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UNIT-4

Controlled Rectifiers

4.1 Line Commutated AC to DC converters

+
AC Line DC Output
Input Commutated \V/
\bitage Converter 0@c)

* Type of input: Fixed voltage, fixed frequency ac power supply.
* Type of output: Variable dc output voltage
* Type of commutation: Natural / AC line commutation

4.1.1Different types of Line Commutated Converters
e AC to DC Converters (Phase controlled rectifiers)
* AC to AC converters (AC voltage controllers)
* AC to AC converters (Cyclo converters) at low output frequency

4.1.2 Differences Between Diode Rectifiers & Phase Controlled Rectifiers
* The diode rectifiers are referred to as uncontrolled rectifiers .
* The diode rectifiers give a fixed dc output voltage .
* Each diode conducts for one half cycle.
* Diode conduction angle = 180° or 7 radians.
* We cannot control the dc output voltage or the average dc load current in a diode
rectifier circuit

Single phase half wave diode rectifier gives an
Vv

Average dc output voltage V,, ., =—
V4

Single phase full wave diode rectifier gives an

2V
Average dc output voltage V,, ., =—*
V4

4.2 Applications of Phase Controlled Rectifiers
*  DC motor control in steel mills, paper and textile mills employing dc motor drives.
* AC fed traction system using dc traction motor.
* Electro-chemical and electro-metallurgical processes.
* Magnet power supplies.
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e Portable hand tool drives

4.3 Classification of Phase Controlled Rectifiers
* Single Phase Controlled Rectifiers.
* Three Phase Controlled Rectifiers

4.3.1 Different types of Single Phase Controlled Rectifiers.
* Half wave controlled rectifiers.
* Full wave controlled rectifiers.
» Using a center tapped transformer.
* Full wave bridge circuit.
* Semi converter.
* Full converter.

4.3.2 Different Types of Three Phase Controlled Rectifiers
* Half wave controlled rectifiers.
* Full wave controlled rectifiers.
* Semi converter (half controlled bridge converter).
* Full converter (fully controlled bridge converter).

4.4 Principle of Phase Controlled Rectifier Operation

Single Phase Half-Wave Thyristor Converter with a Resistive Load
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Equations:

O o

v, =V sinwt = i/p ac supply voltage

V  =max. value of i/p ac supply voltage
YV _
= ﬁ =

v, =V, = output voltage across the load

Vs RMS value of i/p ac supply voltage

When the thyristor is triggered at ¢ =
v, =v, =V sinot; ot=oto

. . 1%
i, =i, =—2=Load current; @t =a to 7

.V, sinwt
R

i, =1, =1[, sinwt,ot=a toxw

m

Where [, =— = max. value of load current

4.4.1 To Derive an Expression for the Average (DC) Output Voltage across the Load

1 2z
o(de) =V, 25 vo.d(a)t);
0
v, =V sinawt for ot = to &
1 G )
Vo =V = —ﬂ_ij sinar.d ()
1% )
Voae) _E-{Vm sin wr.d (ot )
Vo) =V—’7”[Jsin ot.d (or)
ode) =V—”[—cosa)t/ }
S 2z .
o) = 2= [—cos T +cosa]; cosm=~1
S 2
Vm
Voo :E[“_COS(Z] V. =2y,

L

):4 GETMYUNI

A



WWW. get myuni . con

Maximum average (dc) o/p
voltage is obtained when o =0

and the maximum dc output voltage

Vdc(max) = Vdm = ;/_;[(14' COSO); COS (O) =1
Vm
Vd (max) = Vdm - ;

1% =V—’”[1+cosa] V=2V,
2

O(dc)
The average dc output voltage can be varied
by varying the trigger angle & from O to a
maximum of 180° (7 radians)

We can plot the control characteristic

(VO( i) VS a) by using the equation for V,,,,

4.5 Control Characteristic of Single Phase Half Wave Phase Controlled Rectifier with

Resistive Load

The average dc output voltage is given by the

expression

1% =V—’”[1+cosa]
2

0(dc)
We can obtain the control characteristic by

plotting the expression for the dc output

voltage as a function of trigger anglea

T | o |
0 v, == 100% ¥V,
T
30° 0933V, 933% ¥V,
60" 075V, 75% V,
90" 0.5V, 50% V,,
120° 025V, 25% V,,
150" 0.06698 V, | 6.69% V,
180" 0 0
Viw = ? = P:fc[max)

