UNIT — 11
Phase Controlled Converters- Single
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UNIT - 11
PHASE CONTROLLED CONVERTERS SINGLE PHASE
(RMS VOLTAGE CONTROLLERYS)

AC voltage controllers (ac line voltage controllers) are employed to vary the RMS value
of the alternating voltage applied to a load circuit by introducing Thyristors between the load and
a constant voltage ac source. The RMS value of alternating voltage applied to a load circuit is

controlled by controlling the triggering angle of the Thyristors in the ac voltage controller
circuits.

In brief, an ac voltage controller is a type of thyristor power converter which is used to
convert a fixed voltage, fixed frequency ac input supply to obtain a variable voltage ac output.
The RMS value of the ac output voltage and the ac power flow to the load is controlled by

varying (adjusting) the trigger angle ‘o
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There are two different types of thyristor control used in practice to control the acpower flow

* On-Off control

« Phase control

These are the two ac output voltage control technigues.

In On-Off control technique Thyristors are used as switches to connect the loadcircuit to the ac
supply (source) for a few cycles of the input ac supply and then todisconnect it for few input
cycles. The Thyristors thus act as a high speed contactor(or high speed ac switch).

PHASE CONTROL

In phase control the Thyristors are used as switches to connect the load circuitto the input ac
supply, for a part of every input cycle. That is the ac supply voltage ischopped using Thyristors
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during a part of each input cycle.The thyristor switch is turned on for a part of every half cycle,
so that inputsupply voltage appears across the load and then turned off during the remaining part
of input half cycle to disconnect the ac supply from the load.By controlling the phase angle or
the trigger angle ‘a’ (delay angle), theoutput RMS voltage across the load can be controlled.

The trigger delay angle ‘a’ is defined as the phase angle (the value of wt) atwhich the thyristor
turns on and the load current begins to flow.Thyristor ac voltage controllers use ac line
commutation or ac phasecommutation. Thyristors in ac voltage controllers are line commutated
(phasecommutated) since the input supply is ac. When the input ac voltage reverses andbecomes
negative during the negative half cycle the current flowing through theconducting thyristor
decreases and falls to zero. Thus the ON thyristor naturally turnsoff, when the device current
falls to zero.Phase control Thyristors which are relatively inexpensive, converter grade
Thyristors which are slower than fast switching inverter grade Thyristors are normallyused.For
applications upto 400Hz, if Triacs are available to meet the voltage andcurrent ratings of a
particular application, Triacs are more commonly used.Due to ac line commutation or natural
commutation, there is no need of extracommutation circuitry or components and the circuits for
ac voltage controllers arevery simple.

Due to the nature of the output waveforms, the analysis, derivations ofexpressions for
performance parameters are not simple, especially for the phasecontrolled ac voltage controllers
with RL load. But however most of the practicalloads are of the RL type and hence RL load
should be considered in the analysis anddesign of ac voltage controller circuits.

TYPE OF AC VOLTAGE CONTROLLERS

The ac voltage controllers are classified into two types based on the type ofinput ac supply
applied to the circuit.

« Single Phase AC Controllers.

* Three Phase AC Controllers.

Single phase ac controllers operate with single phase ac supply voltage 0f230V RMS at 50Hz in
our country. Three phase ac controllers operate with 3 phase ac Supply of 400V RMS at 50Hz
supply frequency.

Each type of controller may be sub divided into

« Uni-directional or half wave ac controller.

« Bi-directional or full wave ac controller.
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In brief different types of ac voltage controllers are

« Single phase half wave ac voltage controller (uni-directionalcontroller).

» Single phase full wave ac voltage controller (bi-directional controller).

* Three phase half wave ac voltage controller (uni-directionalcontroller).

* Three phase full wave ac voltage controller (bi-directional controller).

APPLICATIONS OF AC VOLTAGE CONTROLLERS

« Lighting / lllumination control in ac power circuits.

« Induction heating.

« Industrial heating & Domestic heating.

« Transformer tap changing (on load transformer tap changing).

« Speed control of induction motors (single phase and poly phase ac induction

motor control).

« AC magnet controls.

PRINCIPLE OF ON-OFF CONTROL TECHNIQUE (INTEGRAL CYCLECONTROL)
The basic principle of on-off control technique is explained with reference to asingle phase full
wave ac voltage controller circuit shown below. The thyristorswitches T1 and T2 are turned on
by applying appropriate gate trigger pulses toconnect the input ac supply to the load for ‘n’
number of input cycles during the timeinterval T ON . The thyristor switches T1 and T2 are
turned off by blocking the gatetrigger pulses for ‘m’ number of input cycles during the time
interval T OFF . The accontroller ON time ON t usually consists of an integral number of input

cycles.
T, /o
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Fig.1: Single phase full wave AC voltage controller circuit
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Example

Referring to the waveforms of ON-OFF control technique in the above diagram,
n = Two input cycles. Thyristors are turned ON during ON t for two inputcycles.
m = One input cycle. Thyristors are turned OFF during OFF t for one inputcycle

Fig.2: Waveforms
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Fig.3: Power Factor

Thyristors are turned ON precisely at the zero voltage crossings of the inputsupply. The thyristor
T1is turned on at the beginning of each positive half cycle byapplying the gate trigger pulses to
T1 as shown, during the ON time ON t . The loadcurrent flows in the positive direction, which is
the downward direction as shown inthe circuit diagram when T1 conducts. The thyristor T2 is
turned on at the beginningof each negative half cycle, by applying gating signal to the gate of T2
, during TON .The load current flows in the reverse direction, which is the upward direction
whenT2 conducts. Thus we obtain a bi-directional load current flow (alternating loadcurrent
flow) in a ac voltage controller circuit, by triggering the thyristors alternately. This type of control
is used in applications which have high mechanical inertiaand high thermal time constant
(Industrial heating and speed control of ac motors).Due to zero voltage and zero current
switching of Thyristors, the harmonics generatedby switching actions are reduced.

For a sine wave input supply voltage,
v. =V siner = JEVS sin @t

m

: V
V. =RMS value of input ac supply = T = RMS phase supply
,
voltage.

If the wput ac supply 1s connected to load for ‘n’ number of mput cycles and
disconnected for ‘m’ number of mput cycles, then

foy =nxT. forp =mxT

Where T = 1. input cycle time (time period) and

f = input supply frequency.
toy = controller on time = nx T .

torr = controller off time = mxT .

T, = Output time period = (#,y +1oer ) =(nT +mT ).
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We can show that.

[ s
Output RMS voltage V) =V, fﬂ =V, ’ﬂ
- ' I, Ty

Where V5, 1s the RMS input supply veltage = V5.

TO DERIVE AN EXPRESSION FOR THE RMS VALUE OF OUTPUTVOLTAGE, FOR
ON-OFF CONTROL METHOD.

Xy
Output RMS voltage V, p0p, = JL J V. Sin"ot.d (et)
' ' mTG =0 )

174 2 gy
Vo mats) = o, ! Sin“et.d (o)
o 1-Cos28
Substituting for Sin'6 = ;7.5'
S |: 1 —Co.s’ma‘:l
| I —— |d (ot

.'.CI:)‘TO

14 2 Dy l:":"‘r“u\-'
Vorms) =J = [ I d(ewt)— J Coslotd [mr)}
0 0

v, [@ox Sinleot f ow
Voms) =4[5 T (mr}/ 2/
«@ig | i = 0
i sin 2ot ., —sin 0
— m _ _ ON
Vo.; ) = J 2o, _(wro__.,_, U) 5 :l

Now ON t = An integral number of input cycles; Hence
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toy =T.2T.3T.4T 5T ...... & oty =2r.4x,6m. 87,107, ......

Where T is the input supply time period (T = input eyele time period). Thus we note

that sin 2efg =0

V _ szﬁrﬂ_‘\? _ Vm r@.—\"
O RMS) EﬁTO ‘JE To
g T v
Voirs) = Vﬂ'ﬁ_m'| — Vs S
S TN T, \ Io
¥

Where V. —= =V,= RMS value of input supply voltage:

i(RAMS) \JE

fon fon nl i

= = = k= duty cvele (d).
T, toy+tgr nT+mT (n+m) y eyele (d)

I H
Va;ﬁm;.=V5 m=l’f’3ﬁ

PERFORMANCE PARAMETERS OF AC VOLTAGE CONTROLLERS
* RMS Output (Load) Voltage

x /]’é
71 *
V&:Rm ) = {m 1|-!| sz Sill_ ﬁ_'-'rd (ﬂr}:|

|4 n
VO-;R-‘IJ:S;- = = K-;R-‘Lﬁ|ﬁ = VSJE

J2 (m+n)
Po«;mzs ) = K[Iﬂ-ﬁ]@ = VS‘JE

Where Vs =V, z30, = RMS value of input supply voltag

* Duty Cycle
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k=l"‘o_.\£ _ Tow _ nT
To  (tow+torr) (m+n)T

Where, k=—— = duty cyele (d).
(m+n)

« RMS Load Current

Voo Vorpe
Iims = ABE) _ _OBF) . fora resistive load Z = R, .
I

* Output AC (Load) Power

F =I{:J1:R.-’|£S‘| xRy

* Input Power Factor

PF F, _ outputloadpower  F,
VA nput supply volt amperes VI
Ioms) < Ry :
PF =W: I =1 o) =RMS mput supply current.

i RME) in| RMT)
The nput supply current 1s same as the load current I, =1, =1,

Hence, RMS supply current = RMS load current: I,z = I pige -

|

2o xR V.. V.. Jk
pr—_ors) " Tows) CimsNT _
Vims) < 1 in[ RALS) V uss) Vs.; RS

PF=+Jk = |-~

m+n

» The Average Current of Thyristor | T (Avg)
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Waveform of Thyristor Current

ITT
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Ir.:_hg;. = m!fm sin er.d (-:Df}

b
|

ni T
e = | sinwid (et
Tidve) 27 (m+ n) 'r:[ ( }

x
I .I=L|:—coscor-’/ :|

7% " 20 (m+n) 7,
Tr( ey =#’;n)[—com—co; 0]
Irie) = ﬁ”‘w[—{—l)ﬂ]
Iy gy = m[lfm]
I.i"l:_hg:l _ I n _ kI,

fr(m+n} T

Fon __n

fm"”oﬁr} (n—m]

k = duty cycle =

I.n kI,
Ij"fh )} = = ;
V) fr(m+n} T

V : .
Where I =—"=maximum or peak thyrstor current.
I

* RMS Current of Thyristor I T (RMS)
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I T(RMS)

b
J.I sin” @t d[mt]:|

i [n +m)y
i HI; 'T_, 2 %
I.'l"l:}f_-’lﬁl = _m’c[&lll &:rfd(&)!‘}
_ ) ¥
_ nl- (11— CCI\_-_(JF)
_Ij"|:jf_?|1'5|_ F}T[H+m)j d( f}:|

2 E T %
Irisgs) = L{jd(mr} jcos-mrd[ma‘]}}

4r(n+m) |y d

/

‘.-111 (Jf "IEI :|}/

Iriraes) = {
' | 47 n+m} a

I nI‘ ( 0} 3111 2a —sin %
T(RMS) T | 4w n+m} T 2

— 5 }{‘

nl’ B

I =—" Jgxr—-0-0
TIRMS) _4:r(n+m}{ }}
I __ nfifr A _ nfi %
TIRAME) |4 (n+m) 4(n+m)

I, n I,
II':R;'ﬁl 2 (m +n) T2 k

1,
Ij'n:E.-‘u'S| ZT‘J‘E

PROBLEM

1. A single phase full wave ac voltage controller working on ON-OFF control
technique has supply voltage of 230V, RMS 50Hz, load = 50Q. The controller
is ON for 30 cycles and off for 40 cycles. Calculate

* ON & OFF time intervals.

* RMS output voltage.
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* Input P.F.

« Average and RMS thyristor currents.

V.

in| RMS) -

1 1
T=—

f= SO =0.02sec. I =20ms.

n= number of input cycles during which controller is ON: n=30.
m =number of input cycles during which controller is OFF:; m =40 .

toy =nxT =30 20ms = 600ms =0.6sec
toy = nxT = 0.6sec = controller ON time.

topr = MxT =40 20ms =800ms = 0.8sec

togr = mxT = 0.8sec = controller OFF time.

n_ 39 4285
(m+n] {40+30)

Duty cycle k=

RMS output voltage

n
Vorrss) = Vi) (m+n)

v =230V x L—?m\ﬁ
e (30+40) N7

Vo mgs) = 230V ~/0.42857 = 230x 0.65465

Voo oss) =150.570V

VO[RJ-IS] B Vo[mm _ 150570V

Iomas) = =3.01144
ams- gz R, 500

Py =1Ip s < Ry = 3.01147 x50 = 453.426498W

= 2307 . V., =~[2x230V =325269V. ¥, =325.269V .
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Inpur Power Facror P.F = -JA_'

i 30
PF = '(m+n) =,,||ﬁ=u“:].4285

PF =0.654653

Average Thyristor Current Rating
I, n ] kxI

——xf
T\ m+n

T(Avg) —

Vo J2x230 325269
where I =—= =
R, 50 50

I =6.5053824 = Peak (maximum) thyristor current.

6.505382 [%]

I.T'{ S -

(4hz) T 7
I gy = 0.887454

RMS Current Rating of Thyristor

I [ n I ~ 6505382 [3
II[R_’uI'SIZT —:_\‘{E:—X\E

2 (m+n} 2 2

Iy sy = 2.120386.4

PRINCIPLE OF AC PHASE CONTROL

The basic principle of ac phase control technique is explained with referenceto a single phase
half wave ac voltage controller (unidirectional controller) circuitshown in the below figure.The
half wave ac controller uses one thyristor and one diode connected inparallel across each other in
opposite direction that is anode of thyristor T1 isconnected to the cathode of diode 1 D and the
cathode of T1 is connected to the anodeof D1 . The output voltage across the load resistor ‘R’
and hence the ac power flow tothe load is controlled by varying the trigger angle ‘a’.The trigger
angle or the delay angle ‘o’ refers to the value of wt or the instantat which the thyristor T1is
triggered to turn it ON, by applying a suitable gate triggerpulse between the gate and cathode
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lead.The thyristor T1 is forward biased during the positive half cycle of input acsupply. It can be
triggered and made to conduct by applying a suitable gate triggerpulse only during the positive
half cycle of input supply. When T1 is triggered itconducts and the load current flows through
the thyristor T1 , the load and through thetransformer secondary winding.

