive load, the current is continuous as shown in Fig. (65).
ve P

Output
Vi f voltage
«— oy tgy —> ot
§ @ T > .
oA ' - . Output
e I--—-3 ' - ’ current
lav — —— g M g (—
e . + Continuous
- . curent
T : >t

ttlm 8
Fig. (65) The output voltage waveform.

2- Step-up Chopper or Boost converter:
When the thyristor is turned OFF, the load gets the voltage from input as well as from
inductor. So the voltage appearing at the output will be more than the input.
T 1 1
v, = V; = Vy=—F7V; =——=V,
T
By varying this duty ratio, the output voltage will be varied till the load gets desired

voltage. Figure (66) shows a step-up chopper

__le__

AL

O=QF

Boost converter (de-de)

0 Tox T 2T
b= Torr —f

Waveforms of source current (is)

Figure (66) shows a step-up chopper
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When chopper SCR is ON, the path is closed and inductor store energy during this
period. When SCR is OFF, as the inductor current cannot die down instantaneously,
this current is forced to flow through the diode and load for time tos.

Example 2: - A step-up dc chopper, fed from Supply of (100 v), the waveform of the
load voltage formed of rectangular pulses each of width (2 ms) on time and The
periodic time of (Smsec), Draw the waveform of the load voltage, then calculate the
average output voltage.

X 100 = 166.6 v

3- Step up-down Chopper or Buck-Boost
converter: e »
This makes it possible to increase or reduce the Y oo '
voltage input level. Fig (67) shows a step up-down
chopper.

-
—~ DH000

—

-
oOXrOor

Fig (67) step up-down chopper.

When the SCR is switched ON, the inductor L becomes charged by the source voltage
Vs.

When the SCR is switched OFF, the inductor’s polarity reverses and this causes it to
discharge through the diode and the load.

The output voltage Vo is

t D
= _on Va == Va
T—ton 1-D

D= t"T” duty cycle
When D =0.5, Vo = Vg

Hence, in the interval 0 <D < 0.5, output voltage varies in the range 0 < Vo < Vs and we
get step down operation. Whereas, in the interval 0.5 < D < 1, output voltage varies in
the range Vs < Vo and we get step up operation.

Example 3:- A step up-down d. ¢ chopper, fed from Supply of (120 v), The periodic

time of (5msec), calculate the average output voltage for:-
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1-  on time pulses width (2 ms)
2- on time pulses width (4 ms)

1- ton =2 ms

duty cycle D = t"Tn = % = 0.4
output voltage V, = 1_DD V4 —13':4 X 120 =80V

2- ton=4 ms

ton 4

duty cycle D = T=5=0'8

Py, =28 %120 =480V
1-D 1-0.8

output voltage V, =

62
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AC to AC Converters

AC/AC converters connect an AC source to AC loads by controlling amount of
power supplied to the load. This converter converts the AC voltage at one level to
the other by varying its magnitude as well as frequency of the supply voltage.

These are used in different types of applications including uninterrupted power
supplies, high power AC to AC transmission, adjustable speed drives, renewable
energy conversion systems and aircraft converter systems.

The types of AC to AC converters are discussed below.

AC/AC Voltage Converters
These converters control the rms value of output voltage at a constant frequency.
The common application of these converters includes starting of AC motors and
controlling power to heaters.

A single-phase AC/AC voltage converter consists of a pair of anti-parallel thyristors
along with a control circuit as shown in figure below.

The other names of this controller are single phase full wave converter and AC
voltage controller.

Control
Module

b

Tl

i
® "

—o o

During positive half cycle of the input signal, thyristor-1 is forward biased and in
negative half cycle of the input, thyristor-2 is forward biased.
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By varying the triggering or conduction angel of each thyristor during each half-
cycle, the magnitude of voltage appeared across the load is controlled.

The other popular form of AC voltage controller is the use of TRIAC in place of two
anti-parallel thyristors. The figure below shows TRIAC based AC controller along
with triggering control circuit.

Here diac controls the positive and negative triggering to the TRIAC so that
average output voltage to the load is controlled.

Load %
Vo

f;g’ TRIA{:;I

DIAC

AC/AC frequency Converters
These converters are mainly used for varying the frequency of the input source to
desired level of the load. An AC/AC frequency converter changes the frequency of
input voltage/current of the load compared to the frequency of the source.
Some of these converters may control magnitude of voltage besides the frequency
control. These are mainly used for adjusting the speed of AC drives and also for
induction heating.
The two maijor classes of these converters include

1. Cyclo converters, and
2. Matrix converters.
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AC voltage controllers

The most important applications of AC voltage controllers is industrial heating circuits and lighting
dimmers and Speed control of induction motors.
There are two types of control:
1- ON-OFF Control: The thyristor connects the power from the power source to the load for a
number of cycles and separates this power during another number of cycles
2- Phase-Difference Control: The thyristor separates the supply power from the load during
part of the cycle while connecting the power during the last part of the cycle

1- ON-OFF Control:

The working principle of these controllers can be explained from the circuit shown in the figure.