4.5.1 Control Characteristic

X
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Voo 4

Vdm

0.6Vym

0.2 Vg

60 120 180
Trigger angle o in degrees

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

Normalized output voltage

Vzizz;"[(l+cosa)
! Vdm V7m
4
Vnzﬁzl(1+cosaf)
V,, 2

=V

den

4.5.2 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
B 1 27

— vé.d(a)t)}

| 27 3,

V

O(RMS) —

Output voltage v, =V sinaxt ;

LTy ’
VO(RMS) = EIVm Sin a)td((()t)
L a
By substituting sin’ @t = M, we get

=

X

1
%, (1—cos2ar) 2
VO(RMS) I m -d (a)t):|
- 1
27 >
Vo(rus) )d (r )}
_VZ V.4 T 5
Vo(as) = 4m {Id t) Jcos 20td (a)t)H
‘ 1
_V. 1 i s1n 2a)t 2
VO(RMS) _? ;
I’ 1 (sin 27 —sin 2«
VO(RMS) ? >

)

for wt=atorx
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‘4 GETMYUNI

;SIMLA =V



WWW. get myuni . con

4.5.3 Performance Parameters of Phase Controlled Rectifiers

Output dc power (avg. or dc o/p

power delivered to the load)

PO(dc) = VO(dc) X IO(dc) e, By =V, X1,
Where

Yooy =Va = avg./ dc value of o/p voltage.

!4y = 14 =avg./dc value of o/p current

Output ac power

Fotae) = Vorrus) XL o(rus)
Efficiency of Rectification (Rectification Ratio)
P P, .
Efficiency 77 = —2“); 9 Efficiency 77 = —“)x100
O(ac) 0(ac)

The o/p voltage consists of two components

The dc component VO( ac)

The ac /ripple component V. =V

ac r( V'WLS)

Output ac power

Fotae) = Vorrus) XL o(rus)
Efficiency of Rectification (Rectification Ratio)
P P, .
Efficiency 77 = —2“); 9 Efficiency 7 = —)x100
O(ac) O(ac)

The o/p voltage consists of two components

The dc component VO( &)

The ac /ripple component V. =V

ac r( V'WLS)

4.5.4 The Ripple Factor (RF) w.r.t output voltage waveform

~ -
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B

' Vﬂlzrfcj

2

S N
Votae) Votas)

r = FF-1

2 2
i '\/quﬁ_ Vﬂl:ds:l qusj

Il
Current Ripple Factor r, = Ir(rms) = —ac

O(dc) dc

2 2
Where 1, =1, = \/IO(RMS) ~ Lo

Vi = peak to peak ac ripple output voltage
vV, .=V -V

r(pp) O(max) O(min)

Ly = peak to peak ac ripple load current

1

r(pp) IO(max) O(min)

Transformer Utilization Factor (TUF)

0(dc)

Ve X1

N N

TUF =

Where
V. = RMS supply (secondary) voltage
I, = RMS supply (secondary) current

: Input current

b i

wt
Input voltage
Fundamental current
Where
v, = Supply voltage at the transformer secondary side ~ PR
iy = i/p supply current "‘ GETMYUNI

(transformer secondary winding current)

i, = Fundamental component of the i/p supply current
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= Displacement angle (phase angle)
For an RL load

= Displacement angle = Load impedance angle
¢=tan"' (%) for an RL load

Displacement Factor (DF) or
Fundamental Power Factor
DF = Cos¢

Harmonic Factor (HF) or

Total Harmonic Distortion Factor ; THD
1

1 > T
HF{_ISZ_I;T: {I_Sj -1
Iszl ISl

Where
I, = RMS value of input supply current.
I, = RMS value of fundamental component of

the i/p supply current.
Input Power Factor (PF)

V.I 1
PF =—33Lcosgp=—5Lcos @
STS IS

The Crest Factor (CF)

CF = L pear) _ Peak input supply current

I " RMS input supply current
For an Ideal Controlled Rectifier
FF =1, n=100%; V.=V, ,=0;TUF =1

r(rms

RF=r,=0; HF =THD =0; PF =DPF =1
4.5.5 Single Phase Half Wave Controlled Rectifier with an RL Load
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Output (Load) Voltage Waveform
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4.5.6 To derive an expression for the output (Load) current, during ot = a to p when

~A
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thyristor Ty conducts

Assuming 7, is triggered ot =,
we can write the equation,
di : :
L[d—0j+Rzo =V sin t; < <
t

T
® 0 General expression for the output current,
—t

i, =%sin( t— )+Ae

V. = x/EVS = maximum supply voltage.

Z=4R*+( L)’ =Load impedance.