By assuming T1 as an ideal thyristor switch it can be considered as a closedswitch when it is ON
during the period wt =a to = radians. The output voltageacross the load follows the input supply
voltage when the thyristor T1 is turned-on andwhen it conducts from ot =a to x radians. When
the input supply voltage decreasesto zero at ot =n , for a resistive load the load current also falls
to zero at wt = andhence the thyristor T1 turns off at ot =n . Between the time period ot =n to
2n ,when the supply voltage reverses and becomes negative the diode D1 becomesforward biased
and hence turns ON and conducts. The load current flows in theopposite direction during ot =n
to 2x radians when D1 is ON and the output voltagefollows the negative half cycle of input

supply.

I‘\-...l/(]

_ 11
i T,
O
L1 lo
<
D, v, R

Fig.4: Halfwave AC phase controller (Unidirectional Controller)
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, AS
1""m Vg
|
I
L] = wl
]I ™ 2
|
) |
n"t‘ :
Vm T iu
) 2w
L] = wl
_p.{
a |
g1 4 Gate pulse of Ty
0 1 1 > wl

Equations

Input AC Supply Voltage across the Transformer Secondary Winding.
v, =V, sin ef

vV -
Ve =V, —= =RMS wvalue of secondary supply voltage.

i RMS) -\F
Output Load Voltage

v,=v; =0:for @r=0 to

v =v, =V smof:for of =a to 27 .

o

Output Load Current

v, V smot

o

R, R

cfor @f=o to 27 .

EB=E_[=

i, =i, =0:for or=0 to ex.

o

TO DERIVE AN EXPRESSION FOR RMS OUTPUT VOLTAGE V O(RMS)
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yﬂﬁ%)z\]ﬁ[] Vm sin” cord(cof:|
V,,,Z T 1—cos 2ot

Vmﬁlﬁ):‘jg[i(f]d(mr]}
F’Z T

Vo) = 4»9 [I[l—cos]m.’).d{m.’)}
T a

o

2z Ix
4 = d(wt)— [ cos2wtdet
O RMS) 2&\{[2’[ {fﬂ) r!rcos @ m}

s ()]

Z ('T a') {smilfr_smfla} sindr =0

one 2\"_\/ 2 2

5111 2ex
01.&.1153 2\,;— -i‘I a'

|

\/ - a)_l_sinla
o) - fJ_ - 2

Ve |1 sin 2o
meﬁyzﬁ\(g[[lﬁ—af)+ S }
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sin 2 }

1
VG:MJ{S:- = :'[R_tm\/g[{br_a]"'

2a 2

1 sin 2o
VG:M:;VS\/ [(z;r—a}—‘ : ]

V ..
Where. Vg =V = ﬁ = RMS wvalue of wnput supply voltage (across the

T

transformer secondary winding).
Note: Output RMS voltage across the load is controlled by changing 'a ' as indicatedby the

expression for V O(RMS)
PLOT OF V O(RMS ) VERSUS TRIGGER ANGLE a FOR A SINGLE PHASEHALF-

WAVE AC VOLTAGE CONTROLLER (UNIDIRECTIONALCONTROLLER)

V 1 sin 2a
VG:RW':TWJJE[[:F_Q)-F 3 ]

1 sin 2o
FQ:&m:-zys\j [(E’T—‘x}_ " }

2qr 2

By using the expression for V O(RMS ) we can obtain the control characteristics,which is the
plot of RMS output voltage V O(RMS ) versus the trigger angle o . A typicalcontrol

characteristic of single phase half-wave phase controlled ac voltage controlleris as shown below
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Trigger angle o Trigger angle o Z2
in degrees in radians '
O 0 Vs =%
30° % -_{1%) 0.992765 V.
607 7 [24} 0.049868 T,
000 % (5%} 0.866025 ¥
120° 2/ [4%] 0.77314 ¥,
150° 5% [5%} 0.717228 ¥,
180° . [6%] 0.707106 ¥,

100% Vg

60% Vs

20% Vg

P
>

70.7% Vs

IR
AL L]

60 120

180

Trigger angle o in degrees

Fig.5: Control characteristics of single phase half-wave phase controlled acvoltage

controller

Note: We can observe from the control characteristics and the table given above thatthe range of

RMS output voltage control is from 100% of S V to 70.7% of S V when wevary the trigger angle

a from zero to 180 degrees. Thus the half wave ac controllerhas the draw back of limited range

RMS output voltage control.

TO CALCULATE THE AVERAGE VALUE (DC VALUE) OF OUTPUTVOLTAGE
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2x

Vorae = . J v, sinotd(wt)
4

25

VG:a‘ﬂ = T—“ l sin at.d (mr)

2Ty
l,-'J;r
V. = Vo -
olde) = | —cosai
' 27 /
i/ a
Prm 3] § ]
V. =—[—cos-ﬁ+cosa‘] ; coslom=1
O de) -')’LT ’

Ve = ﬁr”' [cosa—l] H =\El'/fg
2

Hence ¥V, = (cosar—1)

2

When '@ 'is varied from 0 to 7. ¥, varies from 0 to m

T
DISADVANTAGES OF SINGLE PHASE HALF WAVE AC VOLTAGECONTROLLER.
» The output load voltage has a DC component because the two halves of theoutput voltage
waveform are not symmetrical with respect to ‘0’ level. Theinput supply current waveform also
has a DC component (average value)which can result in the problem of core saturation of the
input supplytransformer.
« The half wave ac voltage controller using a single thyristor and a single diodeprovides control
on the thyristor only in one half cycle of the input supply.Hence ac power flow to the load can be
controlled only in one half cycle.
« Half wave ac voltage controller gives limited range of RMS output voltagecontrol. Because the
RMS value of ac output voltage can be varied from amaximum of 100% of S V at a trigger angle
a=0toalow of 70.7% of S V ata =n Radians .
These drawbacks of single phase half wave ac voltage controller can be overcome by using a
single phase full wave ac voltage controller.
APPLICATIONS OF RMS VOLTAGE CONTROLLER
« Speed control of induction motor (polyphase ac induction motor).

« Heater control circuits (industrial heating).
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» Welding power control.

« Induction heating.

* On load transformer tap changing.

« Lighting control in ac circuits.

 Ac magnet controls.

SINGLE PHASE FULL WAVE AC VOLTAGE CONTROLLER (ACREGULATOR) OR
RMS VOLTAGE CONTROLLER WITH RESISTIVELOAD

Single phase full wave ac voltage controller circuit using two SCRs or a singletriac is generally
used in most of the ac control applications. The ac power flow to theload can be controlled in
both the half cycles by varying the trigger angle 'o. ' .The RMS value of load voltage can be
varied by varying the trigger angle ‘o' .The input supply current is alternating in the case of a full
wave ac voltage controllerand due to the symmetrical nature of the input supply current
waveform there is no dccomponent of input supply current i.e., the average value of the input
supply current iszero.

A single phase full wave ac voltage controller with a resistive load is shown inthe figure below.
It is possible to control the ac power flow to the load in both the halfcycles by adjusting the

trigger angle 'a ' . Hence the full wave ac voltage controller isalso referred to as to a bi-

directional controller.

O »

+ Ig T, + 1
51 ::] L

1"-1 vﬁ R

™

Fig.6: Single phase full wave ac voltage controller (Bi-directional Controller)using SCRs

The thyristor T1 is forward biased during the positive half cycle of the inputsupply voltage. The
thyristor T1 is triggered at a delay angle of 'a '(0 <o <z radians) . Considering the ON thyristor
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T1 as an ideal closed switch theinput supply voltage appears across the load resistor RL and the
output voltageVO S = v during ot =a to = radians. The load current flows through the ON
thyristorT1 and through the load resistor RL in the downward direction during the
conductiontime of T1 from ot =a to = radians.At ot =n , when the input voltage falls to zero the
thyristor current (which isflowing through the load resistor RL ) falls to zero and hence T1
naturally turns off .No current flows in the circuit during ot =n to (x +a ) .The thyristor T2 is
forward biased during the negative cycle of input supplyand when thyristor T2 is triggered at a
delay angle (m +a ) , the output voltage followsthe negative halfcycle of input from ot = (1 +a )
to 2z . When T2 is ON, the loadcurrent flows in the reverse direction (upward direction) through
T2 duringwt = (1 +a. ) to 2z radians. The time interval (spacing) between the gate triggerpulses of
T1 and T2 is kept at = radians or 1800. At ot = 2x the input supply voltagefalls to zero and hence
the load current also falls to zero and thyristor T2 turn offnaturally.

Instead of using two SCR’s in parallel, a Triac can be used for full wave acvoltage control.

TEIAC
D
O Pr
¥ <l +
_ Resistive
ac p, =V, sinwt Vo § load
supply li\t ‘
= _

Fig.7: Single phase full wave ac voltage controller (Bi-directional Controller)using TRIAC
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4

U
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b}
D—

I

|

|

|-| Gate pulse of T,
|

]
0 Gate pulse of T,

[=F3 |

. —1T+Et'4""

Fig.8 : Waveforms of single phase full wave ac voltage controller

EQUATIONS

Input supply voltage
v, =V sinwt =2V, sin ot :

Output voltage across the load resistor R L ;
Vo =v; =V sinwt :

for ot=a to 7 and @t =(7+a) to 2

Output load current

) v V sin @t )
zﬂz—‘:':"‘—:f 511 ot
R R "
L L

for ot =a to 7 and ot = (x +a ) to 2n
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TO DERIVE AN EXPRESSION FOR THE RMS VALUE OF OUTPUT(LOAD)
VOLTAGE

The RMS value of output voltage (load voltage) can be found using theExpression

Vorms) =V yms) =
For a full wave ac voltage controller, we can see that the two half cycles ofoutput voltage
waveforms are symmetrical and the output pulse time period (or outputpulse repetition time) is

radians. Hence we can also calculate the RMS outputvoltage by using the expression given

below.
1 x
V' tims) = —IVm* sin” @t.dor
T2
1 x
V_L[Rjﬁ| -5 I v d (mr} :
= %
vi =vp =V, sinet: For @f =« to 7 and of = (.?r+a} to 2
Hence.
l X . T .
F::_ujmm =?—D|{Vm sin ma‘) n’[mr‘)+ J' (¥, siner) n’[mr)}
=7 o T+
1 x 5
== |:Vm1' sin”~ mr.d[mr] + le I sin” et.d (mr]:|
=7 [ T+a

2 2r
i

=V,, Dl_mj:mrd[mr}+ J- l—cojslmrd(m)}

9
=7 o = T+ =
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I+a T+

2| T r S x . I
:VL [mr]/ +(mr]/ _|:":1.11_mi‘:‘ _[5111_5')?:| }
T L / o r+a 2 a 2 Fy

:% (7 —ar)+(fr—a)—%(aini;‘r—5i112cr]—%{51'114fr —5i112(,?r+c:c))}

2 x X 2x x
= {J d (ot )— [cc-s 2otd (ot )+ | d (ot )— j. cos 2at.d (mf]}

=% 2(}]"—{]]—%“]—5]'112&)—%{'3—S.:Illll[ﬂ'+ﬂf)):|

E_E(}T’—O{]+ sin 2ar . 5i112(ﬁ+af]:|

ar | 2 2
2 ' in (27 +2
Vi E(H_a]+5u12a+5111[ v ar)}
4 2 2
v, [ n2a 1. .
= 2(;r—cx]+m1 a+—{5u12ﬁ.¢052c1’+¢05 2;‘{.51.1120{)]
Ar | 2 2

sn27 =0 & cos2wr=1

Therefore,
v? sin 2 sin2a
Vf}mm =¥[E[ﬁ_a)+ S + 2 ]
=f;[2(fr—ar]+si112tr]
2
rzLIZRhﬁl = ﬁ[{ 2 —2a)+sin 20{]
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Taking the square root, we get

+ sin ﬂ.’]

-T
L.mm \/ 7
2 .f

V..

L(RM5) J_J_ \/[

2m— -{I + sm-cr]

Ve |1 .
VL(mm zﬁ\/g[{lﬁ—laﬁsmla]

V.ol sin2a
ﬁ.;ﬂam|=FJ§{3{{f—a]+ 5 H
sm_cx
Vims) J— [ﬁ @)

1 2
Lirs) = Vi ﬁ“/ {(*’r o)+ su: a}

V,
T 2

1 sin 2o
VL(mm:Vs\/;[(’T_a]"' 3 }

Maximum RMS voltage will be applied to the load whena =0. in that case
the full sine wave appeqls across the load. RMS load voltage will be the same as the

RMS supply voltage = T When a is mereased the RMS load voltage decreases.

4 1 sin 2= 0
Viiogs = \j_ (7 - D) :l
’ I or=0 2 T
¥V 1[ 0
V;, =—= |—|l7T)+—
L{RMS) . S\ 7 [ ) ‘J
Vm
VL(mm - = ﬁ = P:[RJ-E] =V
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The output control characteristic for a single phase full wave ac voltagecontroller with resistive

load can be obtained by plotting the equation for V O(RMS )
CONTROL CHARACTERISTIC OF SINGLE PHASE FULL-WAVE ACVOLTAGE

CONTROLLER WITH RESISTIVE LOAD
The control characteristic is the plot of RMS output voltage V O(RMS ) versus thetrigger angle a.

; which can be obtained by using the expression for the RMS outputvoltage of a full-wave ac

controller with resistive load.

