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AC Line
Input @P Commutated

\bltage Converter

DC Output
\’O(dc)

-

» Type of input: Fixed voltage, fixed frequency
ac power supply.

» Type of output: Variable dc output voltage

» Type of commutation: Natural / AC line
commutation




Different types of
ine Commutated Converters

« AC to DC Converters (Phase controlled
rectifiers)

» AC to AC converters (AC voltage controllers)

» AC to AC converters (Cyclo-converters) at low
output frequency.



Differences Between
Diode Rectifiers

&
Phase Controlled Rectifiers



Cntd...

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 = 1800 or &t radians.

We can not control the dc output voltage or the
average dc load current in a diode rectifier
circuit.



Cntd...

Single phase half wave diode rectifier gives an

Average dc output voltage V) = Vi
TU

Single phase full wave diode rectifier gives an
2V

Average dc output voltage V, , ) = —
T



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.
Portable hand tool drives.



Classification of
nase Controlled Rectifiers

v

 Single Phase Controlled Rectifiers.
 Three Phase Controlled Rectifiers.



Different ty
Phase Cont

nes of Single

‘olled Rectifiers.

e Half wave controlled rectifiers.
 Full wave controlled rectifiers.
= Using a center tapped transformer.

= Full wave bridge circuit.
= Semi converter.
= Full converter.



Different Types of
hree Phase Controlled Rectifiers

o Half wave controlled rectifiers.
 Full wave controlled rectifiers.

» Semi converter (half controlled
bridge converter).

 Full converter (fully controlled
bridge converter).
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Principle of Phase Controlled Rectifier
Operation



Princi

ple of Phase Controlled

Rectifier Operation
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Single Phase Half-Wave Thyristor Converter wit
Resistive Load

Q
/
%

+ - .+

Vi = V, sin wt Vo
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Supply Voltage

Output Voltage

Output (load)
Current

14



Supply Woltage

Thyristor Voltage
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Equations

v, =V, sinot = 1/p ac supply voltage
V., = max. value of 1/p ac supply voltage

V. = Vo _ RMS value of 1/p ac supply voltage

J2

Vo =V

output voltage across the load
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When the thyristor is triggered at ot =
Vo =V, =V, sinotl; ot=0 toT

. =1 :V—O:Load current; ot=a to

O L R
..V sinomt .
i, =1 =" S |_sinot;ot =0 tow
Vi
Where | =—= max. value of load current

R
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To Derive an Expression for the
Average (DC)
Output Voltage Across The Load
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O(dc)

V

O(dc)

VO(dc)

jv d (ot )

Vg _Vm sinwt for ot =0 to 7

=V, = 21 ij sinot.d (ot )

1 7 .
=7 £Vm sinot.d (ot )
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=%;; isin wt.d (ot )

_ Vi i
Vo(de) o cosoot/

a

V. |
Vorse) = - | —cosmt +cosa |; cosm =-1
Vm

ofee) = [1+cosa]; V, =2V,
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Maximum average (dc) o/p

voltage is obtained when o =0

and the maximum dc output voltage

V.=V, :\2/—;;(1+ cos0); cos(0)=1

dc(max)
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Cntd...

Vm
VO(dC) — E [1—|‘ CO

sa. ]V, =2V,

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

maximum of 180° (r rac

ians)

We can plot the control c

naracteristic

(Vo(dc) VS o ) by using the equation for V,
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Control Characteristic
of
Single Phase Half Wave Phase
Controlled Rectifier
with
Resistive Load
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Cntd...

The average dc output voltage is given by the
expression

V

ode) = Vin [1+cosa |

2T
We can obtain the control characteristic by

plotting the expression for the dc output
voltage as a function of trigger anglea
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Trigger angle «

V 0
in degrees Olde) /o
=
0 vV, =-=% 100% V7,
L
30" 0.933 1, 933% V,
60" 075V, 5%V,
90" 0.5V, 50%V,
120" 025V, 25% V,
150" 0.06698 V, | 6.69% 1V,
180" 0 0
V
V, =-—2=p
e T de|mazx )
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Control Characteristic

Vo(do

A

60 120 180
Trigger angle o in degrees
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Normalizin
voltage wit

g the dc output
N respect to V., the

Normalizeo

output voltage

V—m(1+cosoc)

<

V = dc _ 2T

V= Vo :;(1+cosoc)=v

v V.

dm _ M

T

dcn
dm
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RMS Va

0 Der]

ve An Expression for the

ue of Output Voltage of

Single Phase Ha

Rectifier Wit

f Wave Co

N Resistive

NLro

1 0dCl

a
ed
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Cntd...

The RMS output voltage is given by

V

O(RMS) —

127’[ 2 ( )
— | vid (ot
ZR-(‘; 7

Output voltage v, =V, sinwt ; for ot=a to =

V

O(RMS) -

% [Visin‘otd (o)

1

2
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Cntd...

By substituting sin‘ mt =

o(RMS)

o(RMs)

O(RMS) —

271:

2
4_

1— cos 2mt

v (1-cos 2mt)

Vi 2

]_ 1—cos2mt)d (ot)

d(ot)

-1
2

Tj d (ot)- jcos 2otd (ot)

1
2

- _J/
e

, We get

N =

30



Vol L[ /" [ sin2ot
VO(RMS)_E 7?<(00t)/ _|\ 5 )/

\
T

o J

%

—sin 2a.)

N| =

2[@

11 [(n o) (sin 2m

1
2

l

1
2
_l;ﬁnZn::O



Performance
Parameters Of
Phase Controlled Rectifiers
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Cntd...

Output dc power (avg. or dc o/p
power delivered to the load)

Focae) = Yooy X logey + 1€+ Pae =Vae X I
Where
Vo) = Vo = avg./ dc value of o/p voltage.

lo(a) = lac =2avg./dc value of o/p current
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Cntd...
Output ac

power,

o(ac) — Vo(Rms) X |

O(RMS)

Efficiency of Rectification (Rectification Ratio)

p p
o) - o4 Efficiency n = —2“2 x100
PO(ac) PO(ac)

The o/p voltage consists of two components

Efficiency n =

The dc component V4,

The ac /ripple component V. =V, .
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Cntd...

The total RMS value of output voltage is given by

2
Vo(RMS) — \/vo(dc) +Vr2(rms)

_ _ 2 \/2
Vac _Vr(rms) o \/VO(RI\/IS) VO(dc)
Form Factor (FF) which iIs a measure of the

shape of the output voltage Is given by

Vo(rws) ___RMS output (load) voltage
Vo ~ DC load output (load) voltage

FF =

35



Cntd...