¢=tan"' (%) = Load impedance angle.

L O
T= E = Load circuit time constant.

.~. general expression for the output load current
.V, =
i, = 7’”s1n(a)t —@g)+Ae’

Constant A, is calculated from

N e o
initial condition i, =0 at ot =« ; tz(—j
@

. Vi o T

i =0=7’”sm(0{—¢)+Ale L

V. .
Ael = Z’” sin (a — @)

We get the value of constant A, as

"o Ty
Aol {_Zm sin(a—(,/))}

L ~A
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Substituting the value of constant A, in the

general expression for i,
v, . o) [ -V,
i,=-—"sin( t— )+e —sin( -
)= sin( 1= ) esin( - )]

.. we obtain the final expression for the

(O] (0 . .
¢ ¢ inductive load current
-R

V1. . —(or-a
i :—'{sm( t— )—sin( - )e“’L( )}
Z
Where a <t <
o B
Extinction angle  can be calculated by using

the condition thati, =0 at t=

i :%[sin((ot—;/ﬁ)—sin(a—qﬁ)e;’lz(w_a)} =0

“p-a)
~sin(f—-¢)=e?""  Xsin(a—¢)
[ can be calculated by solving the above eqn.

4.5.7 To Derive an Expression for Average (DC) Load Voltage of a Single Half
Wave Controlled Rectifier with RL Load

127r

VO(dc) =V, :E J vo.d (or)
1 a B 27
Vo =V2 =5 Ivo.d(a)t)+jv0.d(a)t)+ j v,.d ()
0 o B

v, =0for or=0to a & for wr = S to2x

1 B
. VO(dc) :VL :E|:jv0d(a)t) )

v, =V, sinwt for ot =a to f

[ 5
vV, =V, =— J-Vmsina)t.d(a)t)}

1% i B
Vo =Ve :ﬁ —Cos wt

a

Vm
Vo =V2 =E(cosa—cos 5)

Vv
Vo = Vi =ﬁ(cosa—cosﬂ)

~
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Effect of Load Inductance on the Output

During the period ot = IT to B the instantaneous output voltage is negative and this reduces
the average or the dc output voltage when compared to a purely resistive load.

4.5.8 Average DC Load Current

Vo (dc) V

O(dc) = IL(AVg) = R = 2 r;eL (COS — COS )

Il

L

4.5.9 Single Phase Half Wave Controlled Rectifier with RL Load & Free Wheeling

Diode
T )
N~ 1o
L > +
N VO
R
+
Vs<~> FWD ZS
L
Vs |
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. |
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The average output voltage
Vv S
vV, = 2—’”[1+ cosa| which is the same as that
V4

of a purely resistive load.
The following points are to be noted
For low value of inductance, the load current

tends to become discontinuous.

During the period & to &

the load current is carried by the SCR.
During the period 7 to £ load current is
carried by the free wheeling diode.

The value of £ depends on the value of
R and L and the forward resistance

of the FWD.

For Large Load Inductance the load current does not reach zero, & we obtain
continuous load current.

X

L ~
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4.6 Single Phase Full Wave Controlled Rectifier Using A Center Tapped Transformer

AC
Supply

Vo

0
i
ERTLEE R R
TN TN TN
o Top2m 3n

mto( ()  m+P

(i) To derive an expression for the output (load) current, during ot = o to p when
thyristor
T; conducts

Assuming 7, is triggered ot = «,

we can write the equation,
di : .
L(d—0j+Rlo =V sin t; £ i<
t

General expression for the output current,

—t

i, =‘;—’”s(ﬂ1( ¢ )+;11€

L ~
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Constant 4, is calculated from

o .. . (04
initial condition i, =0 at wt =« ; t= (—j
w

. v, . =

i, =O=7’”sm(a'—¢))+Ale L

K-V
Ael = Z’” sin(a—¢)

We get the value of constant A, as
Re)r_
A=e {%sin (- (i))}

V. = \/EVS = maximum supply voltage.

Z=+R*+( L)’ =Load impedance.

¢=tan™ (%j = Load impedance angle.

L P
T= E =Load circuit time constant.