1 sin 2o
FG:MS:-:FSJ;{(H_Q’}_ 5 }

Where ¥V, = % =RMS walue of input supply voltage

Trigger angle o Trigger angle o v o
in degrees in radians ORIE) °

0 0 Ve 100% ¥V,

30 % 1(1%) 0.985477 V; 98.54% ¥,

60° % ._(Ifrﬁ:) 0.896938 ¥, 89.69% ¥,

90° vy (3mg) | 0T0TLYS 70.7% V,

120° l% [4%) 0.44215 ¥, 44.21% V,

150° 5% [ﬂ% ) 0.1698 ¥ 16.98% ¥

180° T [5%) 0V 0V,
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Vo(rms)

0 60 120 180
Trigger angle « in degrees

We can notice from the figure, that we obtain a much better output controlcharacteristic by using
a single phase full wave ac voltage controller. The RMS outputvoltage can be varied from a
maximum of 100% S V at a. = 0 to a minimum of ‘0’ ato. =1800 . Thus we get a full range output
voltage control by using a single phase fullwave ac voltage controller.
Need For Isolation
In the single phase full wave ac voltage controller circuit using two SCRs orThyristors T1 and
T2in parallel, the gating circuits (gate trigger pulse generatingcircuits) of Thyristors Tland
T2must be isolated. Figure shows a pulse transformerwith two separate windings to provide
isolation between the gating signals of T1 and T2 .

Gy
Gate
Trigger LK
Pulse S Gl
Generator 2
Ky

Fig.9 : Pulse Transformer
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SINGLE PHASE FULL WAVE AC VOLTAGE CONTROLLER USING ASINGLE
THYRISTOR

.
D1 T l PaNEE
+
o—> }Z T —
A 1
W
D4 ZS ZN D>
AC
SUPPIv‘QU ! =R
v - e
O

A single phase full wave ac controller can also be implemented with onethyristor and four diodes
connected in a full wave bridge configuration as shown inthe above figure. The four diodes act
as a bridge full wave rectifier. The voltageacross the thyristor T1 and current through thyristor
T1 are always unidirectional.When T1 is triggered at ot =o. , during the positive half cycle (0 <a
<n ) , the loadcurrent flows through D1, T1 , diode D2and through the load. With a resistive
load,the thyristor current (flowing through the ON thyristor T1 ) , the load current falls tozero at
ot =n , when the input supply voltage decreases to zero at ot =n , thethyristor naturally turns
OFF.In the negative half cycle, diodes 3 4 D &D are forward biased duringmt =n to 2z radians.
When T1 is triggered at ot = (n +a ) , the load current flows inthe opposite direction (upward
direction) through the load, through D3 , T1 and D4 .Thus D3 , D4 and T1 conduct together
during the negative half cycle to supply the loadpower. When the input supply voltage becomes
zero at ot = 2z, the thyristor current(load current) falls to zero at ot = 2z and the thyristor 1 T
naturally turns OFF. Thewaveforms and the expression for the RMS output voltage are the same
as discussedearlier for the single phase full wave ac controller.But however if there is a large
inductance in the load circuit, thyristor 1 T maynot be turned OFF at the zero crossing points, in
every half cycle of input voltage andthis may result in a loss of output control. This would

require detection of the zerocrossing of the load current waveform in order to ensure guaranteed
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turn off of theconducting thyristor before triggering the thyristor in the next half cycle, so that
wegain control on the output voltage.

In this full wave ac controller circuit using a single thyristor, as there are threepower devices
conducting together at the same time there is more conduction voltagedrop and an increase in the
ON state conduction losses and hence efficiency is alsoreduced.The diode bridge rectifier and
thyristor (or a power transistor) act together as abidirectional switch which is commercially
available as a single device module and it has relatively low ON state conduction loss. It can be
used for bidirectional loadcurrent control and for controlling the RMS output voltage.

SINGLE PHASE FULL WAVE AC VOLTAGE CONTROLLER(BIDIRECTIONAL
CONTROLLER) WITH RL LOAD

In this section we will discuss the operation and performance of a single phasefull wave ac
voltage controller with RL load. In practice most of the loads are of RLtype. For example if we
consider a single phase full wave ac voltage controllercontrolling the speed of a single phase ac
induction motor, the load which is theinduction motor winding is an RL type of load, where R
represents the motor windingresistance and L represents the motor winding inductance.A single
phase full wave ac voltage controller circuit (bidirectional controller)with an RL load using two
thyristors T1 and T2 ( T1 and T2 are two SCRs) connected inparallel is shown in the figure
below. In place of two thyristors a single Triac can beused to implement a full wave ac
controller, if a suitable Traic is available for thedesired RMS load current and the RMS output
voltage ratings.

)

>
T, M
o a— ]
+ e - + I
4\4 - .
T, =2
Ve v,

Fig.10 : Single phase full wave ac voltage controller with RL load
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The thyristor T1 is forward biased during the positive half cycle of inputsupply. Let us assume
that T1 is triggered at ot =a , by applying a suitable gatetrigger pulse to T1 during the positive
half cycle of input supply. The output voltageacross the load follows the input supply voltage
when T1 is ON. The load current 10 flows through the thyristor T1 and through the load in the
downward direction. Thisload current pulse flowing through T1 can be considered as the positive
current pulse.Due to the inductance in the load, the load current 10 flowing through T1 would
notfall to zero at ot = , when the input supply voltage starts to become negative.The thyristor
T1 will continue to conduct the load current until all the inductiveenergy stored in the load
inductor L is completely utilized and the load current through T1 falls to zero at ot =3 , where 8
is referred to as the Extinction angle,(the value of wt ) at which the load current falls to zero. The
extinction angle B ismeasured from the point of the beginning of the positive half cycle of input
supply tothe point where the load current falls to zero.The thyristor T1 conducts from ot =a to
. The conduction angle of T1 isé = (B —a ), which depends on the delay angle o and the load
impedance angle ¢ .The waveforms of the input supply voltage, the gate trigger pulses of T1 and

T2, thethyristor current, the load current and the load voltage waveforms appear as shown inthe

figure below.
/ \'x
Va7
|
i |
] ] T = (ol
|
| m | 2w
| P\ |
| [ |
g4 | [
h Gate pulse of T, M
] 1 T t : Ll ]
) I Gate pulse of T, :
| [ h
|
0 - ——— ot
IR
. |
| I |
| | I
| | I /
0 : ' | > wt
[ ™ Ba+tmw a 2 ta

<

Fig. 11 : Input supply voltage & Thyristor current waveforms
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B is the extinction angle which depends upon the load inductance value.

Sia | | I
| | |
|
) I I 1 [ - = wl
i T TTa - Imta
57 U L «r
| | |
0 — J| | > wf
i T Ta I |
| | |
I l | | |
| !
.. annnm i . [nn,
a :11'+a 2w
224 | I
|
; _nnAnn .

Fig. 12 : Gating Signals
Waveforms of single phase full wave ac voltage controller with RL load foroa >¢ .
Discontinuous load current operation occurs for o >¢ and B < (n +a ) ;i.e., (B —a ) <n ,
conduction angle <z .

D4
sSAL, v

m+ao 2ar
0 ! = i
/: « T\ B
| |

RV
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B m+a
0 = > wl

—'m

Fig. 13 : Waveforms of Input supply voltage, Load Current, Load Voltage andThyristor
Voltage across T1
Note

e The RMS value of the output voltage and the load current may be varied byvarying the
trigger angle o .

e This circuit, AC RMS voltage controller can be used to regulate the RMSvoltage across
the terminals of an ac motor (induction motor). It can be used tocontrol the temperature
of a furnace by varying the RMS output voltage.

e For very large load inductance ‘L’ the SCR may fail to commutate, after it istriggered and
the load voltage will be a full sine wave (similar to the appliedinput supply voltage and
the output control will be lost) as long as the gatingsignals are applied to the thyristors T1
and T2 . The load current waveform willappear as a full continuous sine wave and the

load current waveform lagsbehind the output sine wave by the load power factor angle ¢.

TO DERIVE AN EXPRESSION FOR RMS OUTPUT VOLTAGE VO(RMS ) OF
ASINGLE PHASE FULL-WAVE AC VOLTAGE CONTROLLER WITH RL LOAD.

VA
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Whena > @ . the load cwrent and load voltage waveforms become

discontinuous as shown in the figure above.
1

I 2
Vomats) = {lf V. *sin® ord (mr)}
T &

Output v, =V _sinat. for ot =a to §. when T, 1s ON.

2 8 _ ke
V.ot (l—cos Zmi‘)
Voimss) = . £ 5 d(mr)}
_V 2 (F B 174
Vo mass) = i Id{m:‘)—" cos Zmr.d{mr)}

o

a

(B—a)- sin2f . sin EJH%

{
Volaus) = _ELE{(ME/’B _[ Einjme/ﬂ}:ré
{

o(ms) ~ | 5

| ]

2

7 —V{ 1 {{;‘3 a]+si112rx silllﬁ}:|}£
O{RMS) ~ Tm| 4 - TS

: A 1
A =%|:1 {{ﬁ—a)+ slnzlcx _31112_1,8}:| :

i

| )

The RMS output voltage across the load can be varied by changing the trigger

angle o .

For a purely resistive load L = 0. therefore load power factor angle ¢ =0.

| L
= tan — =0
$ ( R )

Extinction angle B =z radians =180°
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PERFORMANCE PARAMETERS OF A SINGLE PHASE FULL WAVE ACVOLTAGE
CONTROLLER WITH RESISTIVE LOAD

]
*+ RMS Output Voltage VO"R“”"Z?Jil:[ﬂ_a)"'sm—a:l : I
s 2\7 ’

5
-

BMS input supply voltage.

v

O RMS)
* I _ L !}

olrs) = = RMS walue of load current.

Z
o I; =1, =RMS value of input supply current.
* Output load power

F, :Ié;mm x Ry

* Input Power Factor

B Iy % By _ oy mnss) % By

VexIs  Vixdgpyg Vs

V. in 2
PF — _9Bs) _ 1 (ﬁ_a)_i_sm_o:
¥V T 2

« Average Thyristor Current

PF

1 4

I, [-==mag=mmm——m——mmm e
+
¥

&
2?T: 33T
5 (2ntq) ot

1
’ [ ¥ ]
& ' '

Fig.14 : Thyristor Current Waveform
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Ll

1

2

T
II.;_ng:- = %J ird (ot) = J’ I sineord a:-r)
- o

o

I o I II,-','r

Iri e =—”Jsi11 otd(@t)=—"| —cos@t/
o lﬂ—rx 2m ! a
Ir.;_hg;.={—”[—cosﬁ+cosa]={—_’"[l+cosa]

» Maximum Average Thyristor Current, for a =0,

I
Irioe) =
| dvg) T
RMS Thyristor Current

x
I g = \j’_l"r |:II; sin” cor.d ((gi‘):|
2| -

I, 1 sin 2ar
It paesy = 2 |:(’T_a}_ 5 :|

2w

» Maximum RMS Thyristor Current, for a =0,

I

B8 ‘gh"

T(RMS)

In the case of a single phase full wave ac voltage controller circuit using aTriac with resistive
load, the average thyristor current IT Avg = . Because the Triacconducts in both the half cycles
and the thyristor current is alternating and we obtain asymmetrical thyristor current waveform

which gives an average value of zero onintegration.
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PERFORMANCE PARAMETERS OF A SINGLE PHASE FULL WAVE ACVOLTAGE
CONTROLLER WITH R-L LOAD
The Expression for the Output (Load) Current

The expression for the output (load) current which flows through the thyristor,
during @t =« to B is given by

()

V.l . . (or—2)
ip=1ir :?’"|:5u1(mr—qﬁ)—sm(a—gﬁ]e@’* } : foraetsf

Where,
V. = ﬁVS = Maximum or peak value of input ac supply voltage.

Z =.JR* +(-:DL): = Load impedance.
L ®L A .
¢=tan"| TJ = Load mmpedance angle (load power factor angle).
L

a = Thyristor trigger angle = Delay angle.

£ = Extinction angle of thyristor, (value of @r) at which the thyristor (load)
current falls to zero.
B 1s caleulated by solving the equation

. . & p-a)
sin( f—¢)=sin(a—g¢)e™
Thyristor Conduction Angle 6 = (p —a)

Maximum thyristor conduction angle §=(f-a)=x radians = 180° for
asg.

RMS Output Voltage

B smla smlf
Vo:ﬂm:-=ﬁ‘j;[(ﬁ—a}+ S :l
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The Average Thyristor Current

1 8
Ly =—| [ fﬂa’[ma‘]}

L&

-

8
Iise) =50 J{;%[shl[wt—é]—sm(a ¢)et }d(wr]}

B
17 ) Dam ot —¢).d(or)- jsm a— gi:)e”f* [mr]}

Maximum value of T

(4 Occur at & =0. The thyristors should be rated for

V

; — m . . _ ' m
MAXIMI Iﬂ:_ hg) —(¥) where I, = E

RMS Thyristor Current I T (RMS)

14,
Irings) = Ejfid[‘m]
" §

Maximum value of Ir g occurs at o =0. Thyristors should be rated for
(1
maximum Iz =| =+

When a Triac 1s used m a single phase full wave ac voltage controller with RL

— : —__m
type of load. then Iy gy =0 and maximum  Ip g —?
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PROBLEMS

1. A4 single phase full wave ac voltage controller supplies an RL load. The inpur
supply volrage is 230V, RMS at 50H=z. The load has L = 10mH, R = 100, the

T
delay angle of thyristors T, and T, are equal, where o, = a, = —. Determine

a. Conduction angle of the thyristor T,.

b. RMS output voltage.
¢. The input power factor.
Comment on the type of operation.
Given
V,=230V. f=50Hz, L=10mH . R=10Q. a =60,

T .
o = o, = a, = — radians.
1 273

V, =2V, =2 x230=325.2691193 ¥

Z = Load Impedance = \/Rz - (mL)E = \/(10)2 - (wL)E

oL=(27fL)=(27x50x10x107) =7 = 3.14159Q

.7:=\f(10]E +(3.14159)" =4/109.8696 =10.48180

P w2
L Vu _2x230 o
Z 104818
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ol
Load Impedance Angle ¢ = tan~! {%J

i
¢=tan” L%J = tan™ (0.314159) =17.44059°

Trigger Angle o > ¢ . Hence the type of operation will be discontinuous load

current operation. we get

B < (rr + of)
B <(180+60) : B <240°
Therefore the range of £ is from 180 degrees to 240 degrees.
(180" < g <240°)
Extinction Angle B is calculated by using the equation

~2{5-a)

sin(f—¢)=sin(a—¢)e

In the exponential term the value of a and B should be substituted inradians. Hence
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R ‘
sin{ﬁ—.;{r]=si11{a'—¢)egﬁm_awj : r:rﬁad=(?