Ty
is io
e
+ +
Vs Vo R
& Ve
V -u-—-—n——»{-—m—-]
m
0 [ 4
i I :
]
8 | |
l - -
Vim{/ \1 | /1o PVA
) -
¥ | ]
94| Gate pulseof T _ \ :
l [l
ol 11 ]n —t
(| { |
92| Gate pulseof Ty ll }
' 4 !
|
0 ﬂ n L n » oob

Fig. ON-OFF AC voltage controller
If the input is connected to the load for a number of cycles (n) and the load has been disconnected
for a number of cycles (m), then the effective value of the output is given by the following
relationship:
Vorms = Virms —— Virms i/?

n+m

Where K = L
n+m

Example 1: A single phase full wave ON-OFF AC controller connected With a 10Q load, the
effective value of the phase voltage is Vrms=120 volts, the frequency of f=60 hertz, the conduction
period is n=25 turns and the connection period is m=75 cycles. Calculate

1- The effective value of the output voltage

2- The power factor of the input circuit
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n 25
K= = =0.25
n+m 25475

Vim = V2 Vims = 1.414 ¥ 120=170 v

Vorms = Viems YK = Vim VK =120 0.25 =120 * 0.5 = 60v
Vorms 60
Iorms = == = 6A
RL 10
Po = Poms * R =62 * 10 = 360Watt
P; = Virms * lirms = 120 * 6 = 720Watt

or, PF=3K=130.25 =05

2- Phase difference Control
2.1 Single phase AC voltage Controller

2.1.1 Half-wave Controller
Waveforms shows the principle of the circuit work

Ve
N b=

e i

Yo iR l vl
1 Gate'pulu DITV
Fig. Phase difference Half-wave Controller

The equation for the average voltage and the effective value of the voltage in the output can be
written as follows:

Vi = ‘;—: (cos(x) — 1)

1, o

{2n o<+%sin(20<)}

Vorms = Virms *\/ >
Tt
. Virms
When a is changed from 0 to « then V oyms shall change from Vims to —— and Vdc from 0 to

V2
(_ \/EVirms)

TC
Example 2:
a single-phase voltage half-wave controller is connected with a 10Q load, the supply voltage is

Vimms =120 volts and the frequency is f=50 Hz if the triggering angle was g . Find the following:

1- The effective value of the output voltage
2- The power factor of the input circuit
3- The average value of input current
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{2m-oc+3sin(2e0)} {2m-Z+2sin(m)} 3
Vorms =Virms * = Virms * =120* |==104v
2T 2TC 4
Vorms 104
Iorms - RL - E -_ 10.4A

Po = I%2orms * RL=10.42 * 10 = 1080Watt
Pi = Virms * Iirms == 120 * 10.4‘ = 1248Watt

PF=-2= 190 _ 866
Pi 1248
Vor * Jorms Vorms 3 2
Or, PF = — TS = =\F=\/0.75 = 0.866
Virm = Ilirm Virms 4
__Vm _ V2 Virms T _ V2%120 . .
Ve = g(cos(oc) —-1)= T(cos (E) —-1)= - (0—-1)=-27v
lee =22 =22 =274
RL 10

2.1.2 Full-wave Controller

There is a phase difference of 180 degrees between triggering angles of the thyristors T1 and T2.
It is also possible to obtain a full wave single-phase voltage control circuit, using one thyristor and
four diodes connected in a bridge as shown in the figure,

j N A
Is Vb -
. |
-VS o | ot
' =N 2n s
| .
| |
Dy ) vﬂ : :
Vmpb— = L :
+ ‘ \}S
D I
. : I 2
0; v 0 . a » wl
a I
- . AR M

Fig. full wave single-phase voltage control circuits and waveforms

The equation for the average and effective value of the output voltage can be written as follows:

Vi = va (cos(x) +1)

{n—oc+%sin(20c)}

Vorms = Virms *\/

2Vm
When a is changed from 0 to 7 then Voms shall change from Vs to 0 and Vdc from e to 0

TT

Example 3:
a single-phase voltage full-wave controller is connected with a 10Q load, the supply voltage is

Virms =120 volts and the frequency is f=50 Hz if the triggering angle was g . Find the following:
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1- The effective value of the output voltage
2- The power factor of the input circuit
3- The average value of input current

1. ™, 1.
Vorms = Virms *\/{T[_OC-I_E_I:IH(ZO()} = Virms *1 ’ {—R_E-I__IE_[SIH(‘IT)} =120 *\/g = 85v

Vorms 85
| = =— =8.5A
orms RL 10

Po == Izorms * RL == 8.52 * 10 == 720W3tt
Pi = Virms * Iirms == 120 * 10.4‘ = 1018Watt

pF=F0= 20 _ 707

Pi 1018
OI‘, PF = Vo.rms * I.orms _ V(-)rm — \/1 — 2/—0.5 = 0.707

Vir * [irms Virms 2
Vae= "2 (cos(e0) + 1) = 20 (cos (1) + 1) = 2220 (0 + 1) = 54v
T T 2 T

loe =€ 5% _ 544

RL 10

2.2 Three phase AC voltage controllers:

2.2.1 Three phase Half wave voltage controllers

A Three phase Half wave voltage controller is shown in figure. The current passing through the
load can be controlled by controlling the thyristors and the diodes provide the return of the current .