.. general expression for the output load current

Substituting the value of constant 4, in the

general expression for i,
4 lar-a) [ =V,
i, =—"sin( t— )+e“ —sin( -
)= sin( 1= ) Ssin( - )|

.. we obtain the final expression for the

inductive load current

@ ?V[ a9 ‘R(wr—a)}_

i,=—2|sin( t— )—sin( — )e®*

Where a <t < 3

Extinction angle e Oﬁe calculated by using

the condition that i, =0 ar t=

i :‘;—'{sin(a)t—¢)—sin(0{—¢)e;’lz(m_a)} =0

~sin(f-¢)= e;’ilz(ﬂ_a) xsin(a—@)

[ can be calculated by solving the above eqn.

L
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(ii) To Derive an Expression for the DC Output Voltage of A Single Phase Full Wave
Controlled Rectifier with RL Load (Without FWD)

Vo

m

B
IV sin wt.d (a)t)}

When the load inductance is negligible( i.e., L = 0)
Extinction angle f = 7 radians

Hence the average or dc output voltage for R load

Vo) :V;’”(cos o —CoST)
\%
VO(dc) :?(Cosa_(_l))
Vo) :%(1+cos «); for R load, when =7

A=

_ o
GETMYUNI
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(iii) To calculate the RMS output voltage we use the expression

1| Tz 2
178 = |—| |V t.d (ot
- _[ = sin” wf.d (cof )

O RMS)

(iv) Discontinuous Load Current Operation with FWD

Vo

Thyristor 7] is triggered at ax = ¢,

T; conducts from ¥ = to 7

Thyristor 7, is triggered at ax =(7+a);
T, conducts from ax¥ =(7+a) to 27
FWD conducts from ax =7 to f &

v, =0 during discontinuous load current.

(Jt+oc) (n+[5)

(v) To Derive an Expression for the DC Output Voltage for a Single Phase Full
Wave Controlled Rectifier with RL Load & FWD

_y __J%

Vo=V, =;ij sinar.d (ax)

(de)
Vo(dc) =V, =%{—cosa)t/j
Vo(dc) =V. =V—7Z’[—0057[+cosa'] ; cosTt=—1
Voao =Vae =Kj’["(1+cosa)

L A A

_
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. The load current is discontinuous for low values of load inductance and for large
values of trigger angles.

. For large values of load inductance the load current flows continuously without
falling to zero.

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

trigger angles.

4.6.2 Continuous Load Current Operation (Without FWD)

Vo

0 : . . ' . . . N

o T 21 R

(TC-i-OC) (27‘El-|-06)

(i) To Derive an Expression for Average / DC Output Voltage of Single Phase Full
Wave Controlled Rectifier for Continuous Current Operation without FWD

Vo

)I{ GETMYUNI
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(m+a)
1
VO(dc) =V :; j VO'd(a)t)
1 (7+a)
Vouy =Vae = [ v, sinord(ar)
(7+a)
Vo) = Vae =%{—cosa}t/ }

VO(dc) :Vdc
Vv
=—[cosa—cos(z+a)] ;
V4
cos(T+a)=—cos

Vi) =V, =2

—[cosar+cos ]
V3

2V
vV, =V, =—"cosa
T

without FWD
Trlgger angle o Ve Remarks
in degrees '
(2V Maximum de output voltage
0 ]yo’m = Tm [ ZKM A
S ' Vn’r[max‘; = Ifa‘m = J
' ’ . T
30° 0.866 V,,
600 0.5 fom
90° 0 Vo V,,=V, Xcosa
120° 057V,
150° -0.866 V
2V )
180° ~Von = —f — J
T

):4 GETMYUNI

By plotting VO(dc) versus ¢; we obtain the control characteristic of a single phase
full wave controlled rectifier with RL load for continuous load current operation

L
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-0.2Vym

_0 .6 Vdm

'Vdm

Trigger angle ain degrees

By varying the trigger angle we can vary the
output dc voltage across the load. Hence we can

control the dc output power flow to the load.
For trigger angle &, 0t0 90° (i, 0<a<90");
cos is positive and hence V,_ is positive

V

dc

& 1, are positive ; P, =(V, X1, ) is positive

Converter operates as a Controlled Rectifier.

Power flow is from the ac source to the load.

For trigger angle &, 90° to 180°
(ie., 90° <ar<180°),

cos« is negative and hence

%

dc

is negative; [, is positive ;
P.=(V,.xI,) is negative.
In this case the converter operates
as a Line Commutated Inverter.
Power flows from the load ckt. to the i/p ac source.
The inductive load energy is fed back to the

i/p source.