(a—¢)=(60-17.44059) = 42.5504"

=10

sin(f-17.44)" = sin (42,5504 )e 7

51'11{;9—17.44]0 — 0.6763 548—3.133{.5—5”

. B x
180° — 7 radians. =T
Pras 180°
Assuming [ =19{}G;
a ]
190
_F D04 561

Fad = 180" 180

LH.S: sin(190-17.44)" =sin (172.56) = 0.120487

-3.183 331612 |

R.H.S: 0.676354xe '=4.94x107

Assuming f=183":

ﬁﬂmr 183° x 1
= = =3.10395
Rad —180° 180

(B-a)= (3.19395-%1 = 2.14675
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LHS: sin(f—¢)=sin(183-17.44) =sin165.56° = 0.24936

-3 183(214675)

R.H.S: 0.676354e —-7.2876x107

Assuming B ~180°
3 B xx _ 1807 x 3
180" 180

oo 5H{3)

L.H.S: sin(f—-¢)=sin(180-17.44)=0.2997

i

-3.183 x—%t

R H.S: 0.676354e /' =8.6092x10™
Assuming = 196"

3 B xx _195D><.?T

- = —3.420845
Prai 180° 180

LHS: sm(f—¢)=sin(196-17.44)=0.02513

3183 34208452 |

R.H.5: 0.676354e ' =3.5394x10™
Assuming =197°
0 ~0
B, =B 10T XT3 43800

180" 180

L.H.S: sin(f—¢)=5in(197-17.44)=7.69 =7.67937x10"
_T)

3,183 3.43829—= |
| */ =4,950386476x107"

R.H.S: 0.676354e
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Assuming f=197.42°
B B xx 197 42xx

Fad 180 180

=3.4456

LH.S: sin(f—¢)=sin(197.42-17.44) =3.4906 %10~
-3.183 3.4455—%} B
RHS: 0.676354e 1 =3.2709x10

Conduction Angle 5=(f—a)=(197.42° - ﬁ{:r"] =137.42°

RMS Output Voltage

- -

sin2a smmlf }

1
VmﬁmszsJ;{[ﬁ_“]"' 3 )

N 0 : 5
1 T 51112(60 ) sin 2(197.42 ]
V. =230 |—|| 34456 —— |+ _
o= sa150-2). 22 :
Vo) = 230\E[[2.59843)+ 0.4330-0.285640]
V. RMS) = 230x09=207.0445V

a

Input Power Factor

PF = Fo
VSXIS

Vo[ RM5) 207.0445

I, = = =10.7527 A
O RMS) Z 10.4818

P,=1I

o rgs)

R, =(19.7527) x10=3901.716 W
Ve =230V, Iy =Iypps =19.7527

P, 3901.716

PF = =
V,xI, 230x19.7527

=(.8588
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2. A single phase half wave ac regulator using one SCR in anti-parallel with adiode feeds 1 kW,
230 V heater. Find load power for a firing angle of 45°.
Solution

0 a

a=45 = V=230V : B, =1KW =1000W

At standard rms supply voltage of 230V, the heater dissipates 1IKW of outputpower
Therefore

_VGXVG_V_.::?
R R

P, =V,xI,

Resistance of heater

2 . 2
R Yo _ (230) =52.00
B, 1000

RMS value of output voltage

Pt | =

1( sin 2o Sy =
Vo=V, |:-._t 2r—a+ H . for firing angle a = 45"
2\,

P | v

V,= :m{i{:- _z  sm30 H = 2247157 Volts
2 12

RMS value of output current

V., 224,

I,=-%2= 39 _ 42470 Amps
R 529

Load Power

P, =I5 x R =(4.25)" x52.9=954.56 Watts
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UNIT — 111
Single Phase Bridge Converter And
Harmonic Analysis Fully Controlled

Converters
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UNIT - 1
Single Phase Bridge Converter andHarmonic Analysis Fully

ControlledConverters

(Line Commutated AC to DC converters)
INTRODUCTION TO CONTROLLED RECTIFIERS
Controlled rectifiers are line commutated ac to dc power converters which are

used to convert a fixed voltage, fixed frequency ac power supply into variable dc

output voltage.

+
AC Line DC Qutput
Input Commutated Y/
\bltage Converter O(dc)

Type of input: Fixed voltage, fixed frequency ac power supply.
Type of output: Variable dc output voltage

The input supply fed to a controlled rectifier is ac supply at a fixed rms voltage and at a
fixed frequency. We can obtain variable dc output voltage by using controlled rectifiers. By
employing phase controlled thyristors in the controlled rectifier circuits we can obtain variable
dc output voltage and variable dc (average) output current by varying the trigger angle (phase
angle) at which the thyristors are triggered. We obtain a uni-directional and pulsating load
current waveform, which has a specific average value.

The thyristors are forward biased during the positive half cycle of input supply and can
be turned ON by applying suitable gate trigger pulses at the thyristor gate leads. The thyristor

current and the load current begin to flow once the thyristors are triggered (turned ON) say at wt

=« . The load current flows when the thyristors conduct from wt=c«to . The output voltage
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across the load follows the input supply voltage through the conducting thyristor. At wt= f3,

when the load current falls to zero, the thyristors turn off due to AC line (natural) commutation.

In some bridge controlled rectifier circuits the conducting thyristor turns off, when the
other thyristor is (other group of thyristors are) turned ON. The thyristor remains reverse biased
during the negative half cycle of input supply. The type of commutation used in controlled
rectifier circuits is referred to AC line commutation or Natural commutation or AC phase
commutation.

When the input ac supply voltage reverses and becomes negative during the negative half
cycle, the thyristor becomes reverse biased and hence turns off. There are several types of power
converters which use ac line commutation. These are referred to as line commutated converters.
Different types of line commutated converters are

e Phase controlled rectifiers which are AC to DC converters.

e AC to AC converters

e AC voltage controllers, which convert input ac voltage intovariable ac output voltage at
the same frequency.

e Cyclo converters, which give low output frequencies.

All these power converters operate from ac power supply at a fixed rms input
supply voltage and at a fixed input supply frequency. Hence they use ac line
commutation for turning off the thyristors after they have been triggered ON by the

gating signals.

DIFFERENCES BETWEEN DIODE RECTIFIERS AND PHASE CONTROLLED
RECTIFIERS

The diode rectifiers are referred to as uncontrolled rectifiers which make use of power
semiconductor diodes to carry the load current. The diode rectifiers give a fixed dc output
voltage (fixed average output voltage) and each diode rectifying element conducts for one half

cycle duration (T/2 seconds), that is the diode conduction angle = 1800 or = radians.
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A single phase half wave diode rectifier gives (under ideal conditions) an average dc output

voltage Vp(gc) = VT’" and single phase full wave diode rectifier gives (under ideal conditions) an

average dc output voltage Vj 40y = % where 1}, is maximum value of the available ac supply

voltage.

Thus we note that we can not control (we can not vary) the dc output voltage or the
average dc load current in a diode rectifier circuit.

In a phase controlled rectifier circuit we use a high current and a high power thyristor
device (silicon controlled rectifier; SCR) for conversion of ac input power into dc output power.

Phase controlled rectifier circuits are used to provide a variable voltage output dc and a
variable dc (average) load current.

We can control (we can vary) the average value (dc value) of the output load voltage (and

hence the average dc load current) by varying the thyristor trigger angle.

We can control the thyristor conduction angle & from 180°o 0%y varying the trigger angle

a from 0°to 180°, where thyristor conduction angle § = (r—a)

APPLICATIONS OF PHASE CONTROLLED RECTIFIERS
e DC motor control in steel mills, paper and textile mills employing dc motordrives.
e AC fed traction system using dc traction motor.
e Electro-chemical and electro-metallurgical processes.
e Magnet power supplies.
e Reactor controls.
e Portable hand tool drives.
e Variable speed industrial drives.
e Battery charges.
e High voltage DC transmission.

e Uninterruptible power supply systems (UPS).

Some years back ac to dc power conversion was achieved using motor generator sets, mercury

arc rectifiers, and thyratorn tubes. The modern ac to dc power converters are designed using high
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power, high current thyristors and presently most of the ac-dc power converters are thyristorised
power converters. The thyristor devices are phase controlled to obtain a variable dc output
voltage across the output load terminals. The phase controlled thyristor converter uses ac line
commutation (natural commutation) for commutating (turning off) the thyristors that have been
turned ON.

The phase controlled converters are simple and less expensive and are widely used in industrial
applications for industrial dc drives. These converters are classified as two quadrant converters if
the output voltage can be made either positive or negative for a given polarity of output load
current. There are also single quadrant acdc converters where the output voltage is only positive
and cannot be made negative for a given polarity of output current. Of course single quadrant
converters can also be designed to provide only negative dc output voltage.

The two quadrant converter operation can be achieved by using fully controlled bridge converter

circuit and for single quadrant operation we use a half controlled bridge converter.

CLASSIFICATION OF PHASE CONTROLLED RECTIFIERS
The phase controlled rectifiers can be classified based on the type of input power supply as
e Single Phase Controlled Rectifiers which operate from single phase ac input power
supply.
e Three Phase Controlled Rectifiers which operate from three phase ac input power supply.

DIFFERENT TYPES OF SINGLE PHASE CONTROLLED RECTIFIERS
Single Phase Controlled Rectifiers are further subdivided into different types

e Half wave controlled rectifier which uses a single thyristor device (which provides output
control only in one half cycle of input ac supply, and it provides low dc output).

e Full wave controlled rectifiers (which provide higher dc output)

I.  Full wave controlled rectifier using a center tapped transformer (which requires two
thyristors).
Il.  Full wave bridge controlled rectifiers (which do not require a center tapped transformer)
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e Single phase semi-converter (half controlled bridge converter, using two SCR’s and two
diodes, to provide single quadrant operation).

e Single phase full converter (fully controlled bridge converter which requires four SCR’s,
to provide two quadrant operation).

Three Phase Controlled Rectifiers are of different types

e Three phase half wave controlled rectifiers.

e Three phase full wave controlled rectiriers.
I.  Semi converter (half controlled bridge converter).
I1.  Full converter (fully controlled bridge converter).

PRINCIPLE OF PHASE CONTROLLED RECTIFIER OPERATION

The basic principle of operation of a phase controlled rectifier circuit is explained with reference
to a single phase half wave phase controlled rectifier circuit with a resistive load shown in the

figure.

A single phase half wave thyristor converter which is used for ac-dc power conversion is shown
in the above figure. The input ac supply is obtained from a main supply transformer to provide
the desired ac supply voltage to the thyristor converter depending on the output dc voltage
required. pVv represents the primary input ac supply voltage. sv represents the secondary ac

supply voltage which is the output of the transformer secondary.
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R=R, = Load Resistance

Fig.1 Single Phase Half-Wave Thyristor Converter with a Resistive Load

During the positive half cycle of input supply when the upper end of the transformer secondary is
at a positive potential with respect to the lower end, the thyristor anode is positive with respect to
its cathode and the thyristor is in a forward biased state. The thyristor is triggered at a delay
angle of wt=«, by applying a suitable gate trigger pulse to the gate lead of thyristor. When the
thyristor is triggered at a delay angle of wt=«, the thyristor conducts and assuming an ideal
thyristor, the thyristor behaves as a closed switch and the input supply voltage appears across the

load when the thyristor conducts from wt =« to = radians. Output voltage V, = Vs

when the thyristor conducts from wt=«ato .
For a purely resistive load, the load current oi (output current) that flows when the thyristor 1 T is

on, is given by the expression

. 0
LO=R—,foraSth7r
L

The output load current waveform is similar to the output load voltage waveform during the
thyristor conduction time from « to 7 . The output current and the output voltage waveform are
in phase for a resistive load. The load current increases as the input supply voltage increases and

the maximum load current flows at = % , when the input supply voltage is at its maximum value.
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The maximum value (peak value) of the load current is calculated as
Vin

io(max) = Im - R_L

Note that when the thyristor conducts (T;is on) during wt =« to 7, the thyristor current i, the

load current i,through R;and the source current i flowing through the transformer secondary

winding are all one and the same.

Hence we can write

) ) ] Vo Vysinwt
lslelzlozﬁzT;foraSthn

I, is the maximum (peak) value of the load current that flows through the transformer secondary
winding, through T; and through the load resistor R, at the instant wt = % , when the input
supply voltage reaches its maximum value.

When the input supply voltage decreases the load current decreases. When the supply
voltage falls to zero at ot =7, the thyristor and the load current also falls to zeroat wt=7 .
Thus the thyristor naturally turns off when the current flowing through it falls to zeroat wt=r.

During the negative half cycle of input supply when the supply voltage reverses and
becomes negative during ot =7 to 2 7 radians, the anode of thyristor is at a negative potential

with respect to its cathode and as a result the thyristor is reverse biased and hence it remains cut-

off (in the reverse blocking mode). The thyristor cannot conduct during its reverse biased state
between wt=mto 2 . An ideal thyristor under reverse biased condition behaves as an open
switch and hence the load current and load voltage are zero during wt =7 to 2 = . The maximum
or peak reverse voltage that appears across the thyristor anode and cathode terminals is V,,, .