The Ripple Factor (RF) w.r.t. o/p voltage w/f

\ V
r = RE — r(rms) _ _ac
VO(dc) Vdc
> - 72
. \/\/O(RMS)_VOZ(dC) _ VO(RMS) _q
Vo(de) \/_ Vo(ae) |

r =JFF?-1
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Cntd...
I

|
Current Ripple Factor r = ™) — _ac
IO(dc) I

_ _ 2 2
Where I, .. =1, = \/ 12—

O(RMS) " 0O(dc)

Vi) = peak to peak ac ripple output voltage

Vr(pp) :VO(max) — Y O(min)
(o) = peak to peak ac ripple load current

Ir( pp) — IO(max) o IO(min)
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Cntd...

Transformer Utilization Factor (TUF)

P

TUF = _2©)
Ve x|

Where
V. = RMS supply (secondary) voltage

| = RMS supply (secondary) current
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Cntd...

OF—*

]'_‘l

[nput voltage

Fundamental current
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Cntd...

Wher

e
Vs = Supply voltage at the transformer secondary side

I. = 1/p supply current
(transformer secondary winding current)

I., = Fundamental component of the i/p supply current

|, = Peak value of the input supply current

¢ = Phase angle difference between (sine wave
components) the fundamental components of i/p
supply current & the input supply voltage.
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Cntd...

(I) = Displacement angle (phase

angle) For an RL load
¢ = Displacement angle = Load impedance angle

O _tanl( o j for an RL load

Displacement Factor (DF) or
Fundamental Power Factor

DF = Cos¢
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Cntd...

Harmonic Factor (HF) or

Total Harmonic Distortion Factor :

_|2_

HF =| =S

2
ISl

2
ISl

Where

1
2

(l A
_S‘ 1
s, )

THD

1

2

| = RMS value of input supply current.
|, = RMS value of fundamental component of

the 1/p supply current.

110



Cntd...

Input Power Factor (PF)
Vslg,
Vsls

The Crest Factor (CF)

| .
CE = _S(peak) _ Peak input supply current

| RMS Input supply current
For an Ideal Controlled Rectifier

FF =1 1 =100% ; Vo, =V, =0; TUF =1;
RF=r,=0; HF =THD =0; PF =DPF =1

PF = COS(p = lss >t cosd

s
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Single Phase Half Wave Controlled Rectifier
With An RL Load
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Cntd...

+ 0

V

[S—

O |
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Input Supply Voltage (V)

&
Thyristor (Outpu

t) Current

Wavefor

MS
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Cntd...
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)

Output (Load)
Voltage Waveform

\
B

> wl
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Cntd...

To Derive An Expression For
The Output

(Load) Current, During ot =o. to 3
When Thyristor T, Conducts
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Cntd...

Assuming T, s triggered ot =a,

we can write the equation,

dt
General expression for the output current,

L(%j+ Ri, =V_sinot ;o <ot <3

\Vj =t
iy = ?msin(oot —d)+ Ae-

50



Cntd...

V_ =/2V, = maximum supply voltage.

7 = \/RZ +(wL )" =Load impedance.

¢ =tan™ ((D—F:‘) = Load impedance angle.

T = % = Load circuit time constant.

.general expression for the output load current

51



Cntd...
Constant A, is calculated from

Initial condition I, =0 at ot=a ; t= (i)

—R

- Vin L
i :Ozgsm(oc —-b )+ Ag

=R, -V
Ael = = sin (o —¢)
We get the value of constant A, as
R@)[ _y/ i
A =eot | —sin(a-0)

VA

120



Cntd...

Substituting the value of constant A, in the
general expression for I,

5 =\% sin (ot —¢ )+e°t

-.we obtain the final expression for the
Inductive load current

I = V| sin (ot —¢ )—sin(o —d))ecgi

Where o <ot < f3

/

(ot —OL)_

—_R((Dt—oc) __Vm Sin (OC —(I))_

53




Cntd...

Extinction angle B can be calculated by using
the condition that I,=0 at ot =3

io=\% sin (ot ) sin (o ~¢ ) ' | =0

~sin(B-0)= e;[(ﬁ_a) xsin (o —¢ )
B can be calculated by solving the above eqn.

54



To Derive An Expression
For
Average (DC) Load Voltage of a
Single Half Wave Controlled
Rectifier with
RL Load
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Vo) =V Iv d (ot)
0

1 B 27
Vo) =Vi = 5— jvo.d (oot)+jvo.d (ot)+ Jvo.d (ot)
@ p

vO:Oforoot:Otooc&forcot:B to 21

|

1 | P
-.-Vo(dc) =V, = o IVO.d ((Dt) :

Vo =V, sinwt for ot =a to 3

56



Vo) = Vi = = (coso —cos B )

1
VO(dc) :VL — %
Vm
VO(dc) =V = Zt
V
2T
V

"Ny =V === (cosa —cos B )

- 2n

O(dc)

B
ij sinot.d (ot ) |

—COS (Dt/

B

a




~ffect o1

nducta
Output

nce O

- Loao

N the

During the period ot =7 to [ the
Instantaneous o/p voltage Is negative and
this reduces the average or the dc output
voltage when compared to a purely
resistive load.
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Average DC Load Current

V
_ o) _ Vy

otge) = N L(avg) > R, (coso—cos 3 )

L
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Single Phase Halt Wave

Controlled Rectifie
Load & Free Whee

ing D

- With R

OC
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Supply voltage

#’/
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The average output voltage

V,, = \2/—”‘ [1+ cosoc] which is the same as that
TC

of a purely resistive load.

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

tends to become discontinuous.
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During the period o to 7
the load currentis carried by the SCR.

During the period m to [ load current is
carried by the free wheeling diode.
The value of [3 depends on the value of
R and L and the forward resistance

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

\

W
M

A

1
1
I

t; >

M

SC

\

N
A

R

FWD

> ol

o

/]

2140
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Si
Co

ngle Phase Half Wave

ntrolled Rectifier With

A
General Load
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For trigger angle a <,
the Thyristor conducts from ot =y to 3
For trigger angle o >v,
the Thyristor conducts fromwt = to 3

68



Load voltage

> ol

N
—~—|_oad current

27+

2T+
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Equations

v, =V, sinwt = Input supply voltage.
Vo =V, sinot = of/p (load) voltage
for ot = to 3.
Vo=E forot=0to a &
for ot =3 to 2m.
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Expression for the Load Current

When the thyristor is triggered at a delay angle of
o >7, the egn. for the circuit can be written as
diy
dt
The general expression for the output load
current can be written as

Vmsinoot:ioxRJrL( )+E;oc£oot£B

—t
i :\%sin(oot —¢)—%+ Ae~

71



Where

L =+
( L)ZR = Load Impedance.
®

oL

¢ =tan™ (?) = Load impedance angle.
T = % = Load circuit time constant.