Drawbacks of Full Wave Controlled Rectifier with Centre Tapped Transformer
* We require a centre tapped transformer which is quite heavier and bulky.
* Cost of the transformer is higher for the required dc output voltage & output power.
* Hence full wave bridge converters are preferred.

~

_ o
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4.7 Single Phase Full Wave Bridge Controlled Rectifier
2 types of FW Bridge Controlled Rectifiers are
. Half Controlled Bridge Converter (Semi-Converter)

. Fully Controlled Bridge Converter (Full Converter)

The bridge full wave controlled rectifier does not require a centre tapped transformer

4.7.1 Single Phase Full Wave Half Controlled Bridge Converter (Single Phase Semi

Converter)
T oyip =1,
+ ~<—Load
R
Vp v,
—_— L
_ D,
1
Dm —_1 E e ¢)

Trigger Pattern of Thyristors

Thyristor T, is triggered at
or=a, at ot =(2r+a),...
Thyristor T, is triggered at
ot=(r+a), at or=31+a),...
The time delay between the gating
signals of T, & T, =7 radians or 180"

-~
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Waveforms of single phase semi-converter with general load & FWD for o > 900

\’S
Vi =~ v =V, sin wt
|
| 1
! ' T+ a |
0 L } wt
& = 127
| | |
| | |
. ! v Vo
' : | dc
\ I\
! |
| |
(6] wt
i ¥ 7 wracm \ -
[ L ! > 1,
| 0 I,
O (o3 a : ot
Single Quadrant Operation
Ity ' o
1+ I
‘ I
I
I
v € 7 !
112 | 1
I I
0 : : wt
I A iDl | | T+ o« 277
aT I I
I I
0 | | wt
} o T I
T1p2 I
I
0 } Lo wt
H T+ o 2ar
A i ,
I, 4s |
T+ a 2o
0 > Wl
¢ T
J\IO | |
| | | |
Iﬁ | | | |
| | | |
| | | |
0 ! ! ' >t
. | | | I
11Dm | | I I
I, |-
0 » i
o T Tm+a 2

—-a

P4 GETMYUNI
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Thyristor T; and D; conduct from ot =aton
Thyristor T, and D, conduct from ot =(t+ a) to 2 ©
FWD conducts duringwot=0toa,tto (t+a), .....

Load Voltage & Load Current Waveform of Single Phase Semi Converter for o < 90°

& Continuous load current operation

Vo

0 ' 2t

: 3n
(2m+0r)

(i) To Derive an Expression for The DC Output Voltage of A Single Phase Semi
Converter with R, L, & E Load & FWD For Continuous, Ripple Free Load Current

Operation

1 V2
Vot = Ve :; IOVO'd(wt)
wt=

Vo) =V =%sz sinar.d (or)

Vot = Ve :V—;{—cosa)t/:

Voo =Vae =;’”[—cosn’+cosa'] ; cos=-1
Vo) =V :V—;(1+cosa)

R -~

P4 GETMYUNI

>



WWW. get myuni . con

V.. can be varied from a max.

value of 2V, to 0 by varying ¢ from O to 7.
/4

For & =0, The max. dc o/p voltage obtained is
2V

m

de(max) — "dm

Normalized dc o/p voltage is

~(1+cos )
Vo=V, == (1 cosa)
Vdn (%J 2
V4
(ii) RMS O/P Voltage Vorms)
3 1
2 Ty in ana )T
\% =|— |V sin” wrt.d(wt
O(RMS)
27,

4.7.2 Single Phase Full Wave Full Converter (Fully Controlled Bridge Converter) With
R,L, & E Load

R (=K

):4 GETMYUNI
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Waveforms of Single Phase Full Converter Assuming Continuous (Constant Load
Current) & Ripple Free Load Current.