The trigger angle « (delay angle or the phase angle « ) is measured from the beginning of each

positive half cycle to the time instant when the gate trigger pulse is applied. The thyristor

conduction angle is from « to 7, hence the conduction angle 6 = (x—a) .The maximum

conduction angle is 7 radians (180°) when the trigger angle o= 0.
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Fig.3 Waveforms of single phase half-wave controlled rectifier with resistive load
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The waveforms shows the input ac supply voltage across the secondary winding of the
transformer which is represented as V, , the output voltage across the load, the output (load)

current, and the thyristor voltage waveform that appears across the anode and cathode terminals.

EQUATIONS

V, =V, sin wt = the ac supply voltage across the transformer secondary.

V,, = max. (peak) value of input ac supply voltage across transformer secondary.
Vin

V., = Noin RMS value of input ac supply voltage across transformer secondary.

Vp =V, = the output voltage across the load

ip = iy = output (load) current.

When the thyristor is triggered at wt = « (an ideal thyristor behaves as a closed switch) and
hence the output voltage follows the input supply voltage.

Vo=V, =V, sinwt ; for ot=ato 7, when the thyristor is on.

ip =i, = %" = Load current for wt=c« to 7, when the thyristor is on.

TO DERIVE AN EXPRESSION FOR THE AVERAGE (DC) OUTPUT VOLTAGE
ACROSS THE LOAD

If V,,is the peak input supply voltage, the average output voltage V,.can be found from

T

1
Vo) = %J V,, sinwt.d(wt)

T

|74
Voeae) = ﬁf sin wt . d(wt)

a

VO(dc) = Z—:’;[— CcosS T + cos a] rcosm = —1

V
Vo) = ﬁ[l + cos a]

V, = V2V,
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The maximum average (dc) output voltage is obtained when « = 0 and the maximum dc output
Vi

VOItage Vdc(max) =Vim = T

The average dc output voltage can be varied by varying the trigger angle « from 0 to a

maximum of 180° ( 7 radians) .

We can plot the control characteristic, which is a plot of dc output voltage versus the trigger

angle « by using the equation for V)

CONTROL CHARACTERISTIC OF SINGLE PHASE HALF WAVE PHASE
CONTROLLED RECTIFIER WITH RESISTIVE LOAD

The average dc output voltage is given by the expression

|74
Vo) = %[1 + cos af

We can obtain the control characteristic by plotting the expression for the dc output voltage as a

function of trigger angle «

Trigger angle o I o
in degrees Ofde) o
0 |4 =IJ—; 100% ¥,
30° 093371, 933% W, 7
60° 0757, 75% Vi Vi == Victamy
og’ 0.5V, 0% F,
120° 0257, 25% 1,
150° 0.06698 77, 6.69 % I,
180° 0 0
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Fig.4 Control characteristic

Normalizing the dc output voltage with respect to V,,,, the normalized output voltage

v _ VO(dC) _ Vdc
m = =
" Vdc(max) Vdm
Vm 1
v . Vie Z[ + cos a]
dcn n — - V.
V Im
dm -
Vac 1
= = -1+ =V
n Vo > ( cos ) den

TO DERIVE AN EXPRESSION FOR THE RMS VALUE OF OUTPUT VOLTAGE OF A
SINGLE PHASE HALF WAVE CONTROLLED RECTIFIER WITH RESISTIVE LOAD
The rms output voltage is given by

-
-

— i

. 1 .
ir’r):w..*.f_- =1 1_..'T "'r:'-dl.w\.l 1

(=]

Output voltage v, =F, sinat . for et = tox

1

i 135, ., T
ir’r):w..*.f_- =l E{ I, sin’ G'J?'..:’:rt H?}
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n —_ g
By substituting sin” @ =1L,I'&:Ir . We get

N | 1- cuslm‘] 2
Io.-.a-.'-? =.§L‘[Imt 2 ("-’f]:"

I}W?,=_4—"‘_{1 cos 2ot ) d ruz']]

=

Vormes) = I:{J-ﬂ'[mf]—lcosszdimpﬂ

E:.-"

=3 i/ =52/ ]

ba]

. ABY sin 27 —sin 2 )
A p—"

sin2x =0

Hence we get,

, Vol 1( . sin2a | |2
Ir:u.al.ﬂr ?|:_ {Jr—.:xj+ 2 |T

Tl

|

V ' T+

Vo
Of RS E\EU

sin Doy ]
2

PERFORMANCE PARAMETERS OF PHASE CONTROLLED RECTIFIERS

Output dc power (average or dc output power delivered to the load)
Fovaey =Vogaey * Loy -+ 1€ B =V xI,

Where

V4 =V, = average or dc value of output (load) voltage.

I, 4 =1, = average or dc value of output (load) current.

Output ac power
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F)O(ac) = VO(rms)*IO(rms)

Efficiency of Rectification (Rectification Ratio)

'P-:'J:d': VoL

- Pr}h};-
%o Efficiency 7= =100

ach i ac)

Efficiency 7=

The output voltage can be considered as being composed of two components
e The dc component Voe= DC or average value of output voltage.
e The ac component or the ripple components V,.=Vims=RMS value ofall the ac ripple

components.

The total RMS value of output voltage is given by

Therefore

The Ripple Factor (RF) which is a measure of the ac ripple content in the output voltage
waveform. The output voltage ripple factor defined for the output voltage waveform is given by

i)V
I.l'

r=RF= =2
¥ I
i) e

'Ifr:_| M) E:r.;:u'n
_i"‘ = Ir =

L ]

I.-"

o RME) | 1

Voo |

N ]

Therefore
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Transformer Utilization Factor (TUF)

P

_ N del
EJ.? . "'ir.i

Iuvr

Where
.= BEMS wvalue of transformer secondary output voltage (REMS

]

Sl-lppl}-' voltage at the secondary)

I.= EMS value of transformer secondary current (RMS line or
supply current).

Input voltage

Fundamental current

v, = Supply voltage at the transformer secondary side .

i, = Input supply current (transformer secondary winding current) .

iy, = Fundamental component of the input supply current .

I, = Peak value of the input supply current .

i = Phase angle difference befween (sine wave components) the fundamental

components of input supply current and the input supply voltage.
g = Displacement angle (phase angle)

Foran RL load ¢ = Displacement angle = Load impedance angle

i A
¢=tm‘l:%jfmaﬂRLload
L .

Displacement Factor (DF) or Fundamental Power Factor
DF = cos®
Harmonic Factor (HF) or Total Harmonic Distortion Factor (THD)
The harmonic factor is a measure of the distortion in the output waveform and is also referred to

as the total harmonic distortion (THD)
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Where
I = RMS value of input supply current
Is; = RMS value of fundamental component of the input supply current.

Input Power Factor (PF)

Vsl I
PF = 1551551 cosP = IS—;cos 1)
The Crest Factor (CF)

CF = Is(pear) _ Peakinput supply current

I RMS input supply current
For an Ideal Controlled Rectifier
FF =1 ; which means that Vjrusy = Vo(ac)
Efficiency n = 100% ;
which means that Py gy = Po(ac)
Vae = Vrgms) =0
Sothat RF = 1, =0
Ripple factor = 0 (ripple free converter).
TUF =1 ; which means that P )=VsIs
HF = THD = 0 ; which means that Is = I,
PF = DPF =1 ; which means that ¢ = 0

SINGLE PHASE HALF WAVE CONTROLLED RECTIFIER WITH AN RL LOAD
In this section we will discuss the operation and performance of a single phase half wave

controlled rectifier with RL load. In practice most of the loads are of RL type. For example if we

consider a single phase controlled rectifier controlling the speed of a dc motor, the load which is

the dc motor winding is an RL type of load, where R represents the motor winding resistance and

L represents the motor winding inductance.

A single phase half wave controlled rectifier circuit with an RL load using a thyristor T;

(Tyis an SCR) is shown in the figure below.
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Fig.5 Circuit Diagram
The thyristor T is forward biased during the positive half cycle of input supply. Let us
assume that T1is triggered at wt =« , by applying a suitable gate trigger pulse to T;during the

positive half cycle of input supply. The output voltage across the load follows the input supply
voltage when T; is ON. The load currenti, flows through the thyristor T; and through the load in
the downward direction. This load current pulse flowing through T; can be considered as the

positive current pulse. Due to the inductance in the load, the load current i, flowing through T;
would not fall to zero at wt =7, when the input supply voltage starts to become negative. A
phase shift appears between the load voltage and the load current waveforms, due to the load
inductance.

The thyristor T; will continue to conduct the load current until all the inductive energy
stored in the load inductor L is completely utilized and the load current through T; falls to zero at
wt= f,where S isreferred to as the Extinction angle, (the value of wt) at which the load
current falls to zero. The extinction angle 3 is measured from the point of the beginning of the

positive half cycle of input supply to the point where the load current falls to zero.
The thyristor T;conducts from wt=ato (. The conduction angle of T;is 6 = (B-a),which

depends on the delay angle « and the load impedance angle ¢ . The waveforms of the input

supply voltage, the gate trigger pulse of 1 T , the thyristor current, the load current and the load

voltage waveforms appear as shown in the figure below.
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Fig.6 Input supply voltage & Thyristor current waveforms

£ is the extinction angle which depends upon the load inductance value.

o

\

LC8

Fig.7 Output (load) voltage waveform of a single phase half wave controlled rectifier with

RL load

From S to 2 «t, the thyristor remains cut-off as it is reverse biased and behaves as an open

switch. The thyristor current and the load current are zero and the output voltage also remains at

zero during the non conduction time interval between (3 to 2 7z . In the next cycle the thyristor is

triggered again at a phase angle of (27 +a ), and the same operation repeats.

TO DERIVE AN EXPRESSION FOR THE OUTPUT (INDUCTIVE LOAD) CURRENT,
DURING wt=ato 3 WHEN THYRISTOR T;CONDUCTS

Considering sinusoidal input supply voltage we can write the expression for the supply voltage

as
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V. =V, sin wt = instantaneous value of the input supply voltage.

Let us assume that the thyristor Ty is triggered by applying the gating signal to T:at wt=« . The
load current which flows through the thyristor T;during wt=c«to 3 can be found from the

equation

di, . :
L (E) + Ri, = V,, sinwt
The solution of the above differential equation gives the general expression for the output load

current which is of the form

t

V —
i, = 7msin(a)t —¢) +Aer
Where V,, = v/2Vg = maximum or peak value of input supply voltage

Z = JR? + (wL)?

¢ = tan! “;TL: Load impedance angle (power factor angle of load).

T = %: Load circuit time constant.

Therefore the general expression for the output load current is given by the equation

Vin —Rt
i, = 7sin(wt —¢)+AetL

The value of the constant Ajcan be determined from the initial condition. i.e. initial value of load
current i,= 0 ,at wt=«.Hence from the equation for i, equating i.to zero and substituting ot

= o, we get

V —Rt
i,=0= 7msin(a —¢)+AetL

Therefore

Ae? ’=%m{a—m
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By substituting ot =« , we get the value of constant A;as

R -V
A= eol m

sin(a — 4))]

Substituting the value of constant A;from the above equation into the expression for i,, we obtain

=& Rjar) _E;,

iy ="2simaf—g)+e’ e [ Z"‘ sm{af—;ﬂ:}
i ) O VR R

Iy =—2sinfat—¢)+e = e | —= smla—gﬁ]}

T, -] ]
i, =—2sinfaf—g)+east —Hanfa—g) |
= Lesin(or—g) e | Losin(a—)|

Therefore we obtain the final expression for the inductive load current of a single phase half

wave controlled rectifier with RL load as

-
—wr—a) |
.

:’,;=%[sﬁ1(mf—;ﬂ]—sﬁ1(a—;ﬂ]e Where g =t = .

The above expression also represents the thyristor current iy, during the conduction time

interval of thyristor Tifrom wt=ato 3.

TO CALCULATE EXTINCTION ANGLE S
The extinction angle 3, which is the value of w t at which the load current i,falls to zero and

Tais turned off can be estimated by using the condition that i, =0, at wt= f3.

By using the above expression for the output load current, we can write

Department of Electrical & Electronics Engineering Page 593



o =[}=%: Em[ﬁ_él—sm[a_;g]g%"j_“'}

V .
As o =), we can write

-‘:iﬂ{ﬁ—cé}—sin[.:x—me;_f’*q's}=u

Therefore we obtain the expression

2(p-a)
sin(B — ¢) = sin(a — ¢p)ear P *
The extinction angle (3 can be determined from this transcendental equation by using the

iterative method of solution (trial and error method). After 3 is calculated, we can determine the
thyristor conduction angle ¢ = (B-a).

(3 is the extinction angle which depends upon the load inductance value. Conduction angle

0 increases as « is decreased for a specific value of 3.

Conduction angle § = (B-a);fora purely resistive load or for an RL load when the load

inductance L is negligible the extinction angle 3 = and the conduction angle ¢ = (r—a)

Equations
V, =V, sin wt = Input supply voltage
V, =V, =V, sinwt = Output load voltage forwt = ato 3
when the thyristor T;conducts ( Tiis on).

Expression for the load current (thyristor current): for ot=ato 8

i, = V7m [sin(wt — ¢) — sin(a — d))eﬁ(“’t_“)]

Extinction angle (3 can be calculated using the equation
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TO DERIVE AN EXPRESSION FOR AVERAGE (DC) LOAD VOLTAGE

==l
"
I

iy =V, = F d(ot)+ T'G..:;’(rdr]—_r_v”.d[wr]::
oz a a@ :5' |

sin(wt — ¢) — sin(a — ¢)ear? @

v,=0for ot =0to & & for ot = F to 2 ;

V,d|@t) v, =V sinef for of = to §

_r

N

I-:Jdn I _E {

Ve =V, —%T {r smrdm’{mr}
[ £

Vi =V, _L —cosm{/

2r sl

Lo,

® (cosa—cos )

. V.
=V =TT{cnsa—cnsﬁj

Note: During the period wt=mto [, we can see from the output load voltage waveform that

the instantaneous output voltage is negative and this reduces the average or the dc output voltage

when compared to a purely resistive load.