The general expression for the o/p current can

be written as i :\%sin (wt—0)——+Aet

72



To finC

the value of the constant

‘A apply the initial conditions at ot =q.,

load cu

rrent 1o =0, Equating the general

expression for the load current to zero at

ol =0,

we get

73



We obtain the value of constant 'A' as

E V_ 1o
A= R—Zsm(oc (I))Je

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

=\%sin(mt—¢)—§+_%—\;“sm o —¢) e(I(“’t )
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To Derive
An
Expression For The Average
Or
DC Load Voltage
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O(dc)

1
V

jv d(ot)

o(de) = o

Lgvo'd (oot)+iv0,d (ot )+ 2J:vo.d (wt)

|

Vo =V, sinmt = Output load voltage for ot = to 3
Vo =E forot=0toa & for ot =3 to 2=

1

VO(dc) — E

T E.d (oot)+jivm sinwt + Zj E.d (ot)

|
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V

O(dc)

O(dc)

V

O(dc)

O(dc) —

1

2n ||

V

= z—m(cosoc —cos 3 )+

_E (oot)/a +V,, (—cosoot)/B +E ((Dt)/zn _J

[E(oc 0)-V, (cosp —cosa)+E (2 - )]

[(cosoc cosB)]+—[(2n B+a)]

2n-(B-a)

27T

E

7



Conduction angle of thyristor 0 = (B —oc)

RMS Output Woltage can be calculated

by using the expression

VO(RMS) = \l

2T

1 o
jvé.d (ot )
0 _

/8



Single Phase Full Wave Controlled Rectifier
Using A Center Tapped Transformer
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Discontinuous Load
Current Operation
without FWD

for
T <P <(m+a)
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To Derive An Expression For
The Output

(Load) Current, During ot =o. to 3
When Thyristor T, Conducts
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Assuming T, s triggered ot =a,

we can write the equation,

dt
General expression for the output current,

L(%j+ Ri, =V_sinot ;o <ot <3

\Vj =t
iy = ?msin(oot —d)+ Ae-

84



V_ =/2V; = maximum supply voltage.

7 = \/RZ +(owL) =Load impedance.

¢ =tan™ ((D—F:‘) = Load impedance angle.

T = % = Load circuit time constant.

.general expression for the output load current

85



Constant A, is calculated from

initial condition | =0atowt=a ; t= L J

We get the value of constant A, as

R(a)
Al — e ol

m

- sin (o —(I))_

154



Substituting the value of constant A, In the
general expression for I,

I =\% sin (ot —¢ )+e°t

-.we obtain the final expression for the
Inductive load current

I = V| sin (ot —¢ )—sin(o —d))ecgi

Where o <ot < f3

/

(ot —OL)_

—_R((Dt—oc) __Vm Sin (OC —(I))_
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Extinction angle B can be calculated by using
the condition that I,=0 at ot =3

V (@t oc)

io=7m Sln(oot —d)—sin(o - (I))e‘D =

~sin(B-0)= e;[(ﬁ_a) xsin (o —¢ )
B can be calculated by solving the above eqn.
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To Derive An Expression For The
DC Output Voltage Of
A Single Phase Full Wave
Controlled Rectifier With RL Load
(Without FWD)

89



90



1 B
VO(dC) _VdC — 7? j Vod ((Dt)
ol=o
1" ]
Vo) =Vie = — IVm sinot.d (ot )
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When the load inductance is negligible( e, L= O)

Extinction angle 3 =m radians

Hence the average or dc output voltage for R load

Vo) = Vi (cosoc COST )
Vo(de) = (COSO‘ (1))
Voiae) = —m(1+ cosa ); for R load, when B =

92



To calculate the RMS output voltage we use
the expression

11 P
— jvmzsinza)t.d (wt)

TC

VO(RI\/IS) = \[

93



Discontinuous Load Current
Operation with FWD
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Thyristor T, is triggered at ot =q;
T, conducts from ot =a to 7

Thyristor T, is triggered at ot = (1 +a.);
T, conducts from wt = (1 +a ) to 27

FWD conducts from ot = to } &
Vo =~ 0 during discontinuous load current.

96



To Derive an Expression
For The
DC Output Voltage For
A
Single Phase Full Wave Controlled
Rectifier
With RL Load & FWD
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oV

1 s
VO(dC) :VdC — E J‘ VO d ((Dt)

ot=0

1 7T
- Vo =Vae == [V, sinotd (ot)

V T
Vo(dc) =V, =T —cosa)t/

0

Vv

m

T
=V —\ﬁ[—cosn +cosa | ; cosmt =-1
o(ae) = Ve T ’ =

=V, = \i(lJr cosa. )
TU

O(dc)



 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.
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Continuous Load Current
Operation
(Without FWD)
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To Derive
An Expression For
Average / DC Output Voltage
Of
Single Phase Full Wave Controlled
Rectifier For Continuous Current
Operation without FWD
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VO(dc)

1 (n+a)

:VdC — 7? 3 Vod ((Dt)
1 (m+o) |
=Vie = — _f V,,sinwt.d (ot )

L_ @

(m+a)
cosmt

|
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VO(dc) = Vdc

= \% Ucosoc —COS (n + QL )_U :

cos(m +a )= —cosa

Vorae) = Vae = \% [cosa + cosa |

2V,
Vo(ae) = Ve = —-COSQL

Tt

105



» By plotting Vo) Versus a,

we obtain the control characteristic of a
single phase full wave controlled rectifier
with RL load for continuous load current
operation without FWD
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Trigger angle «
in degrees

Remarks

Maximum dc¢ output voltage

{ ™
0 S T
(C| mMax .:I am \ ,'-'T J
30° 0.866 I,
0 057, —
60 V4. =V, Xcosa
90"
120° 05V,
150° -0.866 TV,
(27,
180°
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---------------------------------------------

-------------

Trigger angle a in degrees
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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 oo, 0 to 90° (i.e., 0<o < 900);
coso. Is positive and hence V. Is positive

V,. & lg are positive ; P, = (Vg x Iy ) is positive
Converter operates as a Controlled Rectifier.
Power flow is from the ac source to the load.
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For trigger angle oo, 90° to 180°
(ie., 90° <o <180°),
coso. IS negative and hence
V,. IS negative; |, IS positive ;
P, = (Vg x 14 ) 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.
110



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.