5. T4 T,.T> T5.T, |

On 5 | | |
Vi e

: v =V, sin wt /

| |

0 + + = wt

o T\ T+ « 2ar :

| | |

| | |

| 1

A Vo : :

|

|

|

| Load current

| N
|

I

() I : = wl

-
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Constant Load Current

10“ / iO=Ia
Ia i i ‘
i | ot
o TH:-(X | >
i L 1,
& iy ot
O mwro 27 i
iy Lp - ‘ T ‘
& ipy ot
O, 2THOL 3T -

(i) To Derive An Expression For The Average DC Output Voltage of a Single Phase Full
Converter assuming Continuous & Constant Load Current

The average dc output voltage
can be determined by using the expression

2z
VO(dc) =V :%[}[ Vod (a)t)}’
The o/p voltage waveform consists of two o/p
pulses during the input supply time period of
0 to 2z radians. Hence the Average or dc

o/p voltage can be calculated as

2 T+a )
Vota) =Vae :E[ J v, sma)t.d(a)t)}

2V
VO(dc) =V, = 27;_” [_COS wt]a

T+

Maximum average dc output voltage is

calculated for a trigger angle a =0’

and is obtained as

v v

Vdc(max) = Vdm = T X Cos (0) = T
v

Vdc(max) :Vdm - T

-~ -
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The normalized average output voltage is given by

v oy = Vot _ Y,
Vietmar) Vi
Vm
—"cosx
V., =V = ”ZVm =cosa
V4

By plotting VO(dc) versus & we obtain the control characteristic of a single phase full
wave fully controlled bridge converter (single phase full converter) for constant &

continuous load current operation.

To plot the control characteristic of a
Single Phase Full Converter for constant
& continuous load current operation.
We use the equation for the average/ dc

output voltage

V.=V, =—"cosx
O(dc) de T
Trlgger angle ¢ Votae) Remarks
in degrees '
(27 Maximum dc oufput voltage
0 V=" J (20,
T Vn"r[max} = den = 5 J
' : T
30° 0.866 7,
600 05 Vd’m
900 0 Vn‘m
1200 -05 Vdm
150° -0.866 ¥,
27,
180° Vi :—( J
T

P
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_Vdm

Trigger angle a.in degrees

* During the period from ®t = o to © the input voltage vS and the input current iS are
both positive and the power flows from the supply to the load.

* The converter is said to be operated in the rectification mode Controlled Rectifier
Operation for 0 < o < 900

* During the period from ot = ® to (w+o), the input voltage vS is negative and the
input current iS is positive and the output power becomes negative and there will be
reverse power flow from the load circuit to the supply.

* The converter is said to be operated in the inversion mode.

Line Commutated Inverter Operation for 900 < o. < 1800

Two Quadrant Operation of a Single Phase Full Converter

A VO

vdc

L —r—
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(ii) To Derive an Expression for the RMS Value of the Output Voltage

The rms value of the output voltage

is calculated as

VO(RMS) = \/ﬁ[zfvé'd (a)t)j|

0

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

2 T+ao
VO(RMS) :\/g[ J- Vf)'d(a)t)}

o

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

2 T+ao
VO(RMS) :\/E[ j Vé'd(wt)}

a

1 X+ .
VG(M} = \/E[ I P:: zin’ &Jf.cf{mﬁ}j|

Vj _z-l:nx
VG‘ER!::IS} = ?’“ | sin® @td {mﬁ]}

]

- :J + (1—.3025 Em}..;f(m}}

¥l _I'tﬁ F.L 10
Voraass :\{2—”‘ | d{at)- I cos Em.d(mﬁ]:|

] ]

= |ﬁu
b

-
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Xt

ﬂf sin® at.d [mﬁ}}

F.L ]

r:(ms} = \[V—E I sin® wtd (.::Err.]:|

2 (a1 cos 2ot
_ P IM_,:;(@;)}
T 2

o

L = G

Ry U T zm.d(m}}

vz ™ C6in2ar) [T
VO(RMS):\/g (wt)/ _( 2 j/ }

v2| sin2(7 + ) —sin 2
VO(RMS) :\/g (7r+a—0{)—( j:l

2

vz] sin (277 +2a) —sin 2
VO(RMS) :\/_ (”)_( ]},

2

sin (27 + 2ar) =sin 2a

% sin 2a —sin 2a
VO(RMS) = \/5{(7’) —(fﬂ
v? /V2
m ﬂ. _0: _m: m
27r( ) 2 2

% =

Vm
O(RMS) — E Vs

Hence the rms output voltage is same as the

rms input supply voltage

AN
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4.7.3 Thyristor Current Waveforms

Constant Load Current

110“ / ip=L,
al | | | |
e
@ me
ipy Ia”*‘ . ‘”’Ia
& iy ot
o mo 2mHor | i
iy Lp- ‘ - ‘
& iy ot
O, 2O 3TTHOL -

The rms thyristor current can be

calculated as

Y O(RMS)

(RMS) = \/5

The average thyristor current can be

IT

calculated as

-~

_ o
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4.8 Single Phase Dual Converter

Converter 1

— . Converter 2

myp— —

v=V

T \T + oy

0]

—_N7 .