Average DC Load Current
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Vowao) v
Iogac) = ILcavg) = RLC = ZnT;?L (cosa — cos )

SINGLE PHASE HALF WAVE CONTROLLED RECTIFIER WITH RL LOAD AND
FREE WHEELING DIODE

r

Vo

0O

Fig.8 Single Phase Half Wave Controlled Rectifier with RL Load and Free Wheeling Diode
(FWD)

With a RL load it was observed that the average output voltage reduces. This disadvantage can

be overcome by connecting a diode across the load as shown in figure. The diode is called as a

Free Wheeling Diode (FWD). The waveforms are shown below.
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Fig.9 Wave Forms

At wt =7, the source voltage sv falls to zero and as sv becomes negative, the free
wheeling diode is forward biased. The stored energy in the inductance maintains the load current
flow through R, L, and the FWD. Also, as soon as the FWD is forward biased, at ot =7, the
SCR becomes reverse biased, the current through it becomes zero and the SCR turns off. During
the period wt=mto 3, the load current flows through FWD (free wheeling load current) and
decreases exponentially towards zeroat wt= f3.

Also during this free wheeling time period the load is shorted by the conducting FWD
and the load voltage is almost zero, if the forward voltage drop across the conducting FWD is
neglected. Thus there is no negative region in the load voltage wave form. This improves the

average output voltage.
The average output voltage V. = Z—’; (1 + cos a), which is the same as that of a purely resistive

load. The output voltage across the load appears similar to the output voltage of a purely resistive

load.
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The following points are to be noted.
e If the inductance value is not very large, the energy stored in the inductance is able to

maintain the load current only upto wt= [, where n <[3<2 7w, well before the next

gate pulse and the load current tends to become discontinuous.

e During the conduction period «to 7, the load current is carried by the SCR and during
the free wheeling period 7 to 3, the load current is carried by the free wheeling diode.
e The value of j depends on the value of R and L and the forward resistance of the FWD.

Generally £<3<27.

If the value of the inductance is very large, the load current does not decrease to zero during the

free wheeling time interval and the load current waveform appears as shown in the figure.

= f; ik t ol ty 34 t, >

SCR e FWD SCR Zeis3 FWD

0 5
o T 2 e in > ot

Fig.10 Waveform of Load Current in Single Phase Half Wave Controlled Rectifier with a
Large Inductance and FWD

During the periods t; t5 ..... the SCR carries the load current and during the periods t t,..... the
FWD carries the load current.

It is to be noted that
e The load current becomes continuous and the load current does not fall to zero for large

value of load inductance.

Department of Electrical & Electronics Engineering Page 598



e The ripple in the load current waveform (the amount of variation in the output load

current) decreases.

SINGLE PHASE HALF WAVE CONTROLLED RECTIFIER WITH A GENERAL
LOAD

A general load consists of R, L and a DC source ‘E’ in the load circuit

Lyt

-) 1'13 L VD‘

_TE

Fig.11 Circuit Diagram

In the half wave controlled rectifier circuit shown in the figure, the load circuit consists of
a dc source ‘E’ in addition to resistance and inductance. When the thyristor is in the cut-off state,
the current in the circuit is zero and the cathode will be at a voltage equal to the dc voltage in the
load circuit i.e. the cathode potential will be equal to ‘E’. The thyristor will be forward biased for
anode supply voltage greater than the load dc voltage.
When the supply voltage is less than the dc voltage ‘E’ in the circuit the thyristor is reverse
biased and hence the thyristor cannot conduct for supply voltage less than the load circuit dc
voltage.

The value of w t at which the supply voltage increases and becomes equal to the load circuit dc
voltage can be calculated by using the equation V,, sin wt = E. If

we assume the value of wtisequal to y then we can write I,, siny = E . Therefore vy
- _ . _1 i
is calculated as y = sin (Vm) :

For trigger angle « <y, the thyristor conducts only from wt=yto 3.
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For trigger angle « > vy, the thyristor conducts from wt=ato 8

The waveforms appear as shown in the figure
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H
1
! ! i ! - et
0 o [ 12T+ i -
I 1 T FI 1 :
1 5 i | 1
i ' ' i
1 ' 1
' i i i
. 1 . ¢
r':j . 1 I . '.i I I
@t & ! . . : i
o - 1
L |-mmqmmmmmmm - - - - == i
1
/\“‘“—-L-}ad current :/,>_\i
0 3 it
o B 2T+ 2n=g

B

Fig.12 Wave Forms
Equations
V, =V, sin wt = Input supply voltage

V, =V, sinwt = Output load voltage forwt = ato 3
V, = E for wt =0 to a and for wt = B to 2w

Expression for the Load Current

When the thyristor is triggered at a delay angle of « , the equation for the circuit can be written

as

Vosinwt = iy R+ L(52) +E; a<o<p

The general expression for the output load current can be written as
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S E =
i, =—"sin{@f—gd)|——+de’

Z (ot —¢) 7
Where

Z=yJR*+(aL)’ = Load Impedance

¢=tan™ | %jt 1| = Load impedance angle

L L
T= E = Load circuit time constant

The general expression for the output load current can be written as
. W E Ry
i, = 7sm(wt —¢) —E+Ae L
To find the value of the constant ‘A’ apply the initial condition at wt =« , load current O oi = .

Equating the general expression for the load current to zero at wt =« , we get
—Ra

V E
i, = 0=7msin(a—¢)—§+Aeﬁ

We obtain the value of constant ‘A’ as

A E V, in ) Ra
= |——— — Lw
R Zsma P)le

Substituting the value of the constant ‘A’ in the expression for the load current, we get the

complete expression for the output load current as

Vn E
i, =7sm(a—¢)—ﬁ+ E—7sm(a—q.’)) e

The Extinction angle (3 can be calculated from the final condition that the output current 0 oi =

(wt a)

at wt= [ .By using the above expression we get,

ipb,=0 =—51n(ﬁ ¢)——+[———51n(a—¢) ewL(ﬂ )

To derive an expression for the average or dc load voltage
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= a Ix
{vﬂ,.d(&:r:w [E,.d(rur:H {'ur; d(at) |
[ a [ |

-

de) = 2'1

v, =V singaf = Output load voltage for of = to §

V,=FE forwi=0toe &forwi=Ftolx

Mf% [Ed(ot)+ [V, sinot+ [ Ed(et)|
T _‘:, e ,.-5 _|

-

RS U PR Ly S
Ic,:m:E E(rdrl/n+iml—cosmy J+E(&]F*:/ N

) 1

) =E

[ E(a—0)-V, (cos f—cosa)+E(27-F)]

r I':“ ; - E ;
de) =E|:|.c':"5Q—CDS,E]_I+E{E;{_£+Q]

-

V. 2r—(f-a)]
Vo =2—:'T{cosaf—cosﬁ]—[i— E

2r

Conduction angle of thyristor ¢ = (B-a)

RMS Output Voltage can be calculated by using the expression

. 1%, ]
O BT =J1_"T|: { ‘-’U.ﬂf[mr] |
2 5 ]

DISADVANTAGES OF SINGLE PHASE HALF WAVE CONTROLLED RECTIFIERS
Single phase half wave controlled rectifier gives

e Low dc output voltage.

e Low dc output power and lower efficiency.
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e Higher ripple voltage & ripple current.

e Higher ripple factor.

e Low transformer utilization factor.

e The input supply current waveform has a dc component which can result in dc

e saturation of the transformer core.

Single phase half wave controlled rectifiers are rarely used in practice as they give low dc output
and low dc output power. They are only of theoretical interest. The above disadvantages of a
single phase half wave controlled rectifier can be over come by using a full wave controlled

rectifier circuit. Most of the practical converter circuits use full wave controlled rectifiers.

SINGLE PHASE FULL WAVE CONTROLLED RECTIFIERS
Single phase full wave controlled rectifier circuit combines two half wave controlled rectifiers in
one single circuit so as to provide two pulse output across the load. Both the half cycles of the
input supply are utilized and converted into a unidirectional output current through the load so as
to produce a two pulse output waveform. Hence a full wave controlled rectifier circuit is also
referred to as a two pulse converter.
Single phase full wave controlled rectifiers are of various types

e Single phase full wave controlled rectifier using a center tapped transformer (two pulse

converter with mid point configuration).
e Single phase full wave bridge controlled rectifier

0,

¢+ Half controlled bridge converter (semi converter).

0,

% Fully controlled bridge converter (full converter).

SINGLE PHASE FULL WAVE CONTROLLED RECTIFIER USING A CENTER
TAPPED TRANSFORMER
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AC
Supply

B

Fig.13 Circuit Diagram

V¢ = Supply Voltage across the upper half of the transformer secondary winding

Vs = V4o =V, sinwt
Vo = —Vy4o = —V,, sin wt = supply voltage across the lower half of the transformer secondary
winding.
This type of full wave controlled rectifier requires a center tapped transformer and two thyristors
Tiand T,. The input supply is fed through the mains supply transformer, the primary side of the
transformer is connected to the ac line voltage which is available (normally the primary supply
voltage is 230V RMS ac supply voltage at 50Hz supply frequency in India). The secondary side
of the transformer has three lines and the center point of the transformer (center line) is used as

the reference point to measure the input and output voltages.

The upper half of the secondary winding and the thyristor Tialong with the load act as a half
wave controlled rectifier, the lower half of the secondary winding and the thyristor T,with the
common load act as the second half wave controlled rectifier so as to produce a full wave load
voltage waveform.

There are two types of operations possible.

e Discontinuous load current operation, which occurs for a purely resistive load or an RL load

with low inductance value.
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e Continuous load current operation which occurs for an RL type of load with large load

inductance.

Discontinuous Load Current Operation (for low value of load inductance)

Generally the load current is discontinuous when the load is purely resistive or when the RL load
has a low value of inductance.

During the positive half cycle of input supply, when the upper line of the secondary winding is at
a positive potential with respect to the center point ‘O’ the thyristor T;is forward biased and it is
triggered at a delay angle of « . The load current flows through the thyristor T, through the load

and through the upper part of the secondary winding, during the period «to 3, when the

thyristor T;conducts.

The output voltage across the load follows the input supply voltage that appears across the upper

part of the secondary winding from wt=c«to (3. The load current through the thyristor T,
decreases and drops to zeroat wt= 3, where 3 >z for RL type of load and the thyristor

Tinaturally turns offat wt= f.

o g i 2mi 3n

(Hiﬂ} (m+p)

Fig.14 Waveform for Discontinuous Load Current Operation without FWD
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During the negative half cycle of the input supply the voltage at the supply line ‘A’ becomes
negative whereas the voltage at line ‘B’ (at the lower side of the secondary winding) becomes

positive with respect to the center point ‘O’. The thyristor T»is forward biased during the
negative half cycle and it is triggered at a delay angle of (z+a) .Thecurrent flows through

the thyristor T, through the load, and through the lower part of the secondary winding when
T,conducts during the negative half cycle the load is connected to the lower half of the secondary
winding when T,conducts.

For purely resistive loads when L = 0, the extinction angle 3 =7 . The load current falls to zero
at wt= [ =7, when the input supply voltage falls to zero at wt =7 . The load current and the

load voltage waveforms are in phase and there is no phase shift between the load voltage and the
load current waveform in the case of a purely resistive load.

For low values of load inductance the load current would be discontinuous and the extinction
angle B> rbut B<(n+a)
For large values of load inductance the load current would be continuous and does not fall to

zero. The thyristor T;conducts from « to (z+a) ,until the next thyristor Tzis triggered.

When T2 is triggered at wt = (r+a) ,the thyristor Towill be reverse biased and hence

T1turns off.

TO DERIVE AN EXPRESSION FOR THE DC OUTPUT VOLTAGE OF A SINGLE
PHASE FULL WAVE CONTROLLED RECTIFIER WITH RL LOAD (WITHOUT
FREE WHEELING DIODE (FWD))

The average or dc output voltage of a full-wave controlled rectifier can be calculated by finding

the average value of the output voltage waveform over one output cycle (i.e., = radians) and note

that the output pulse repetition time is g seconds where T represents the input supply time period

and T = ]lc ; where f = input supply frequency.
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Assuming the load inductance to be small so that 3> 7, < (z+a) we obtain discontinuous

load current operation. The load current flows through Tiform wt=«to 3, where «ais the
trigger angle of thyristor T,and S is the extinction angle where the load current through T;falls

to zeroat wt= f. Therefore the average or dc output voltage can be obtained by using the

expression.

| .2 4 .
Voaey =Va =3 { V. (@t

- [

F— Ty

1
ddo) = 3 ; 1’r} d { ax ]

x I_}" —

N -

I:'J:d:l = 'I;. = i?_|:i f:" sif o . |{ rﬂf::l:|
v /]
:J:J:| ='IJ. =__: —cosaif

r

o) =V, =%{msa—ms,€]

Therefore Voge) = V;’" (cos a — cos B), for discontinuous load current operation,
<A< ( Tta)
When the load inductance is small and negligible that is L ~0 , the extinction angle 3 == radians

. Hence the average or dc output voltage for resistive load is obtained as

v
Voe) = f(cosa —cosm) ;cosm = —1

. T _
LA =?[mscx—L—l‘J]|

4

-

P =h[1—cma] : for resistive load. when L=0
) F'3
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THE EFFECT OF LOAD INDUCTANCE

Due to the presence of load inductance the output voltage reverses and becomes negative during
the time period wt=7xto . This reduces the dc output voltage. To prevent this reduction of dc

output voltage due to the negative region in the output load voltage waveform, we can connect a
free wheeling diode across the load. The output voltage waveform and the dc output voltage

obtained would be the same as that for a full wave controlled rectifier with resistive load.