111



Single Phase
Full Wave Bridge Controlled Rectifier



Single Phase
-ull Wave Bridge Controlled

Rectifier | B
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

113



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

114



T,f.i"

P
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Trigger Pattern of Thyristors

Thyristor T, Is triggered at

ot =0, at ot =(2r +a),...
Thyristor T, Is triggered at

ot=(1 +a), at ot = (31 +a),...
The time delay between the gating
signals of T, & T, =mx radians or 180°

116



Waveforms of
single phase semi-converter
with general load & FWD
for a > 900
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AV,

V,,, sin wt

\{7

AVo

~
e
p—

T+ a 2

e
-
mn
k=
> O

O
o
=20
o)
=
)

3

A

Vm T
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wl

T +oa 2T
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hyristor T, & D,
conduc

t from ot =oto
Thyristor T, & D, conduct

from ot = (1 +a) to 2
FWD conducts during

ot=0toa, © to (T +a),...
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Load Voltage & Load Current
Waveform of Single Phase Semi
Converter for
o < 909
& Continuous load current operation
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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
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oV

1 s
VO(dC) :VdC — E J‘ VO d ((Dt)

ot=0

1 7T
- Vo =Vae == [V, sinotd (ot)

V T
Vo(dc) =V, =T —cosa)t/

0

Vv

m

T
=V —\ﬁ[—cosn +cosa | ; cosmt =-1
o(ae) = Ve T ’ =

=V, = \i(lJr cosa. )
TU

O(dc)
125



V,. can be varied from a max.
2V,

Tt
For oo =0, The max. dc o/p voltage obtained is

2V
Vdm - -
T

Normalized dc o/p voltage Is

value of to 0 by varying o. from 0 to 7.

V

dc(max) -

\h(l+cosoc)
_ _1
— _E(1+Cosoc)

den n _\E (vaj
T
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RMS O/P Voltage Vo rus)

V

O(RMS) —

O(RMS)

V —

O(RMS)

|
N

ijvrf sin” ot.d (ot )
Tc 04

\2/2 ]‘(1 cos 2wt ).d (oot)

I\J|H

I\.)|H |

Vm_l( ﬂnZaj
T —o +

J2|m

2
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Single Phase Full Wave
Controlled Rectifier
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Single Phase Full Wave Controlled Rectifier
Using A Center Tapped Transformer
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Single Phase Midpoint type
Fully controlled Rectifier

O

AC
Supply




Discontinuous Load
Current Operation
without FWD

for
T <P <(m+a)






To Derive An Expression For
The Output

(Load) Current, During ot =o. to 3
When Thyristor T, Conducts



Assuming T, s triggered ot =a,

we can write the equation,

dt
General expression for the output current,

L(%j+ Ri, =V_sinot ;o <ot <3

\Vj =t
iy = ?msin(oot —d)+ Ae-

13420



V_ =/2V; = maximum supply voltage.

7 = \/RZ +(owL) =Load impedance.

¢ =tan™ ((D—F:‘) = Load impedance angle.

T = % = Load circuit time constant.

.general expression for the output load current



Constant A, is calculated from

initial condition | =0atowt=a ; t= L J

We get the value of constant A, as

R(a)
Al — e ol

m

- sin (o —(I))_

20204



Substituting the value of constant A, In the
general expression for I,

5 =\% sin (ot —¢ )+e°t

-.we obtain the final expression for the
Inductive load current

I = V| sin (ot —¢ )—sin(o —d))ecgi

Where o <ot < f3

/

13720
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(oat—a)_ _




Extinction angle B can be calculated by using
the condition that I,=0 at ot =3

V (@t oc)

io=7m Sln(oot —d)—sin(o - (I))e‘D =

~sin(B-0)= e;[(ﬁ_a) xsin (o —¢ )
B can be calculated by solving the above eqn.

13820
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0 Derive An Expression For
\Voltage Of

he DC Output

A Single Phase Full Wave Controlled
Rectifier With RL Load

(Without FWD)

13920






1 B
VO(dC) _VdC — 7? j Vod ((Dt)
ol=o
1k ]
Vo) =Vie = — IVm sinot.d (ot )

14120
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When the load inductance is negligible( e, L= O)

Extinction angle 3 =m radians

Hence the average or dc output voltage for R load

Vo) = Vi (cosoc COST )
Vo(de) = (COSO‘ (1))
Voiae) = —m(1+ cosa ); for R load, when B =

14220
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To calculate the RMS output voltage we use
the expression

11 P
— _[sz sin” ot.d (ot )
)Tc o

VO(RMS) = \[

14320



Discontinuous Load Current
Operation with FWD
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Thyristor T, is triggered at ot =q;
T, conducts from ot =a to 7

Thyristor T, is triggered at ot = (1 +a.);
T, conducts from wt = (1 +a ) to 27

FWD conducts from ot = to } &
Vo =~ 0 during discontinuous load current.

14620
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To Derive an Expression For The DC Output
Voltage For A Single Phase Full Wave
Controlled Rectifier With

RL Load & FWD

14720



oV

1 s
VO(dC) :VdC — E J‘ VO d ((Dt)

ot=0

1 7T
- Vo =Vae == [V, sinotd (ot)

V T
Vo(dc) =V, =T —cosa)t/

0

Vv

m

T
=V —\ﬁ[—cosn +cosa | ; cosmt =-1
O(dc)  “dc T ’

=V, = \i(lJr cosa. )
TU

O(dc)
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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.

14920
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Continuous Load Current
Operation
(Without FWD)
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To Derive
An Expression For
Average / DC Output Voltage
Of
Single Phase Full Wave Controlled
Rectifier For Continuous Current
Operation without FWD

15220
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VO(dc)

1 (n+a)

:VdC — 7? 3 Vod ((Dt)
1 (m+o) |
=Vie = — _f V,,sinwt.d (ot )

L_ @

(m+a)
cosmt

15420
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VO(dc) = Vdc

= \% Ucosoc —COS (n + QL )_U :

cos(m +a )= —cosa

Vorae) = Vae = \% [cosa + cosa |

2V,
Vo(ae) = Ve = —-COSQL

Tt

15520



» By plotting Vo) Versus a,

we obtain the control characteristic of a
single phase full wave controlled rectifier
with RL load for continuous load current
operation without FWD
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Trigger angle «
in degrees

Remarks

Maximum dc¢ output voltage

{ ™
0 S T
(C| mMax .:I am \ ,'-'T J
30° 0.866 I,
0 057, —
60 V4. =V, Xcosa
90"
120° 05V,
150° -0.866 TV,
(27,
180°
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---------------------------------------------

-------------

Trigger angle a in degrees

15820
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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 oo, 0 to 90° (i.e., 0<a < 900);
coso. Is positive and hence V. Is positive

V,. & Iy are positive ; Py, = (Vg x Iy ) is positive
Converter operates as a Controlled Rectifier.
Power flow iIs from the ac source to the load.

15920



For trigger angle oo, 90° to 180°
(ie., 90° <o <180°),
coso. IS negative and hence
V,. IS negative; |, IS positive ;
P, = (Vg x 14 ) 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.
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Single Phase
Full Wave Bridge Controlled Rectifier
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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.