AC

R
Co AN

Fig. Half wave 3-phase voltage control circuits

2.2.2 Three phase Full wave voltage controllers (Delta and Star connections)
Triggering angle is 0°<a < 150°

SCRy
,—-{>£——, s £, a
A d

@ 5
AC supply

SCR,
c r—D’L| o
Is

SCR,

3

SCR,
R,
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SCR,

C o——

Fig. Full wave 3-phase voltage control circuits

The three-phase voltage controllers, the star and delta connection of the full wave .
Triggering angle is 0° <a < 150°

Cycloconverter:

To convert AC voltage into DC voltage, a rectifier is used and then converting the DC voltage into
AC voltage with variable frequency by using an inverter. A two-stage converter is used.

A cycloconverter is a converter that converts an AC voltage of a certain frequency into an AC
voltage at a different frequency without the use of another converter. The commutation is mostly
natural or line commutation and the output frequency is a partial of the frequency of the input.
These cycloconverters are used to control the speed of the AC motors with a frequency from zero
to 20 hertz.

Types of cycloconverter

1-single phase/ single phase cycloconverter:

it consists of two bridges. The first bridge gives the load positive half wave, while the second
bridge supplies the load with negative half wave. A center tapped transformer can also be used to
build a cycloconverter as shown in Figure

__lp . Al fsm mabic

L e ~ ¥ /‘\/—\
io =t

T Ta T Té ” .

Wl e I

A Load B P -\\ ¢ v | ? fomctite |
B A oF 4 : x * L/“ - wd

S P 1= Y 3 Lj/"l-;1 I

# - Oy | Qs » L3 |

T TZ Vot Vo2 Tﬂ. T1 ? _/‘_ Ir'
i " Pzl o | b — ]
- In 3 + [\] [ e-comriens o Jr L]

Fig. cycloconverter consists of two bridges
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g e S pa
- - % H‘T:i; | converter
e |
!E Ve ot J
: i
D - ' Intergreu
Vp 4 +1 Load e ? L feacl?n )
¢ I bl Ly
"". | E I 3 I
= _,$ - ) ! Negative
I Ty | converter
i
| T R o
Fig. cycloconverter consists of center tapped transformer
2-Three phase/ single phase cycloconverter:
Three-phase source while the load is a single phase as in Figure
i‘p i n
. ¢—— - 4
' g -
lo
T f Ta Ts X T2 Te Ts
E ® Load C
e : &
] A
Voi | Vo2 4 4 2
Ts Te T2 Ts Ta T
- 1

Fig. Three phase/ single phase cycloconverter consists of of two 3-phase bridges

3-Three phase/ Three phase cycloconverter:
Three-phase supply

P N 4

N p N

There are 3 P-N pairs in schematic figure (a). Each pair
consists of 6 thyristors and is represented by the A
underneath figure (b)

LinN |

™~

ik

x 5% x

Phase a Phase b
load load

Phase ¢
toad

Neut|

(a) Schematic

A

C

e

127 &fﬁa

Phase a
load

{b) Phase
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Inverters (DC to AC Converters)

The output of the inverter can be variable/ fixed AC voltage with variable/fixed frequency.

These can be single phase or three phase inverter depending on the supply voltage. These converters are mainly
divided into two groups. One is PWM based inverters and other multilevel inverters.

Inverter applications:-

1- Driving AC instalations from a dc supply such as a sun panels or battary dc voltage.
2- DC to AC with AC to DC convertor in transmission line.

1- Half Bridge Inverter:
It uses two power supplies. When thyristor 1 is conducting then the load voltage is Vdc and when thyristor 2 is

conducting then the load voltage is -Vdc.

Half Bridge Inverter, (b) Bridge Inverter and (c) Output waveforms.

vide SCR1

SCR2

Fig(58) (a)

2- Bridge Inverter
The bridge inverter functions similar to half bridge inverter but it uses a single power supply.

Single phase bridge inverter with inductive load:
Four freewheeling diodes are required to handle the _L =
induced emf of the inductive load. s

Fig (59) single phase bridge rectifier

3- Parallel Inverter:-
A center-tapped transformer is used. When Th1 is ON then
the current flows in the load in one direction and when
Th2 is ON then the current flows in

the opposite direction. Thl and Th2 Va4
should not conduct similtaniously. 2Vs Mj --l
> t
2Vs \
nZ Va2
2Vs
Fm=——F—— [
48xCxR; 1 \1 :
tOTL 2Vs )3
0.25< <3.34‘ V L e r‘""]
Lory >
_4xCxR, Th1_,$ ) U
fon =~z — o) S
2 VG1 ve2 £ o
N Lxn n
off RL > t
ton > 2%t
! Fig (60) parallel inverter
Where,
Fn= maximum frequency
n = transformation ratio n = 2 = 2
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ton=on time
torr= off time
tq= thyristor commutation time.