When the Free wheeling diode (FWD) is connected across the load

When Tjis triggered at o t = «, during the positive half cycle of the input supply the FWD is
reverse biased during the time period wt=«to = . FWD remains reverse biased and cut-off
from wt=ato 7. The load current flows through the conducting thyristor T,, through the RL
load and through upper half of the transformer secondary winding during the time period « to
7T .

At wt=7,when the input supply voltage across the upper half of the secondary winding

reverses and becomes negative the FWD turns-on. The load current continues to flow through

the FWD from wt==xto 3.

Fig.15 Waveform for Discontinuous Load Current Operation with FWD
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EXPRESSION FOR THE DC OUTPUT VOLTAGE OF A SINGLE PHASE FULL WAVE
CONTROLLED RECTIFIER WITH RL LOAD AND FWD

4

1
VO(dC) = Vdc = E f Vod(l)t
wt=0

Thyristor T,is triggered at wt =« . Ticonducts from wt=ato x.
Output voltage Vy = V,, sinwt; for wt = atom.

FWD conducts from wt=7xto and 0 ov ~during discontinuous load current

Therefore 7, =V, = [V, sinord (o)
! ) :

v
Vo =V, =-"|_cos@i/
) de T III.' .

I.;'
=V, =—=[-cosm+cosa] ; cosm=-1
) T

4

r
de)

N :
=V, =?{1—cosa;

4

Therefore I

r
e

The DC output voltage Vgcis same as the DC output voltage of a single phase full wave
controlled rectifier with resistive load. Note that the dc output voltage of a single phase full wave

controlled rectifier is two times the dc output voltage of a half wave controlled rectifier.

CONTROL CHARACTERISTICS OF A SINGLE PHASE FULL WAVE CONTROLLED
RECTIFIER WITH R LOAD OR RL LOAD WITH FWD

The control characteristic can be obtained by plotting the dc output voltage V. versus the trigger
angle «.

The average or dc output voltage of a single phase full wave controlled rectifier circuit with R
load or RL load with FWD is calculated by using the equation
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Vin
Voce) = Vac = = (14 cosa)

Vyccan be varied by varying the trigger angle « from 0 to 180°. (i.e., therange of trigger angle

a is from 0 to = radians).

Maximum dc output voltage is obtained when a= 0

| =V, =Ii{1—cosﬂ]=ﬂ”‘
T T

el o |

AT7

~ = for a single phase full wave controlled rectifier.
T

I.l'

el |

=V, =

Normalizing the dc output voltage with respect to its maximum value, we can write the

normalized dc output voltage as

[ Vi
Vi =V, ==&
- ) I-’.A'um.l_: I-’.i'n
V. :
?““ (1+cosa)
I:dfcn = I-'.-.' =T =E|{1+C05ﬂ']
' ,’
V.=V =%{1+cosa}=;—:‘“
» _1; V7
Ve =5 (l+cosa)V,
Trigger angle o v Normalized
in degrees k) de output voltage 1
AT
] Viw = Ve =0.636619F, 1
T
30" 0.593074 I 0.0330
60" 047746 V, 0.75
op" 0.3183008 I, 0.5
120° 0.191549 I 0.25
150" 0.04264 I, 0.06698
180" 0 0
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Fig.16 Control characteristic of a single phase full wave controlled rectifier with R load or

CONTINUOUS LOAD CURRENT OPERATION (WITHOUT FWD)

RL load with FWD

For large values of load inductance the load current flows continuously without decreasing and

falling to zero and there is always a load current flowing at any point of time. This type of

operation is referred to as continuous current operation.

Generally the load current is continuous for large load inductance and for low trigger angles.

The load current is discontinuous for low values of load inductance and for large values of

trigger angles.

The waveforms for continuous current operation are as shown.
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(m+a) (2m+a)

Fig.17 Load voltage and load current waveform of a single phase full wave controlled
rectifier with RL load & without FWD for continuous load current operation

In the case of continuous current operation the thyristor Tywhich is triggered at a delay angle of
a , conducts from wt=ato (7+a) . Output voltage follows the input supply voltage across
the upper half of the transformer secondary winding vy = vyo = V,, sinwt.

The next thyristor T,is triggered at wt = (r+a) during the negative half cycle input

supply. As soon as Tois triggered at wt= (r+a) ,the thyristor T,;will be reverse biased and
Titurns off due to natural commutation (ac line commutation). The load current flows through
the thyristor T from wt = (r+a) to Qr+a) .

Output voltage across the load follows the input supply voltage across the lower half of the

transformer secondary winding vy = vgg = —V,, sin wt.

Each thyristor conducts for = radians (180°> in the case of continuous current operation.
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TO DERIVE AN EXPRESSION FOR THE AVERAGE OR DC OUTPUT VOLTAGE OF
SINGLE PHASE FULL WAVE CONTROLLED RECTIFIER WITH LARGE LOAD
INDUCTANCE ASSUMING CONTINUOUS LOAD CURRENT OPERATION.

v, . g .
r F - _
Vo=V ——: [cma—cm{;r+af]_| : COS( T+t ) =—C05c

If
r _1 _fm
oty = Ve = - [cos e +cos ]

¥
r — r — ol
r):u.“—Id_ = COs
a

The above equation can be plotted to obtain the control characteristic of a single phase full wave
controlled rectifier with RL load assuming continuous load current operation.
Normalizing the dc output voltage with respect to its maximum value, the normalized dc output

voltage is given by

T
v, —T’*[cascx]
r _TF _ _ 7 _
V.=V =— R =cosa
— m

T
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Fig.18 Control Characteristic
We notice from the control characteristic that by varying the trigger angle « we can vary the

output dc voltage across the load. Thus it is possible to control the dc output voltage by changing
the trigger angle « . For trigger angle « in the range of 0 to 90 degrees (i.e., 0<aw 3900) , Vg is

positive and the circuit operates as a controlled rectifier to convert ac supply voltage into dc
output power which is fed to the load.

For trigger angle « >90°,cos « becomes negative and as a result the average dc output voltage
V4cbecomes negative, but the load current flows in the same positive direction. Hence the output

power becomes negative. This means that the power flows from the load circuit to the input ac
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source. This is referred to as linecommutated inverter operation. During the inverter mode

operation for « >90°the load energy can be fed back from the load circuit to the input ac source.

TO DERIVE AN EXPRESSION FOR RMS OUTPUT VOLTAGE

1

) B 2 [x+a) . __ 3
I".-:II:R.H_?: = E [ V,.d ((ﬂfj[

- 1

1% L, !

Vo) =| — [ 72sin® @td( mr)}

B rrl [x+a) T
Voxma) = = l sin” md(mr] |

r 1
, 72 (1-cos 2at) !
Votme) = T ' f.ﬂ'[(m]]

1
=

O RALT )
o [

I ,=Ifr'i. .T”dlmr - Tncusklrdl[mf]}I

lﬁ‘f]/ b smsz ‘| /"H"[]

1
O A ) 2_

{
g
,;{M o trsgene)
{
{

(sin 27 % cos 2a + cos 27 x sin 2 — sin 2 | T
l_ 2 )f

i i
O RS ) N E'T

I.-"

-
O RS ) N .ET

(7)|

L
(0 +sin2er —sin 2o 1} I2

2 /

RN V)
= |.T]| =T

Ir] [ RALT) | 2 ﬁ
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SINGLE PHASE SEMICONVERTERS

* '
+ Yi, = ].i

+ = Load

R
Vp Vi,

L
— Dl“

'llm_ T E=4d

Fig.19 Circuit Diagram
Consider diode 2D as : D in the figure and diode : D as 2D

Single phase semi-converter circuit is a full wave half controlled bridge converter which uses
two thyristors and two diodes connected in the form of a full wave bridge configuration.

The two thyristors are controlled power switches which are turned on one after the other by
applying suitable gating signals (gate trigger pulses). The two diodes are uncontrolled power
switches which turn-on and conduct one after the other as and when they are forward biased.
The circuit diagram of a single phase semi-converter (half controlled bridge converter) is shown
in the above figure with highly inductive load and a dc source in the load circuit. When the load
inductance is large the load current flows continuously and we can consider the continuous load
current operation assuming constant load current, with negligible current ripple (i.e., constant
and ripple free load current operation).

The ac supply to the semiconverter is normally fed through a mains supply transformer having
suitable turns ratio. The transformer is suitably designed to supply the required ac supply voltage
(secondary output voltage) to the converter.

During the positive half cycle of input ac supply voltage, when the transformer secondary output

line ‘A’ is positive with respect to the line ‘B’ the thyristor T1 and the diode Dsare both forward
biased. The thyristor Tis triggered at wt=« ; (0<a<n) by applying an appropriate gate

trigger signal to the gate of T;. The current in the circuit flows through the secondary line ‘A’,
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through Ty, through the load in the downward direction, through diode D;back to the secondary
line ‘B’.

Tiand D;conduct together from wt=cato 7 and the load is connected to the input ac supply.
The output load voltage follows the input supply voltage (the secondary output voltage of the

transformer) during the period wt=ato .

At wt=7,the input supply voltage decreases to zero and becomes negative during the period

wt=nto (x+a) .The freewheeling diode Dacross the load becomes forward biased and

conducts during the period wt=rxto (n+a) .
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Fig.20 Waveforms of single phase semi-converter for RLE load and constant load current

for o> 90°
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The load current is transferred from T;and Dsto the FWD D,,. T1and D;are turned off. The load

current continues to flow through the FWD Dy,. The loadcurrent free wheels (flows

continuously) through the FWD during the freewheelingtime period = to (r+a).

During the negative half cycle of input supply voltage the secondary line ‘A’ becomes negative

with respect to line ‘B’. The thyristor T,and the diode D-are both forward biased. =T is triggered
at ot= (n+a) , during the negative half cycle. The FWD is reverse biased and turns-off as
soon as 2 T is triggered. The load current continues to flow through > T and 2 D during the period

ot= (7t+a) to2r.

TO DERIVE AN EXPRESSION FOR THE AVERAGE OR DC OUTPUT VOLTAGE OF
A SINGLE PHASE SEMI-CONVERTER

The average output voltage can be found from

R
V, =—| T sinatd| of
a E,fr;[ " (@)

, _ 2, *
V, = e [—cose]”
r

V, =—=[-cosr+cosz] : cosT=—1
)

N
Vi, =211
= [1+cosa]

V4 can be varied from 160 by varying afrom0Oto =.

s
The maximum average output voltage is
2V
Vdc(max) =Vim = —
Normalizing the average output voltage with respect to its maximum value

Va
Vdcnzvnzvc

dm

= 0.5(1 + cosa)
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The output control characteristic can be plotted by using the expression for V.

TO DERIVE AN EXPRESSION FOR THE RMS OUTPUT VOLTAGE OF A
SINGLE PHASE SEMI-CONVERTER

The rms output voltage is found from

1

I:.-' (RS __jij 'erm! sin” @f.dl{[’df :|:|i

L4

V. _| L | (1—cos2art) u"[car]

3 )

1
r - %
. V. sim 2ax ‘:]-

17
Ic;l:.u.l..*ﬁ: _E[;xf_ﬂl-k 2

SINGLE PHASE FULL CONVERTER (FULLY CONTROLLED BRIDGE
CONVERTER)

Fig. 21 Circuit Diagram

The circuit diagram of a single phase fully controlled bridge converter is shown in the figure
with a highly inductive load and a dc source in the load circuit so that the load current is

continuous and ripple free (constant load current operation).

The fully controlled bridge converter consists of four thyristors T, T,, T3 and T4 connected in the
form of full wave bridge configuration as shown in the figure. Each thyristor is controlled and

turned on by its gating signal and naturally turns off when a reverse voltage appears across it.
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During the positive half cycle when the upper line of the transformer secondary winding is at a

positive potential with respect to the lower end the thyristors T;and Toare forward biased during

the time interval wt= 0to = . The thyristors Tiand T,are triggered simultaneously wt =« (0

<a<m) ,theload is connected to the input supply through the conducting thyristors Tiand To.

The output voltage across the load follows the input supply voltage and hence output

voltage V, = V,, sin wt. Due to the inductive load T, and Towill continue to conduct beyond ot
=7, even though the input voltage becomes negative. T:and T2 conduct together during the time
period «to (z+a) ,foratime duration of = radians (conduction angle of each thyristor =

180°).

During the negative half cycle of input supply voltage for wt = x to 2 = the thyristors Tsand

T,are forward biased. T3 and Tyare triggered at wt= (z+a) .Assoon asthe thyristors s T

and 4 T are triggered a reverse voltage appears across the thyristors T;and T,and they naturally
turn-off and the load current is transferred from Tiand T,to the thyristors Tzand T,4. The output

voltage across the load follows the supply voltage and V,, = —V,, sin wt during the time period
wt= (n+a) to 2z+a) .Inthenext positive half cycle when T,and T, are triggered,

Tsand T,are reverse biased and they turn-off. The figure shows the waveforms of the input
supply voltage, the output load voltage, the constant load current with negligible ripple and the

input supply current.
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Fig.22 Wave Forms

During the time period wt=c«to 7, the input supply voltage Vsand the input supply current is
are both positive and the power flows from the supply to the load. The converter operates in the

rectification mode during wt=ato .

During the time period wt=7to (r+a) ,the input supply voltage vsis negative and the input

supply current igis positive and there will be reverse power flow from the load circuit to the input
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supply. The converter operates in the inversion mode during the time period wt =7 to (r+a)

and the load energy is fed back to the input source.

The single phase full converter is extensively used in industrial applications up to about 15kW of
output power. Depending on the value of trigger angle «, the average output voltage may be

either positive or negative and two quadrant operation is possible.

TO DERIVE AN EXPRESSION FOR THE AVERAGE (DC) OUTPUT VOLTAGE
The average (dc) output voltage can be determined by using the expression

The output voltage waveform consists of two output pulses during the input supply time period

between 0 & 2 7 radians . In the continuous load current operation of a single phase full
converter (assuming constant load current) each thyristor conduct for 7 radians (180°) after it is

triggered. When thyristors T,and Trare triggered at wt=c« 1T and 2 T conduct from « to
(z+a) andthe output voltage follows the input supply voltage. Therefore output voltage

Vp =V, sinwtfor ot=ato (r+a).