16220



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

16320
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Single Phase
Full Wave Half Controlled Bridge
Converter
(Single Phase Semi Converter)
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T,f.i"

P

Single Phase Full Wave Half Controlled
Bridge Conyerter

L iT'l U *10 = IE’I
%s T, O}s T, < Load
. R
—® A 12
T Vo
AD, JSDZ AD,, -
Ap Aipp Alpm  |=—|E




Trigger Pattern of Thyristors

Thyristor T, Is triggered at
ot =0, at ot =(2r +a),...
Thyristor T, Is triggered at
ot=(1 +a), at ot = (31 +a),...
The time delay between the gating
signals of T, & T, =mx radians or 180°

16620
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Waveforms of
single phase semi-converter
with general load & FWD
for a > 900
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AV,

V,,, sin wt

\{7

AVo

~
e
p—

e
-
mn
k=
> O

O
o
=20
o)
=
)

3

A

T+ a 2

Vm T
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Ia
I I I I
0 I I I I t
({3
. I I I I
Ipm I I I I
0 wt



hyristor T, & D,
conduc
t from ot =oto
Thyristor T, & D, conduct
from ot = (1 +a) to 2
FWD conducts during

ot=0toa, © to (T +a),...
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Load Voltage & Load Current Waveform of
Single Phase Semi Converter for
o < 909 & Continuous load current
operation
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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

17420
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oV

]_ s
VO(dC) :VdC — E J‘ VO d ((Dt)

ot=0

1 7T
- Vo =Vae == [V, sinotd (ot)

V T
Vo(dc) =V, =T —cosa)t/

0

Vv

m

T
=V —\ﬁ[—cosn +cosa | ; cosmt =-1
O(dc)  “dc T ’

=V, = \i(lJr cosa. )
TU

O(dc)
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V,. can be varied from a max.
2V,

Tt
For oo =0, The max. dc o/p voltage obtained is

2V
Vdm - -
T

Normalized dc o/p voltage Is

value of to 0 by varying o. from 0 to 7.

V

dc(max) -

\h(l+cosoc)
_ _1
— _E(1+Cosoc)

den n _\E (vaj
T
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RMS O/P Voltage Vo rus)

V

O(RMS) —

O(RMS)

V —

O(RMS)

|
N

ijvrf sin” ot.d (ot )
TE 04

I\J|H

\2/2 ]‘(1 cos 2wt ).d (oot)

hJ|F“ |

Vm_l( ﬂnZaj
T —o +

J2|m

2
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Single Phase Full Converter
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Single Phase Full Converter

L
: -+
g T, T, R

lo = Ia

_|_

s - E==
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Waveforms of
Single Phase Full Converter
Assuming Continuous (Constant
Load Current)
&
Ripple Free Load Current

18020
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| | Load current
0 : | wt
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Constant Load Current
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To Derive An Expression For The
Average DC Output Voltage of a
Single  Phase  Full Converter

assuming Continuous & Constant
Load Current

18420



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

1 _27c i
VO(dc) :Vdc — % E!‘Vo.d ((Dt) :
The o/p voltage waveform consists of two o/p
pulses during the input supply time period of

0 to 2rt radians. Hence the Average or dc

o/p voltage can be calculated as

18520



2

T+

Voae) = Vae = - _[ V,, sinwt.d (ot )
oV, @

Voiae) = Vae = - [—coswt |
N

Vo(dc) =V, =—™1cosa

T

18620




Maximum average dc output voltage is

calculated for a trigger angle oo = 0°

and is obtained as

_ 2V, A
Vdc(max) =V, . — T % COS (O) -
2V

=V,

dc(max) T

18720



The normalized average output voltage is given by
V

Vdcn :Vn =20 - Vdc
Vdc(max) Vdm
2Vm COSQ

V. =V ==L Sy c0sa

T

18820



By plotting Vg q4c) VErSUS a,

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.

18920
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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
2V,
Vo) = Vi = — cosa

19020



Trigger angle «
in degrees

Remarks

Maximum dc¢ output voltage

0 o _y (%)
de(uaz) = T = T

30° 0.866 I,

60" 057,

90"
120° 05V,
150° -0.866 TV,
180° (2
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---------------------------------------------

-------------

Trigger angle a in degrees

19220
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 During the period from ot = a to & the input
voltage vs and the input current igare both

positive and the power flows from the supply
to the load.

* The converter Is said to be operated Iin the
rectification mode

Controlled Rectifier Operation
for 0 < a <909

19320



* During the period from ot = 7t to (m+a), the
Input voltage vg 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 < 1809

19420



Two Quadrant
Operation
of a Single Phase Full
Converter
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Two Quadrant Operation
of a Single Phase Full Converter

0<a < 900

Ve / Controlled Rectifier
Operation

N
0 x& P

‘ Line Commutated
Inverter Operation

19620
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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

2m
VO(RMS) BV _[ ch) d ((Dt)
\2m |5

19720
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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

V =
O(RMS) \[ I

TT vg.d (ot)

19820
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T +0L

J' Vrr? Sinz(x)t.d ((Dt)

7T +0L

jsm (Dtd((”t)

2

| A

nr (1—cos Z(Dt)_d ((Dt)_

— T +0.

a

[ d(ot)- I ozt (or)

19920
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% (a)t)/ S|n2a)t / j_

ﬁ (r +a_a)_(sm2(n +oc)—sin20c)
21 || 2

V2 i sin(2r + 200 )—sin 2o ) |
|

sin (21t + 20 ) =$sin 2o

20020
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V2] sin 201 —sin 20,
VO(RMS) :\l%—(n )_( 5 j

= (7 )-0= | =1
O(RMS) V 27[ V 2 ﬁ
Y = V—m =V

O(RMS) \/7 S

Hence the rms output voltage Is same as the
rms Input supply voltage

20120



Thyristor Current Waveforms
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Constant Load Current

iO
A : |O:|a
| . .

R
=

U o R
K




The rms thyristor current can be

calculated as
I

| __ O(RMS)

T(RMS) x/?

The average thyristor current can be
calculated as

20420



THREE PHASE
LINE COMMUTATED
CONVERTERS
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Introduction to
hree phase
converters
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3 Phase Controlled Rectifiers

» Three phase converters are 3-
phase controlled rectifiers which
are used to convert ac input power
supply into dc output power across
the load
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Features of 3-phase controlled rectifiers

» Operate from 3 phase ac supply voltage.
» They provide higher dc output voltage.
 Higher dc output power.

 Higher output voltage ripple frequency.

* Filtering requirements are simplified for
smoothing out load voltage and load
current.

20820



 Extensively used in high power variable
speed industrial dc drives.