Examplel. Design a parallel inverter to generate square wave with frequency of (f=400Hz) to feed a resistive
load of (120W) and voltage of (240V). the battery voltage 12V.

VZ
P=—
Ry
R, = VE_ A0 4800
L ;2 P 2:0 120
n=—=22=79
Vi 12
Fm = n”
M= 48xC xR,
n? (20)?

C= = = 43uF ~ 4TuF
48xF, xR, 48x400x480 - H K
_4xCxR, 4x47x107°x 480

ton = 20)? = 225.6usec
Choose :"fnf =3
_ton 225.6 75 2
toff_?_T_ .2 usec
L x n?
forr =,
toff X R, 75.2x107° x 480
= = = 90.24uH
n? (20)2 K
ton 225.6
tq =5 =5 = 112.8 usec

4- series inverter:-

—NJ__c-l—TvC V\ /\ > t
o T3 o\

' L/~ /.
gl \__/

riglot) >eries mverter

R T
L—Exw—d ([,lH)
4L
C= 412w 42 +R? (F)
T
Vs =§1mR
T_ " +t

2 _a)d a
Where,

wgq = 2nf,; = resonance frequency
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L, = maximum current
Vs = dc supply voltage

Example 2: Design a series inverter which supplies maximum current (1A) to a resistive load of (150€) and
frequency (f=400H7) the thyristor turns off time t;=25 usec

r=i_1 _7s
_F_400_ .omsec
T_T[-l-t
Z_O)d q
Tl =B g5 1225
w, 2 1773 T ecoksec
T3 s6x10%rad
©d = 1978 %106 1225 x 106 _ 220 % 107rad/sec
R w_1s0 T3
2%, 2 T256x108 " T
oo 4L _ 4x 92x1073
C 4L2w42 +R? T 4x(92x1073)2 x (2.56 x 103)2 + (150)2
C =15.7 uF = 16uF
Ve=ZInR=
3.14
V== x1x 150 = 157V

Three phase bridge inverter:

The load is a three-phase load connected as star or delta. Six freewheeling diodes are required for inductive
load to handle the induced emf of the inductive load.

Jz ThS _;Itrh:f Th

I —

Yo
B® _¥n-5 _;l{rhd _*rm

Fig (62) Three phase bridge inverter

Lo
S
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Speed control of DC motor

We will study some practical and industrial applications of controlled rectifiers, DC choppers and
.inverters such as speed control of DC motors and induction motors

The controlling of the speed of DC motors with separate feeding is in the primary practical
applications in the use of controlled single or three phases rectifiers. The importance of using this
kind of motors comes because of their ease of control and the wide range of this control in addition
to the ease of writing linear mathematical models for them, and as it is known that the easiest and
fastest way to control the speed of the DC motor is to control the value of the armature voltage and
that requires feeding the motor from DC generator with variable field supply to obtain a variable DC
voltage, but in the past thirty years and with the advancement and development of these controlled
rectifiers, the expensive DC generators can be replaced by these rectifiers that operate on single
and three phase alternating current from which the DC voltage can be obtained with variable value
depending on the angle of ignition alpha

Speed control of a DC motor using 1-phase controlled rectifiers

Figure (62) shows a separately excited DC motor that is fed from a single-phase alternating current
source with the use of a single-phase controlled rectifier. Figure (63) shows the waveforms of
voltage at the motor terminals and the current passing through it. As a result of the presence of a
high inductance in the armature of the motor, the armature current shall be continuous and the
commutation angle B = 1 + a. Therefore, the average value of the voltage on the armature of the
:motor, considering continuous current, will be as follows

Va(@) = % Vs *cos(a) ~ —mmmmmemee- 1

From this equation we find the value of average voltage is a function of the triggering angle a.
where triggering angle a is changed from 0° to 180°,

Va (a) is positive and the motor in Forward rotation direction when a < 90°,
Va (a) = 0 and Motor speed =0 if a = 90°

Va (a) is negative and reversed rotation direction when a > 90°.
If the freewheel diodes are used or a half-controlled rectifier is used then the negative output
voltage is omitted and the reverse rotation of the motor is no longer exist.

Field

Fig.(62) Separately excited DC motor with a single-phase controlled rectifier
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o 4 T+ 2% wt

imlx
/ " W

o T T+o 2% wi

Fig.(63) Input and output voltage waveform

The relationships of a dc motor are the following:

_ 2WN
O=— e 2
60

where ® and N are the angular velocity in radians/second or (rad/sec) and rotation velocity in
revolutions/minute or (rev/min) or (RPM)

Ea=K®.o=Kp.0o = e 3
Ta=K.®Ia=KT. I3

I,=Ta/KT 4
Va=Ea+Raly

Ea=Va-Ralan e 5

Where Vg, I3, T3 and Ry are the armature voltage in (v), current in (A), Torque in (N.m) and winding’s
resistance in (€2).