N\

(a) Circu
m Sin wt
wt
2
—V,, sin wt
Converter 1
output
2 wt
T toy 297
4
/l‘k* V,, sin wt

ra
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Vol =V, sin ot
/ Converter 1
l/ output
0 3 > ot
a; T Trap 2w
'
//*“ V., sin wt
v \_~
Vo2 .
° «— —V, sin wt
N N
\ \ Converter 2
\ N output
N/ Y 27 P
0 wt
T pd
\\211' -
\ V,, sin wt
Vr(t) =Vo t V2 \""/

Y - .
° «— —V,, sinwt
\ Converter 2
output
mw — 051 p

\
27
/L V,, sin wt

Voltage generating
circulating current

D >
T — \IZW—al \I

The average dc output voltage of converter 1 is

2V
V., =—"cosq,
V4
The average dc output voltage of converter 2 is

— m
Vi, =—"cosa,
V4

In the dual converter operation one
converter is operated as a controlled rectifier
withar <90° & the second converter is
operated as a line commutated inverter
in the inversion mode with & > 90"

Vier = Vier

a
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—*cosa, =

. " (—cosa,)

-cos Y, =

cosa, =—cosa,
or
cosa, =—cosa, =cos(T—a,)
a,=(r-a,) or
(&, + @,) = 7 radians
Which gives
a,=(r-a,)

(i) To Obtain an Expression for the Instantaneous Circulating Current

* vo; = Instantaneous o/p voltage of converter 1.

* vz = Instantaneous o/p voltage of converter 2.

* The circulating current ir can be determined by integrating the instantaneous voltage
difference (which is the voltage drop across the circulating current reactor Lr),
starting from a¥ = (27 - al ).

* As the two average output voltages during the interval ¥ = (7+al)to (27- al) are
equal and opposite their contribution to the instantaneous circulating current ir is zero.

A B
" oL, (zﬂj_al)vr-d(wr) s V= (Vo1 =Vo2)

As the o/p voltage v,, is negative

v, = (V01 +V02)

1 wt
| =—— + d(wr) |;
L oL, (2;5[11)(‘}01 Voz) ( )

v, =-V, sinar for (27-a,) to ot

V wt (03
i=—1 I —sinwrd (ot)- j sin wt.d (or)
er (27-a) (27-a)

.2V
i, =—(cosmt—cosq,)
oL,

The instantaneous value of the circulating current

depends on the delay angle.

For trigger angle (delay angle) &, =0,
the magnitude of circulating current becomes min.
when wt =nrw, n=0,2,4,.... & magnitude becomes

max. when ot =nx, n=1,3,5,..

If the peak load current is 7, one of the "‘ GETMY U N |

converters that controls the power flow

2P A VAN, u A VA ) ﬂF‘Q]{ ~1i1rrant f\‘F



WWW. get myuni . con
10EC73

where
Vm
1 b= 1 L) =
L
&
4v. ) )
l ) = a)_L = max. circulating current

The Dual Converter Can Be Operated In Two Different Modes Of Operation
* Non-circulating current (circulating current free) mode of operation.
e Circulating current mode of operation

Non-Circulating Current Mode of Operation

* In this mode only one converter is operated at a time.
e When converter 1 is ON, 0 < a1l <900

* Vg is positive and I is positive.

¢ When converter 2 is ON, 0 < a2 <900

* Vg is negative and I, is negative.

Circulating Current Mode Of Operation

* In this mode, both the converters are switched ON and operated at the same time.

* The trigger angles ol and a2 are adjusted such that (ol + o2) = 1800 ; a2 = (1800 -
al).

* When 0 <al <900, converter 1 operates as a controlled rectifier and converter 2
operates as an inverter with 900 <a2<1800.

* In this case V4 and Iy, both are positive.

*  When 900 <ol <1800, converter 1 operates as an Inverter and converter 2 operated as
a controlled rectifier by adjusting its trigger angle o2 such that 0 <a2<900.

* In this case Vdc and Idc, both are negative.