 Three single phase half-wave converters can
be connected together to form a three phase
half-wave converter.
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Classification of 3-phase converters

« 3-phase half wave converter
« 3-phase semi converter
 3-phase full converter

 3- phase dual converter

21020



Classification accordi

no of pulses in the out
wave

 3- pulse converter
* 6-pulse converter
 12- pulse converter

ng to

out

21120



3-Phase
Half Wave Converter
(3-Pulse Converter)
with
R-L Load
Continuous & Constant
LLoad Current Operation

21220
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Circuit Diagram of 3- pulse converter

— e D

Iy =179 T

,_rwv\_t.) N P — >

g | "l | 4+
n lb T2 10 YI

d
IC C 1-5 V
> . D s |
T, -
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Vector Diagram of
3 Phase Supply Woltages
V

CN
120
0 V V =V
190 ( AN RN AN
- Y = Ven
Ven = Ven



3 Phase Supply Woltage Equations

\\é ceifine three line to neutral voltages
(3 phese woltages) as follows



Vony = Van =V, SINOL;
V., = Max. Phase Woltage

Voy =V, =V, sin(mt— z—gj
=V, sin (ot -120°)

Vgy =V, =V sin(o)t + 2—:7; j

=V, sin (ot +120°)
=V, sin (ot —240°)

21620
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Each thyristor conducts for

0
ZTC/ 3 (120 ) Constant Load
i G ; : Cuirent : :
0 I
l : i,=I, : \ : :Lmad current
| i ' | | |
| | A | |
0 ; I ; I ; ; >
iy | T 2 | |
R IS— ' ' ' |Current through T,
|_|_l Ia Ij_
0 : : wl
T4, St n 2ar 31T
6 6
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To Derive an
Expression for the
Average Output Voltage of a
3-Phase Half Wave Converter
with RL Load
for Continuous Load Current

21920



T, Is triggered at ot :(

o I3

+ocj = (30O +oc)
+ocj = (150O +oc)

: : I 1 _ 0
T, IS triggered at mt_( o +ocj—(270 +oc)

o |J

T, Is triggered at ot :(

Each thytistor conducts for 120° or &L radians
3

22020
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If the reference phase voltage Is

Vey = Van =V, SINL, the average or dc output
voltage for continuous load current is calculated

using the equation

5—Tc+oc

6
V, =— j V, sinwt.d (ot )

T
~ 4o
6

22120



— +Q

sinot.d (ot )

—CO0S = +o |+cos| £ +a
6 6

29@90



Note from the trigonometric
relationship

COS (A+ B_): (cos A.cos B —sin A.sin B)

—cos(%t )cos (o0 )+sin (S—g )sin (o)
+ cos(%).cos (o0 )-sin (%)sin (o )_

v i CoS (150O )cos (ot )+sin (150O )sin (o)
©oom +¢0s(30° ).cos (o )—sin (30° Jsin (c )

22320
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W, —cos (180° -30° )cos (ot ) +sin (180° —30° sin (o) |
© n | +c0s(30° ).cos (o )-sin (30° Jsin ()
Note:  cos (180O 30° )_ —COS (300)

sin (180° —30° )=sin (30° )

v 3V, +cos(30°)cos(oc)+sm
T I +c0s(30°).cos (o) W)

22420
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VT
V. = >  2cos (30°)cos (oc)]
v, |, B
V, = = _2>< ) cos(oc)_
_ 3Vm i . B\E\/m
Ve = _\/Ecos(oc)}— o cos (o)

V,, = 3;/—;" cos (o )

Where V,. =+/3V. = Max. line to line supply voltage

22520
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The maximum average or dc

output voltage is obtained at a

delay angle a=0and is
" _B\F\/m
givenv, =V, = D

Where V_ Is the peak phase voltage.
And the normalized average output voltage iIs

V
=V =—-% =cosa

dm

V

dcn

22620



The rms value of output voltage is found by
using the equation

N|

5

6
Vo =| 5 | VZsinotd (o)

L
6

and we obtain

N | =

1+«/§

6 8r

COS 20

VO(RMS) — \Evm
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3 Phase Half Wave
Controlled Rectifier Output
\Voltage Waveforms For RL Load
al
Different Trigger Angles
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° 330° 360° 390° 420°
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I | (1—900
a=90°
0 0 0 0 0 0 0 } O)t

30 90 0° 150° 189° 210° 240° 270° 30%° 330 390° 4
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3 Phase Half Wave
Controlled Rectifier With
R Load
and
RL Load with FWD
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3 Phase Half Wave
Controlled Rectifier Output
\Voltage Waveforms For R Load
or RL Load with FWD
al
Different Trigger Angles

23320
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A >i 4 Van Vbn & Ven
|
|

@ =600

5 ot

0° 390° 420°
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To Derive An  Expression For The Average
Or Dc Output Voltage Of A

3 Phase Half Wave Converter With
Resistive Load Or RL Load With FWD

23620



o T
T, is triggered at ot = ( ; +ocj = (30" +a)

T, conducts from (300 +oc) to 180° ;
Vo =V,, =V, SInmt

T, Is triggered at ot = (%ﬂ +ocj = (150O +oc)

T, conducts from (1500 +oc)to 300°
Vo =V, =V, Sin (ot —120°)

23720
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T, Is triggered at ot = (7_:; +ocj = (270O +oc)

T, conducts from (270° +a. ) to 420° ;
Vo =V,, =V, sin (ot - 240°)
=V, sin (ot +120°)

23820
3



3 [ 180" )
VdC —_ % OH_—[()() Vod ((X)t)J
Vo =V,, =V_sinmt; for ot = (oc +30°)to (1800)
3 | 180" | i}
Vie = 5- M_:[OOVm sinwt.d (oot)J
[ 1807 i}
V, = Vo j sinot.d (ot )
2m | a+30° i

23920



3/ i 180°
V, =" cosoot/
2T |

a+300

V., = 27: [ c0s180° + cos (oc +30° )]

cos180° = -1, we get

V, = 32\7/: [1+ COS (oc +30° )]

22222



Three Phase Semi-converters
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Three Phase Semi-converters

3 Phase semi-converters are used in Industrial

dc drive applications upto 120kW power
output.

Single quadrant operation Is possible.

Power factor decreases as the delay angle
Increases.

Power factor Is better than that of 3 phase half
wave converter.

24220
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3 Phase
Half Controlled Bridge Converter
(Semi Converter)
with Highly Inductive Load &
Continuous Ripple free Load Current

24320
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Wave forms of 3 Phase Semiconverter
for
o > 600
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3 phase semiconverter output ripple frequency

of output voltage is 3 f,

The delay angle oo can be varied from 0 to
During the period
30° <t < 210°

<ot < LE , thyristor T, 1s forward biased

T
6 6
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If thyristor T,is triggered at ot = QEG —I—OL),

T, & D, conduct together and the line to line voltage
v,. appears across the load.