Ej is the armature back emf in (v),
® is the magnetic flux from the field windings which is constant due to the separately field fed,

K, Kp and KT are constants.
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Substituting equation 3 & equation 4 in equation 5 results
Kp. ®=Va-Ra.Ta/KT

Va Ra

Kb  Kb.KT'

The values of (KT) and (Kp) are equal and depend on the number of poles (P), magnetic flux (®), number of
conductors in armature winding(Z) and number of parallel paths (a)

PZop

Kr=Kp=—— e 7

The relation between the speed of motor and the triggering angle can be obtained from substituting equation
1 & equation 6 which results as follows:

2v2

o= —=Vs*cos(a)- Ta 8

Kb.KT
On no-load Ta= 0 and ® = wo

®o = 22 Vs x cos(a)
.Kb

Then eq. 8 can be rewritten as
Ra

®=w®o - Ta 9
Kb.KT

Example 1

A separately excited DC motor of nominal speed of 1200 rpm can be controlled by a single-phase
controlled rectifier as shown in Figure 62. The full load current is Ia = 38 A and its armature
resistance Ra = 0.3 Q and supply voltage Vs = 260v. The motor constants for voltage and torque

are Kb = KT = 1.74 and considering that the reluctance of the motor is sufficient for the current to
be continuous, find at a triggering angle of 30 degrees the following:

o The motor torque at full load

o The motor speed at the full load

o The power factor of the source
Solution

a- The motor torque at full load can be found using the equation 4 as follows.
Ta=KT. I3 =1.74 * 38 =66.121 N.m

b- The motor speed at the full load can be found using the equation 8 as foIIows.
2 2
©= i Vs * cos(q) - —=.Tq = \/_ S 260 % cos(30) - ———-.66.121
K Kb.KT T* 1.74%1.74
o= 116.56 —6.55=110rad / sec

The motor speed at the full load can be found using the equation 2 as follows
_ 60w 60%110

o - 2m =1051 rpm
c- The power factor of the source can be found using the following equation.
Va.la
PF =
Vs.s

since the average value of the motor current la is approximately equal to the effective value of the

supply current Is as the motor current is almost constant and continuous and thus can be seen
the power factor value as follows
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la=Ils
PF=22
Vs
From eq. 1
Va(a) = % Vs * cos(a)
pF=Ye =22, cos(a) ez, cos(30)=0.78
Vs T T

Speed control of a DC motor using DC choppers

The speed of a DC motor can also be controlled using a complete DC chopper shown in Figure
(63) where the motor is fed from the output of the chopper, the output voltage of the chopper can
be controlled by controlling the operating cycle of the chopper. The output voltage in the chopper
can be calculated from the following relationship:

Va=D Vs
where D is the operating cycle.

The motor current can be either continuous or discontinuous depending on the operating cycle
value.

- T A
. ! |
’s | |
O P — | — ' L 2
+ |
| S |
chopper

O O

Fig.(64) DC motor drive with separate feeding with DC
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Example 2

A DC chopper is fed from 150 volt and supply a separately excited DC motor. If the constant
factors of the DC motor are as follows:

Ra =0.5Q, La = 10 mH and Kb =0.05 v/rpm
Find the frequency of the chopper when conduction time (Ta=1.6 ms) at a revolution speed of (N =
2000rpm) if the armature current was constant (la = 40A)

Solution:

The output voltage of the chopper can be calculated from eq 3 and eq. 5

Ea=Kd.0=Kp.0o e 3
Va=Ea+Ragla=Kp. 0o +Rals = - 5
Va=0.05 v/rpm * 2000 rpm + 0.5Q * 40A = 100v + 20v = 120v

The duty cycle can be calculated as follows:
_va _ 120

D=— =— =08
Vs 150
The frequency of the chopper can be calculated as follows:
_Ton
_1T D 0.8
F=-=—=—— =500Hz
T Ton  0.0016
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Speed Control of Three Phase Induction Motor

In the three-phase induction motor, three coils are disposed in positions displaced 120
electrical degrees of the phase difference.

When a three-phase AC power supply is connected here, the current flowing in each coil
has a 120-degree phase difference one another. This generates a rotating magnetic field
to rotate the rotor with synchronous speed Ns.

At this time, the rotor rotates at a speed N, slightly slower than that of the rotating
magnetic field. This ratio of the rotor’s speed to the rotating magnetic field’s speed is
called “slip’.

Before discussing the methods to control the speed of three phase induction motor one
should know the basic formulas of speed and torque of three phase induction motor as
the methods of speed control depends upon these formulas.

Synchronous Speed

120f

P
Where,

f=frequency, P is the number of poles and Ns is the synchronous speed.

Ns =

The speed of induction motor is given by,

N=Ni(I-s), s =

Where,

N is the running speed of the rotor of an induction motor an s is the slip.