Hence the average or dc output voltage can be calculated as

2T o

A | ==
Vo =Va =;[ | 7, sin mr.rf[rur}}
Votaey =Vae = |:| ,sin ot d (ot ;.}

Vi =V = {—;{ . { sin @ d mr]}
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r

v :
Vociey =V =—;|:—cos(;r—a}+coscx:| :
cos(T+a)=—cosa
2V,
Therefore Vo gy = Vg = —cosa
. . 2V,
The dc output voltage Vyccan be varied from a maximum value of T’” for
0 .. —2Vin .
a = 0° to a minimum value of — for a = mradians

The maximum average dc output voltage is calculated for a trigger angle o = 0%nd is obtained

as

r r

I _1

e oo ) P = _‘:. xcos(0)= _Tm
Therefore V iy = Vi = =
= T

The normalized average output voltage is given by

7

I,- I__.- i dc) l";_
F l__.- = I_;.-
| zmax) i
aATF
L0500
Vo=V =-_  —cose
dowm [ ] li.'*m

3

ThereforeV,., =V, = cos a; for a single phase full converter assuming continuous and constant
load current operation.

CONTROL CHARACTERISTIC OF SINGLE PHASE FULL CONVERTER

The dc output control characteristic can be obtained by plotting the average or dc output voltage

Vgcversus the trigger angle «

For a single phase full converter the average dc output voltage is given by the equation

2V,
Vowe) = Vac = Tcosa
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Fig.23 Control Characteristic

We notice from the control characteristic that by varying the trigger angle « we can vary the

output dc voltage across the load. Thus it is possible to control the dc output voltage by changing
the trigger angle « . For trigger angle « in the range of 0 to 90 degrees (i.e., 0<a« §900) , VigelS

positive and the average dc load curren Iqis also positive. The average or dc output power Pycis

positive, hence the circuit operates as a controlled rectifier to convert ac supply voltage into dc
output power which is fed to the load.
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For trigger angle « >90°,cos « becomes negative and as a result the average dc output voltage

V4cbecomes negative, but the load current flows in the same positive direction i.e., l4is positive .
Hence the output power becomes negative. This means that the power flows from the load circuit
to the input ac source. This is referred to as line commutated inverter operation. During the

inverter mode operation for « »90°he load energy can be fed back from the load circuit to the

input ac source

TWO QUADRANT OPERATION OF A SINGLE PHASE FULL CONVERTER

O=ex < 90°
/ Controlled Rectifier
Operation
AN .

N
] & ]!i.ll_' o
0 . ]
& N 9-:‘] < <180
i [.inc Commutated

11’_."

e

Inverter Operation

The above figure shows the two regions of single phase full converter operation in the V4cversus
lscplane. In the first quadrant when the trigger angle « is less than 900, and Vclgcare both

positive and the converter operates as a controlled rectifier and converts the ac input power into
dc output power. The power flows from the input source to the load circuit. This is the normal

controlled rectifier operation where Pycis positive.

When the trigger angle is increased above 90°, Vqcbecomes negative but lgcis positive and the
average output power (dc output power) P4.becomes negative andthe power flows from the load
circuit to the input source. The operation occurs in thefourth quadrant where Vqis negative and

l4c IS positive. The converter operates as aline commutated inverter.
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TO DERIVE AN EXPRESSION FOR THE RMS VALUE OF THE OUTPUT VOLTAGE

The rms value of the output voltage is calculated as

The single phase full converter gives two output voltage pulses during the input supply time
period and hence the single phase full converter is referred to as a two pulse converter. The rms
output voltage can be calculated as

7 [= T
iR} = T '[ Vpdl i) |

:'J:P_J..*.S: = Jl [ T:n: Siﬂ: or.d ((ﬂf]]

. I;Ml [ x+a . .
I:J:P_J.s.';.;=J_ { 510 (-:J?'.d{mr]]

. 722 (1-cos 2et) .
I:J:P_J.s.';; =J_ { —-d(m”

T : 2

Vo inas) = J:—m [d(at)- | cos?rur.d[mrj}

o

. -I!:_:HZ . /r—: ."'S\iﬂszl"l lll'r—:
I:J:P_J.s.';;= . 1.':’-‘}'?]} _lllL

E:T_ = . 2 J’ a
2] (sin2(T+a)—sin2e )]
Voume =, |7 {,-T+cx—.:x]—| l ) |
' 2T L \ 2 __.ll

?r: r P - Vo 2 & )
7 =Jf_m (m)-| sin (27 +2a) —sin Jar q . sin(27+2a ) =sin2a
2T \ 2 J ?
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2T

, /f Wz
Ic'}:.ly..*_i; = EJT{-'T]—Q= T=\E

Ve, =2 =7,

] R ﬁ
-

Hence the rms output voltage is same as the rms input supply voltage

, V2l . (sin2a—sin2a)
Ic'}:.v.l..*.i; =J |:1. "'T\-I_lkf |i|

The rms thyristor current can be calculated as

Each thyristor conducts for 7 radians or 180%in a single phase full converter operating at

continuous and constant load current.
Therefore rms value of the thyristor current is calculated as

i 1

Lol |Z-r |1
T RS W By O RALETY

RMET) ORI\ ORI o

I _ "Fr.):m.*.f_-
T RMSE) ﬁ
The average thyristor current can be calculated as
(T i 1 !
I =l  »wl— =1 = —|
T Ave) ) X e | k) l'-. 2.-'
_ Ir)m:;
T Awg) - D

SINGLE PHASE DUAL CONVERTER
We have seen in the case of a single phase full converter with inductive loads the converter can

operate in two different quadrants in the versus Vgclqcoperating diagram. If two single phase full
converters are connected in parallel and in opposite direction (connected in back to back) across

a common load four quadrant operation is possible. Such a converter is called as a dual converter

which is shown in the figure.
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Fig.24 Circuit Diagram & Wave Forms
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The dual converter system will provide four quadrant operations and is normally used in high
power industrial variable speed drives. The converter number 1 provides a positive dc output

voltage and a positive dc load current, when operated in the rectification mode.

The converter number 2 provides a negative dc output voltage and a negative dc load current
when operated in the rectification mode. We can thus have bidirectional load current and bi-
directional dc output voltage. The magnitude of output dc load voltage and the dc load current

can be controlled by varying the trigger angles « 1 & « 20f the converters 1 and 2 respectively.

“ s D ™ .
Com..,_ VoAV Cony. 1

Inverting Rectifying
a, = 90° N & \\ / o, < 90°
N NN\

il ln

INNN QQ\\ I
Conv. 2 \ _—
Rcc-tifying/' \\ ‘\\\ \ ~ony

» —V Inverting
o = 90" a, = 90°

Fig.25 Four quadrant operation of a dual converter

There are two modes of operations possible for a dual converter system.

e Non circulating current mode of operation (circulating current free mode of operation).

e Circulating current mode of operation.

NON CIRCULATING CURRENT MODE OF OPERATION (CIRCULATING
CURRENT FREE MODE OF OPERATION)

In this mode of operation only one converter is switched on at a time while the second converter
is switched off. When the converter 1 is switched on and the gate trigger signals are released to
the gates of thyristors in converter 1, we get an average output voltage across the load, which can

be varied by adjusting the trigger angle « ,of the converter 1. If « ,is less than 900, the converter

1 operates as a controlled rectifier and converts the input ac power into dc output power to feed
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the load. V4. and lgcare both positive and the operation occurs in the first quadrant. The
averageoutput power Pg.=Vqc X lqc is positive. The power flows from the input ac supply tothe
load. When « ,is increased above 90%onverter 1 operates as a line commutated

inverter and V4.becomes negative while I4is positive and the output power Py.becomes negative.
The power is fed back from the load circuit to the input ac sourcethrough the converter 1. The

load current falls to zero when the load energy is utilizedcompletely.

The second converter 2 is switched on after a small delay of about 10 to 20 mill seconds to allow

all the thyristors of converter 1 to turn off completely. The gate signals are released to the

thyristor gates of converter 2 and the trigger angle « ,is adjusted such that

0°< 0. 2<90° so that converter 2 operates as a controlled rectifier. The dc output voltage Vgcand
lscare both negative and the load current flows in the reverse direction. The magnitude of Vy.and
lgcare controlled by the trigger angle « ,. The operation occurs in the third quadrant where
Vgcand Iy are both negative and output power Pycis positive and the converter 2 operates as a

controlled rectifier and converts the ac supply power into dc output power which is fed to the

load.

When we want to reverse the load current flow so that l4is positive we have to operate converter
2 in the inverter mode by increasing the trigger angle o ,above 90°. When « ,is made greater

than 90°, the converter 2 operates as a line commutated inverter and the load power (load energy)
is fed back to ac mains. The current falls to zero when all the load energy is utilized and the
converter 1 can be switched on after a short delay of 10 to 20 milli seconds to ensure that the
converter 2 thyristors are completely turned off.

The advantage of non circulating current mode of operation is that there is no circulating current
flowing between the two converters as only one converter operates and conducts at a time while
the other converter is switched off. Hence there is no need of the series current limiting inductors

between the outputs of the two converters. The current rating of thyristors is low in this mode.
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But the disadvantage is that the load current tends to become discontinuous and the transfer
characteristic becomes non linear. The control circuit becomes complex and the output response
is sluggish as the load current reversal takes some time due to the time delay between the
switching off of one converter and the switching on of the other converter. Hence the output
dynamic response is poor. Whenever a fast and frequent reversal of the load current is required,

the dual converter is operated in the circulating current mode.

CIRCULATING CURRENT MODE OF OPERATION
In this mode of operation both the converters 1 and 2 are switched on and operated

simultaneously and both the converters are in a state of conduction. If converter 1 is operated as

a controlled rectifier by adjusting the trigger angle o ,between 0 to 90° the second converter 2 is
operated as a line commutated inverter byincreasing its trigger angle a. ,above 90°. The trigger
angles a ;and « ,are adjustedsuch that they produce the same average dc output voltage across

the load terminals.

The average dc output voltage of converter 1 is

r

V, =—™cosa,
: i )

The average dc output voltage of converter 2 is

2
V,,=—=cosa,
2= 2

In the dual converter operation one converter is operated as a controlled rectifier with a1 <90
and the second converter is operated as a line commutate inverter in the inversion mode with

a,>90.
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I:':l = _I':*.-:

4 =27 2
LS =—— 0058, = ——(—Cosa;, )
i T i

COSQ, =—COSCY, Of COSQ, =—Cosd, =cos(T—g)
o, =(T—a) or (a+a,)=or radians
@ =(T—a)

When the trigger angle « ,of converter 1 is set to some value the trigger angle « ,of the second

converter is adjusted such that a, = (180° — ;). Hence forcirculating current mode of
operation where both converters are conducting at thesame time (a; + a;) = 180° so that they

produce the same dc output voltage across the load.

When ;<90 (say o ,= 30°) the converter 1 operates as a controlled rectifierand converts the ac
supply into dc output power and the average load current lgcispositive. At the same time the
converter 2 is switched on and operated as a linecommutated inverter, by adjusting the trigger

angle a ,such that, a, = (180° — &;)which is equal to 150°, when o: ,= 30° . The converter 2

will operate in the inversionmode and feeds the load energy back to the ac supply. When we

want to reverse theload current flow we have to switch the roles of the two converters.

When converter 2 is operated as a controlled rectifier by adjusting the trigger angle « ,such
that a ,<90° , the first converterl is operated as a line commutated inverter, by adjusting the
trigger angle a ,such that « ,>90° . The trigger angle « ,is adjusted such that &; = (180° — a,)

for a set value of « ..

In the circulating current mode a current builds up between the two converters even when the
load current falls to zero. In order to limit the circulating current flowing between the two
converters, we have to include current limiting reactors in series between the output terminals of

the two converters.
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The advantage of the circulating current mode of operation is that we can have faster reversal of
load current as the two converters are in a state of conduction simultaneously. This greatly
improves the dynamic response of the output giving a faster dynamic response. The output

voltage and the load current can be linearly varied by adjusting the trigger angles « ;& a ,to

obtain a smooth and linear output control. The control circuit becomes relatively simple. The
transfer characteristic between the output voltage and the trigger angle is linear and hence the
output response is very fast. The load current is free to flow in either direction at any time.

The reversal of the load current can be done in a faster and smoother way.

The disadvantage of the circulating current mode of operation is that a current flows
continuously in the dual converter circuit even at times when the load current is zero. Hence we
should connect current limiting inductors (reactors) in order to limit the peak circulating current
within specified value. The circulating current flowing through the series inductors gives rise to
increased power losses, due to dc voltage drop across the series inductors which decreases the
efficiency. Also the power factor of operation is low. The current limiting series inductors are
heavier and bulkier which increases the cost and weight of the dual converter system.

The current flowing through the converter thyristors is much greater than the dc load current.
Hence the thyristors should be rated for a peak thyristor current of I7¢nax) = lic(max) +
Ir(max) »Where I (may 1S the maximum dc load current and i, 4,y is the maximum value of

the circulating current.

TO CALCULATE THE CIRCULATING CURRENT

As the instantaneous output voltages of the two converters are out of phase, there will be an
instantaneous voltage difference and this will result in circulating current between the two
converters. In order to limit the circulating current, current limiting reactors are connected in
series between the outputs of the two converters. This circulating current will not flow through

the load and is normally limited by the current reactor Lr.
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Fig.26 Waveforms of dual converter

If vo1 and voz are the instantaneous output voltages of the converters 1 and 2, respectively the
circulating current can be determined by integrating the instantaneous voltage difference (which

is the voltage drop across the circulating current reactor Lr), starting from wt= (27 - «a1). As
the two average output voltages during the interval wt=(x+ «1)to (2w - « 1) are equal and

opposite their contribution to the instantaneous circulating current ir is zero.
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The instantaneous value of the circulating current depends on the delay angle.
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