At ot = 7—(7; , V.. becomes negative & FWD D_ conducts.

The load current continues to flow through FWD D, ;
T, and D, are turned off.

24920



It FWD Dm is not used the T,

would continue to conduct until the thyristor T,

6
be accomplished through T, & D.,.

. Is.triggered at
ot = (—n +ocij, and Free wheeling action would

If the delay angle o sg , each thyristor conducts

for <& and the FWD D_ does not conduct.

3

25020
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We deifine three line neutral voltages

(3 phase voltages) as follows
— \/;HI :::\Vzn

VRN ) ’
sin mt

Vi, =V, =V_sin (oot —~ %T j =V_sin (oot —1200)

V., = Max. Phase \Voltage

Vg =V =V_ sin(oot + ZER j =V, sin (ot +120°)

=V, sin (ot —240°)

V.. Is the peak phase voltage of a wye-connected source

25120
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Wave forms of 3 Phase Semiconverter
for
o < 600
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To derive an Expression for the
Average Output Voltage of 3 Phase
Semi-converter for o > 7/ 3

and Discontinuous Output Voltage

25720



For o > = and discontinuous output voltage:

3
the Average output voltage Is found from
3| % _
VdC —_— j VaC'd ((l)t)
271 | .
3 _

3| .
Ve =—| | ﬁvmsin(mt——)d(oot)
7 °

25820
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V. = 325\/”1 (1+cosa)
m

V,, = 3;/£L (1+cosa )

Vi =3V, = Max. value of line-to-line supply voltage
The maximum average output voltage that occurs at

a delay angleof o =0 IS

_3J3v,
TU

dc(max) — Vdm
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The normalized average output voltage Is

V=

V

V

dm

© =0.5(1+cosa)

The rms output voltage Is found from

O(rms) ~

3

2T

e
j v2.d (ot)
Vora




3

O(rms) B I

VO(rms) — \/E\/m T

Wz

j 3V 2sin?

Voo

=

ISMZ&)

d (wt)

N |~




Average or DC Output Voltage
of a
3-Phase Semi-converter
for o<m / 3,
and Continuous Output Voltage
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For a £E3 , and continuous output voltage
3 | % 5%+oc )
V, =— I V,-d (ot )+ j V,..d (ot )
2T | - .
Voo Z! _

V, = 3\§T\/m (1+cosa )

C
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v, =050+

Vi cosa)
RMS value of o/p voltage Is calculated by using

the equation

V =

n

_ -1

3 % ) 5%+oc ) 2
Vo ems) = e j v,.d (ot )+ T; vZ..d (oot)
B 6+0 2 .

_Jav | B[ 3cos*a
O(rms) " 4 | 3

1
2
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Three Phase Full Converter
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Three Phase Full Converter

3 Phase Fully Controlled Full Wave Bridge
Converter.

Known as a 6-pulse converter.

Used in industrial applications up to 120kW
output power.

wo quadrant operation is possible.
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LLoad

26720

Highly inductive
load



On Ts.T() T().Tl Tl-.TZ TZ-T'% T?*T'-’l T4* TS TS'T()
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: 5
i, T+« T+« +1,
6 6
0 > wt
A ia — 15 +Ia I + «
6
_ T +a }? + « lL? + «
A 10 6 6 —Ia 6
:[3
Load current
0 > wt

a =1/3
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;It'l7e thyristors are triggered at an interval of

:IJ"he frequency of output ripple voltage Is 6fg

T, Istriggered at ot = (n/6 + o), Tg Is already
conducting when T, Is turned ON.

During the interval (/6 + o) to (7/2 + o),

T, and T4 conduct together & the output load
voltage Is equal to v, = (Vo — Vin)
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T, 1s triggered at ot = (/2 + o),

s turns off

naturally as It Is reverse biased as soon as T, IS

triggered.

During the interval (n/2 + o) to (57/6 + o), T,
and T, conduct together & the output load

voltage Vo = Voo — (Van - Vcn)

Thyristors are numbered In the order in which

they are triggered.

The thyristor triggering sequence is 12, 23,

34,45, 56,61, 12,23, 34, .........
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W& deifine three line neutral voltages
(3 phase voltages) as follows

Vo=V, =V sinot ; V,= Max. Phase \bltage
21
Vi =V, =V sm(oot 3) =V sm(oot 1200)

21

Vgy =V =V sm(oot+ 3

j =V, sin (ot +120° )

=V, sin (ot —240°)

V., Is the peak phase voltage of a wye-connected source.

27220
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The corresponding line-to-line
supply voltages are



To Derive An Expression For
The Average Output Voltage Of
3-phase Full Converter
With Highly Inductive Load
Assuming Continuous And
Constant Load Current

27420
3



The output load voltage consists of 6 voltage
pulses over a period of 2x radians, Hence the
average output voltage is calculated as

vV, =V, =3V sin(ootqﬂj

6

27520
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= — j \ﬁv sm(oot+ 6) dot
6
VOIC = 3J3Vs cosaL = Vi cosa
TU
Where V. = f3V,, = Max. line-to-line supply voltage

The maximum average dc output voltage Is

obtained for a delay angle a = 0,

_3J3v, _3v,
TC TU

V =V

de(max)  dm
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The normalized average dc output voltage Is

V
=V =—% =cosa,
dm

The rms value of the output voltage Is found from
_ 1

2

V

dcn

6 2
Voum) =| 5 | Vo (@1)
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N |

6 2
VO(rms): % _“ V§b'd ((Dt)

N[

E-i—OL

Vo(ms) = IBV sin ((ot+ )d((ot)

+0c
6

1

Voms) = YV, (1 S\F cos 201
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Single Phase Dual Converter
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Single Phase Dual Converter

Converter 1 EX EX . Converter 2
1.
Y'Y Y\ e Y Y'Y\,
+ —
yi T, %L T; [to
+ YT,
ao—¢ :
:r_ F Load v ::
S Vol 02 ’s
bo { M\ v, [ " ob
AR I iiTg’ SﬁTl’
_ - +
L
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0

0

v =V, sin wt

> wt
24T
1 Vol —V,, sin wt
//‘ Converter 1

output

/ P

. > i

a T T oy 2
' 4
//‘\ V., sin wt
7
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4 Vo — —V_ sinot

/| Converter 1
/ output

0 : > i
a T oy 2

7
~— V,, sin ot

/

—V,, sin wt

Converter 2
output

> i

V,, sin wt
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— V., sin wt

Converter 2
output

wt

V,, sin wt

Voltage generating
circulating current

wt

28320



The average dc output voltage of converter 1 is

2V
V= Tm COSQL,

The average dc output voltage of converter 2 Is

2V
V., = Tm CosaL,

28420



In the dual converter operation one

converter is operated as a controlled

rectifier
witho < 90° & the second converter is

operated as a line commutated inverter

in the inversion mode with o >90°
Vdcl — _Vdcz
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N =Y N
cosQL, = cosaL, =
Tt Tt Tt

COSCL, = —COSaL,
or

(—cosa., )

cosa, =—C0sa, = Cos(T —a, )
o, =(m—a,) or
(o, +01, )=T radians

Which gives

o, =(n—a,)
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To Obtain an Expression
for the
Instantaneous Circulating Current
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* Vo1 = Instantaneous o/p voltage of converter 1.
* Vo, = Instantaneous o/p voltage of converter 2.