The torque produced by three phase induction motor is given by,
- 3 _ sE. 7) R>
T = =X e
27N HE* (sX2)°
When the rotor is at standstill slip, s = 1. So the equation of torque ats =1 is,
- 3 .. E3iR»
I = —_ TS
2rNs R5+ X3
Output Power(Watt) = w (rad/sec) x Torque (N.m)
2N
60
HP=746 Watts
Where,
E: is the rotor emf, R: is the rotor resistance and X: is the rotor inductive

reactance.

w =
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The speed control of three phase Induction Motor is changed from Both Stator
and Rotor Side.

1. Speed Control from Stator Side: they are further classified as :
1.1. Controlling Supply Voltage

Since rotor resistance, R. and inductance, X: are constant so the torque
produced by running three phase induction motor is given by

T o sE2?
We know that rotor induced emf E. x V. So,

T ocsV2

The equation above clears that if we decrease supply voltage torque
will also decrease. But for supplying the same load, the torque must
remain the same, and it is only possible if we increase the slip and
reduce speed of the motor. This method of speed control is rarely used
because a decreasing the speed requires a reduction in voltage, and
hence the current drawn by motor increases, which cause overheating
of the induction motor.

1.2.  Controlling Supply Frequency
Ns depends on supply frequency. However, this method is not widely
used. It may be used where; the induction motor is supplied by a
dedicated generator (so that frequency can be easily varied by
changing the speed of prime mover). Also, at lower frequency, the
motor current may become too high due to decreased reactance
(X1=27tfL). And if the frequency is increased beyond the rated value, the
maximum torque developed falls while the speed rises.

1.3. Voltage and frequency (V/f) control.

Whenever three phase supply is given to three phase induction motor
rotating magnetic field is produced which rotates at synchronous

speed given by
. 120 f
.\ o —_ o

]7
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In three phase induction motor emf is induced by induction similar to

that of transformer which is given by
4

4
EorV=4440.K.T.f or @ =m or ¢ « 7
Where, K is the winding constant, T is the number of turns per phase
and f is frequency. Now if we change frequency synchronous speed
changes but with decrease in frequency flux will increase and this
change in value of flux causes saturation of rotor and stator cores
which will further cause increase in no load current of the motor. In
another words with decrease in frequency Xt will decrease and this
change further cause increase in no load current of the motor. So, it is
important to maintain flux, ¢ constant and it is only possible if we
change voltage and frequency simultaneously causing no change in
flux and hence it remains constant. So, here we are keeping the ratio of
V/t as constant. Hence its name is V/f method. For controlling the
speed of three phase induction motor by V/f method we have to supply
variable voltage and frequency which is easily obtained by using
converter and inverter set. It is called Variable Frequency Drive method
or VFD methode.

1.3.1. Inverter Drive Method:

Figure 2-2 shows a configuration diagram of the three-phase induction motor driven by
an inverter. Three-phase output pins of the inverter are connected to the coils of the
motor.

Inverter Cage-type
rotor

Figure 2-2 Configuration Diagram of Inverter Drive

1.3.2. PWM Drive Characteristics

- VED supply Vdc is constant. -

- Pulse amplitude is constant over entire frequency range and equal to the Vdc.

- Lower resultant voltage is created by more and narrower pulses.

- Higher resultant voltage is created by fewer and wider pulses.

- Alternating current (AC) output is created by reversing the polarity of the voltage pulses. - Even

though the voltage consists of a series of square-wave pulses, the motor current will very closely
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approximate a sine wave. The inductance of the motor acts to filter the pulses into a smooth AC
current waveform.

- Voltage to frequency ratio remains constant from 0 - 60 Hertz. For a 460v motor this ratio is 7.6
volts/Hz. To calculate this ratio, divide the motor voltage 460v by 60 Hz. At low frequencies the
voltage will be low, as the frequency increases the voltage will increase. (Note: this ratio may be
varied somewhat to alter the motor performance characteristics such as providing a low-end boost
to improve starting torque.)

- For frequencies above 60 Hz the voltage remains constant. Some AC drives switch from a PWM
waveform to a six-step waveform for 60 Hz and above. On most AC variable speed drives the
voltage is held constant above the 60 hertz frequency. The diagram below illustrates this
voltage/frequency relationship.

CONSTANT TORQUE : CONSTANTHP

Blue = Horsepower

Red = Torque

Green = Motor Nameplate Frequency (60 Hz)
In Constant Torque Area - VFD supplies
rated motor nameplate voltage and motor
develops full horsepower at 60 hertz base
frequency. In Constant Horsepower Area
- VFD delivers motor nameplate rated
voltage from 60 Hertz to 120 hertz (or
drive maximum). Motor horsepower is
constant in this range but motor torque is
reduced as frequency increases.

50 60 70 80 90 100

PERCENT HP AND TORQUE
40

10 20 30

10 20 30 40 50 60 70 80 90 100 110 120
FREQUENCY HZ

Voltage Pulses, Resultant Current

PWM Waveform Phase A to B
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DC LINK POSITIVE

!

o

{

DC LINK
Ba

NEGATIVE

THREE-PHASE MOTOR

0 -60 DEG
Vap =10
Vac = +E
Vea=-E

DC LINK POSITIVE

)

%
DC LINK NEGATIVE
Bl

THREE-PHASE MOTOR
180 - 240 DEG

Vag = 0
VEC =-E
Vea=+E

The development of a variable frequency drive three-phase waveform is shown below. Refer to the previous

DC LINK POSITIVE

] ]

DC LINK NEGATIVE
B 2

THREE-PHASE MOTOR

60 - 120 DEG
Vap=+E
Vac =0
Vea=-E

DC LINK POSITIVE

!