-
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4.8.1 Four Quadrant Operation

Conv. 2 Vdc‘fvﬂ Conv. 1
Inverting Rectifyin
N
o, > 90 N % \ 4 g
NNNNNRY oy < 907

Comy 2 NN \k Lgc

Olv.= X QS}: . Conv. 1
Rectifyin k \:Vd.: Inverting
d o, > 900
o, < 90V

Advantages of Circulating Current Mode of Operation

The circulating current maintains continuous conduction of both the converters over
the complete control range, independent of the load.

One converter always operates as a rectifier and the other converter operates as an
inverter, the power flow in either direction at any time is possible.

As both the converters are in continuous conduction we obtain faster dynamic
response. i.e., the time response for changing from one quadrant operation to another
is faster.

Disadvantages of Circulating Current Mode of Operation

There is always a circulating current flowing between the converters.

When the load current falls to zero, there will be a circulating current flowing
between the converters so we need to connect circulating current reactors in order to
limit the peak circulating current to safe level.

The converter thyristors should be rated to carry a peak current much greater than the
peak load current.

Recommended questions:

1.

Give the classification of converters, based on: a) Quadrant operation b) Number of
current pulse c) supply input. Give examples in each case.

With neat circuit diagram and wave forms, explain the working of 1 phase HWR
using SCR for R-load. Derive the expressions for Vg4, and Ig..

With a neat circuit diagram and waveforms, explain the working of 1-phase HCB for
R-load and R-L-load.

Determine the performance factors for 1-phase HCB circuit.

-
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10.

11.
12.

13.

14.

15.

16.

17.

18.

With a neat circuit diagram and waveforms, explain the working of 1-phase FCB for
R and R-L-loads.

Determine the performance factors for 1-phase FCB circuit.

What is dual converter? Explain the working principle of 1-phase dual converter.
What are the modes of operation of dual converters? Explain briefly.

With a neat circuit diagram and waveforms explain the working of 3 phase HHCB
using SCRs. Obtain the expressions for V. and Iy.

With a neat circuit diagram and waveforms, explain the working of 3-phase HWR
using SCRs. Obtain the expressions for Vg, and Ig.

With a neat circuit diagram and waveforms, explain the working of 3 phase FCB
using SCRs. Obtain the expressions for Vg, and Ig.

Draw the circuit diagram of 3 phase dual converter. Explain its working?

List the applications of converters. Explain the effect of battery in the R-L-E load in
converters.

A single phase half wave converter is operated from a 120V, 60 Hz supply. If the
load resistive load is R=10Q2 and the delay angle is a=n/3, determine a) the efficiency
b) the form factor c) the transformer utilization factor and d) the peak inverse voltage
(PIV) of thyristor T1

A single phase half wave converter is operated from a 120 V, 60 Hz supply and the
load resistive load is R=100]. If the average output voltage is 25% of the maximum
possible average output voltage, calculate a) the delay angel b) the rms and average
output current c) the average and ram thyristor current and d) the input power factor.
A single half wave converter is operated from a 120 V, 60Hz supply and freewheeling
diodes is connected across the load. The load consists of series-connected resistance
R=10Q, L=mH, and battery voltage E=20V. a) Express the instantaneous output
voltage in a Fourier series, and b) determine the rms value of the lowest order output
harmonic current.

A single phase semi-converter is operated from 120V, 60 Hz supply. The load current
with an average value of Ia is continuous with negligible ripple content. The turns
ratio of the transformer is unity. If the delay angle is A= n/3, calculate a) the
harmonic factor of input current b) the displacement factor and c) the input power
factor.

A single phase semi converter is operated from 120V, 60Hz supply. The load consists
of series connected resistance R=10Q2, L=5mH and battery voltage E=20V. a)
Express the instantaneous output voltage in a Fourier series, b) Determine the rms
value of the lowest order output harmonic current.

The three phase half wave converter is operated from a three phase Y connected
220V, 60Hz supply and freewheeling diodes is connected across the load. The load
consists of series connected resistance R=10€Q2, L=5mH and battery voltage E=120V.
a) Express the instantaneous output voltage in a Fourier series and b) Determine the
rms value of the lowest order output harmonic current.

o
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13. without a series inductor? What is the ratio of peak resonant to load current for resonant
pulse commutation that would minimize the commutation losses?

14. Why does the commutation capacitor in a resonant pulse commutation get over
charged?

15. How is the voltage of the commutation capacitor reversed in a commutation circuit?

16. What is the type of a capacitor used in high frequency switching circuits?

L ]
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