—D\OHO-D-..Q—II

i

DC LINK NEGATIVE
B i

THREE-PHASE MOTOR
240- 300 DEG
Vag=-E
Vac =0
Vea=+E

DC LINK POSITIVE

!

o

{

DC LINK NEGATIVE

B

THREE-PHASE MOTOR
120- 180 DEG

Vag=+E
Ve =-E
V{‘A =)

DC LINK POSITIVE

!

i

DC LINK NEGATIVE
B g

THREE-PHASE MOTOR
300-360 DEG

Vagp=-E
Vpe =+E
V[‘A =)

page to see the switching sequences that produce a particular portion of the waveform
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o 60° 120° 180° 24 3000 3607 60° 1200

Smaller pulse widths produce Larger pulse widths produce

Iowur resultant voltage. higher resultant voltage.
g Resultant Sine Wave Current = &

4—— Ppulse Width l l Pulse Width —'{ ‘1—

One Cycle —P‘ |4-—— One Cycle =¥

1.4. Changing the number of stator poles:

Rotating magnetic field rotates at synchronous speed
120 f
17
The motor rotates with a lower speed than Ns. The stator poles can be
changed by two methods

iVg —

1.4.1. Multiple stator winding method.
In this method of speed control of three phase induction motor, we
provide two separate windings in the stator. These two stator windings
are electrically isolated from each other and are wound for two
different numbers of poles. Using a switching arrangement, at a time,
supply is given to one winding only and hence speed control is
possible. Disadvantages of this method are that the smooth speed
control is not possible. This method is costlier and less efficient as two
different stator windings are required. This method of speed control
can only be applied to squirrel cage motor.
For example, a stator is wound with two 3phase windings, one for 4 poles and

other for 6 poles. for supply frequency of 50 Hz. Calculate synchronous speed?
i) Ns when 4 pole winding is connected, Ns = 120*50/4 = 1500 RPM
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ii) Ns when 6 pole winding is connected, Ns = 120*50/6 = 1000 RPM

1.4.2. Pole Amplitude Modulation Method (PAM)
In this method of speed control of three phase induction motor the
original sinusoidal mmf wave is modulated by another sinusoidal mmf
wave having the different number of poles.
Therefore the resultant mmf wave will have two different number of
poles
i Pyy = Py— Pyand Pjp = Py + Py
Therefore by changing the number of poles we can easily change the
speed of three phase induction motor.

1.5. Adding Rheostat in Stator Circuit

In this method of speed control of three phase induction motor rheostat is
added in the stator circuit due to this voltage gets dropped. In case of
three phase induction motor torque produced is given by T « sV22. If we
decrease supply voltage torque will also decrease. But for supplying the
same load, the torque must remain the same and it is only possible if we
increase the slip and if the slip increase motor will run reduced speed.

2. Speed Control from Rotor Side: they are further classified as:

2.1.Adding External Resistance on Rotor Side

In this method of speed control of three phase induction motor external
resistance are added on rotor side. The equation of torque for three phase
induction motor is

sEZR>
R3 + (sX3)?

The three-phase induction motor operates in a low slip region. In low slip

T ~x

region term (sX)? becomes very small as compared to Rz. So, it can be
neglected. and also, E-: is constant. So, the equation of torque after
simplification becomes,
T x —

Ry
Now if we increase rotor resistance R, torque must remain constant to
supply the same load. So, slip increases, which will further result in the
decrease in rotor speed. Thus, by adding additional resistance in the rotor
circuit, we can decrease the speed of the three-phase induction motor. The

main advantage of this method is that with an addition of external
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resistance starting torque increases but this method of speed control of

three phase induction motor also suffers from some disadvantages:

« The speed above the normal value is not possible.

« DPresence of resistance causes more losses.

« Large speed change requires a large value of resistance, and it will

cause large copper loss and hence reduction in efficiency.

« This method cannot be used for squirrel cage induction motor.

2.2.Cascade Control Method

In this method of speed control, two motors are used. Both are mounted
on a same shaft so that both run at same speed. One motor is fed from a
3phase supply and the other motor is fed from the induced emf in first

motor via slip-rings. The arrangement is as shown in following figure.
. d

3 phase
I Supply

slip-rings

Motor A THT Motor B E

Motor A is called the main motor and motor B is called the auxiliary motor.
Let, Nsa = synchronous speed of motor A

Nss = synchronous speed of motor B

Pa =number of poles stator of motor A

Ps = number of stator poles of motor B

N = speed of the set and same for both motors

f = frequency of the supply

Now, slip of motor A, Sa = (Nsa- N) / Nsa.
frequency of the rotor induced emf in motor A, fa=Saf
Now, auxiliary motor B is supplied with the rotor induce emf

therefore, Nsa = (120*fa)/Pa = (120*f)/Pa and Pa = (120fa)/ Nsa

_120+f _ 120+

Pa Nsa
120% 120xS4* 120%S4*
NSB=—’CB=—A’C Ande=_Af
Pp Pp Nsp
. Ng4—N 120+f(Nga—N 120%f*N, 120+f*N
now putting the value of 5, = -=2— Hence Py = 22/ Wsa=h) _ 120:/*Nsa _ 120:/
Ngg Nsp*Nsa Nsp*Nsa Nsp*Nsa

120+ f 120 f %N
? Nsp Nsp * Ng4
At no load, speed of the auxiliary rotor is almost same as its synchronous speed.

i.e. N = Nss.
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_120+f  120+f
BE— N Ng,
from the above equations, it can be obtained that
120+ 1205f 120+f 120+f

P, +Py =
at s =N, N Nox N
120+ f

Py + Pg
With this method, four different speeds can be obtained
1. when only motor A works, corresponding speed = Nsa = 120f / Pa
2. when only motor B works, corresponding speed = Nss = 120f / Ps
3. if cumulative cascading is done, speed of the set = N =120f / (Pa + Ps)
4. if differential cascading is done, speed of the set = N = 120f (Pa — Ps)

2.3.Injecting Slip Frequency EMF into Rotor Side

In this method, speed of an induction motor is controlled by injecting a
voltage in rotor circuit. It is necessary that voltage (emf) being injected
must have same frequency as of the slip frequency. However, there is no
restriction to the phase of injected emf. If we inject emf which is in
opposite phase with the rotor induced emf, rotor resistance will be
increased. If we inject emf which is in phase with the rotor induced emf,
rotor resistance will decrease. Thus, by changing the phase of injected emf,
speed can be controlled. The main advantage of this method is a wide
range of speed control (above normal as well as below normal) can be
achieved.
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SCR Protection

For satisfactory and reliable operation, the specified ratings of an SCR should not be
exceeded. Otherwise, there is a chance of damage permanently to the SCR.

SCR may face different types of threats during its operation like:
Over voltage.

Over current.

High dv/dt.

High di/dt.

High temperature.

Nk =

Over Voltage Protection

Over voltages are the greatest causes of failure of SCRs. These transient over voltages
often lead to unscheduled turn ON of the SCR. Also, may lead to the permanent
destruction of the SCR if the reverse transient voltage is more than the Vgr across the
SCR. Over voltages Due to:

« a high voltage transient of the supply.

« Lightning surges.

 high inductive load.

« asudden operation of switches produces arc voltages.

To protect the SCR against the transient over voltages, a parallel R-C snubber
network is provided for each SCR in a circuit.

Over Current Protection

During the short circuit conditions, over current flows through the SCR. a circuit breaker
and/or fuse are used for protecting the SCR.

High dv/dt Protection

if the rate of forward voltage applied is very high across the SCR, then it causes to turn
ON the SCR even without any gate signal. This is called as dv/dt triggering of the SCR
which is generally not employed as it is false triggering process. Hence, the rate of rise
of anode to cathode voltage, dv/dt must be in specified limit to protect the SCR against
false triggering. This can be achieved by using RC snubber network across the SCR.

High di/dt Protection

If the rate of rise of anode current (di/dt) is high results a non-uniform spreading of
current over the junction. Due to the high current density, this further leads to form local
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hot spots near the gate-cathode junction. This effect may damage the SCR due to
overheating.

To prevent the high rate of change of current, an inductor is connected in series with
thyristor. Typical SCR di/dt ratings are in range between 20- 500 ampere per
microseconds.

High Temperature Protection

With the increase in the temperature of the junction, insulation may get failed. So we
have to take proper measures to limit the temperature rise.

Protective Measure: We can achieve this by mounting the thyristor on heat sink which is
mainly made by high thermal conductivity metals like aluminum (Al), Copper (Cu) etc.
Mainly aluminum (Al) is used due to its low cost. There are several types of mounting
techniques for SCR such as — Lead-mounting, stud-mounting, Bolt-down mounting,
press-fit mounting, press-pack mounting etc.

Gate Protection of Thyristor

Gate circuit should also be protected from overvoltage and overcurrent.

Overvoltage: in the gate circuit can cause overcurrent and gate protection

1s achieved by using a Zener diode

Overcurrent: can cause high junction temperature and a resistor can be used to protect
the gate circuit from overcurrent.

Noise: in gate circuit can also cause false triggering which can be avoided by using a
resistor and a capacitor in parallel.

high reverse voltage: A diode (D) may be connected in series or in parallel with the
gate to protect it.

o— CB I\ _p LOAD
Fuse ﬂ
Over-Current L dt
R < Over
voltage
D R SCR g
—p Oy% &
reverse er dv

VG current

rSe=ok | °T"

Over Noise reverse VG
voltage
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