« The circulating current I, can be determined by
Integrating the instantaneous voltage difference
(which 1s the voltage drop across the circulating
current reactor L,), starting from ot = (2 - o).

 As the two average output voltages during the
Interval ot = (n+a) to (21 - o) are equal and
opposite their contribution to the instantaneous
circulating current i, IS zero.
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1
oL,

r

j vd((ot) V= (Vo

| (2m-oy)

As the o/p voltage v, IS negative

Ve = (V01 ‘_"Voz)

1
oL,

r

Vor = —V,, sinot for (2 ocl) to wt

ot

(27: —a )

(Vor + Vo, )-d (ot ) ;

28920
3

Vo, )




ol

i _ V| j —sinot.d (ot )- T sinwt.d (ot )

ol (n-a;) (21 -0y )
A
oL

r

The instantaneous value of the circulating current
depends on the delay angle.

r

(coswt —cosa, )
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For trigger angle (delay angle) o, =0,

the magnitude of circulating current becomes min.
when ot=nmt, n=0,2,4,.... & magnitude becomes
max. when ot=nwt, n=13,5,....

If the peak load current is | ;, one of the

converters that controls the power flow

may carry a peak current of

[Ip+4vm}

oL

r
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Different Modes Of Operation of Dual
converter

* Non-circulating current (circulating current
free) mode of operation.

» Circulating current mode of operation.
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Non-Circulating
Current Mode of Operation

* In this mode only one converter is operated
at a time.

* When converter 11s ON, 0 < oy < 900
* V4 IS positive and |4 Is positive.

* When converter 2 1s ON, 0 < o, < 900
* V4 IS negative and . IS negative.

29420



Circulating
Current Mode Of Operation

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

* The trigger angles o, and o, are adjusted such
that (o; + a,) = 1800 ; o, = (1809 - ).
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When 0 <a; <909, converter 1 operates as a
controlled rectifier and converter 2 operates as

an inverter with 900 <o,<1800.
In this case V. and |4, both are positive.

When 900 <al <1809, converter 1 operates as
an Inverter and converter 2 operated as a
controlled rectifier by adjusting its trigger

angle o, such that 0 <o,<900,
In this case Vg and I 4, both are negative.

29620
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Four Quadrant Operation

Conv. 2 V1 v, Conv. 1
Invertin s . /i
g . & / Rec;tlgfz)/(l)ng
Ol

o, > 900
/d \ dc

Conv. 2 "\ Conv.1
Rectifying Inverting

o, < 900 o, > 900




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.
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e As both the converters are 1n continuous

conduction we obtain faster dynamic response.
l.e., the time response for changing from one
quadrant operation to another is faster.
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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.
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Three Phase Dual Converters
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Three Phase Dual Converters

 For four quadrant operation in many industrial
variable speed dc drives , 3 phase dual
converters are used.

 Used for applications up to 2 mega watt output
power level.

 Dual converter consists of two 3 phase full
converters which are connected In parallel & In
opposite directions across a common load.

30220
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d 0—>—9
ib
bo——/\—4
ic
cO " M

ol

Load

— L 4 L
VT, siTﬁ' T,
% ial
a
i
Vo2 ‘b Ob




On

m

m

Ts, T Te. T,

TF, i1 1

T T

- | |

> wt

wt
I al = (W()O
Veb

wt
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5

p—

Converter 2 ouput for a, = 120°



0

()

()

o | Lonverier 1L ouput 1ol ay = v~

= i | % l wt
kLA =g L o | 3 ot
Vg O 6 2 | 2 Converter 2 ouput for a, = 120°
Vac Vbe Vba Vea 'cb Vab Vac
7 > wl
T T ‘
— | > Choke voltage
6 ™ T 1 6
N
= Vo1 T Vo2
T > wl
6
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Outputs of Converters 1 & 2

* During the interval (7/6 + o) to (/2 +
a4), the line to line voltage v,, appears
across the output of converter 1 and v,
appears across the output of converter 2
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We deifine three line neutral voltages
(3 phase voltages) as follows
Voy =Van =V SiNOT
V., = Max. Phase \Voltage

Vi, =V, =V_sin (oot— 2—:7; j =V_sin (mt—lZOO)

Vgy =V, =V sm(o)t+ ; j:Vm sin (ot +120° )

=V, sin (wt—240°)

30720
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The corresponding line-to-line
supply voltages are



0 obtain an Expression for the Circulating Current

* If vo; and v, are the output voltages of
converters 1 and 2 respectively, the
Instantaneous voltage across the current
limiting inductor during the interval
(/6 + o) < ot < (/2 + ay) IS given by
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Vr :V01 +V02 :Vab _Vbc

v. =+/3V_ Sin(®t+ﬁj—sin(a)t—ﬂz)

\
v. =3V _ cos(oot .
6,

The circulating current can be calculated by
using the equation
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. 1 e
i (t)= oL, J 3V, cos(oot _E)'d (wt)
B+0c1
i (t):(i\ﬁ“r _sin(o)t —%j—sinal_
_ Vi,

Ir(max) - (D_L
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Four Quadrant Operation

Conv. 2 V1 v, Conv. 1
Invertin s . /i
g . & / Rec;tlgfz)/(l)ng
Ol

o, > 900
/d \ dc

Conv. 2 "\ Conv.1
Rectifying Inverting

o, < 900 o, > 900




Contd...

» There are two different modes of operation.
= Circulating current free
(non circulating) mode of operation
= Circulating current mode of operation
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Non Circulating
Current Mode Of Operation

* In this mode of operation only one converter is
switched on at a time

 When the converter 1 i1s switched on,

For a; < 900 the converter 1 operates In the
Rectification mode

V4 IS positive, 14 Is positive and hence the
average load power Py, IS positive.

 Power flows from ac source to the load

31420
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 \When the converter 1 i1s on,

For o,; > 900 the converter 1 operates In the
Inversion mode

V4. IS negative, |4 Is positive and the average
load power Py IS negative.

 Power flows from load circuit to ac source.
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 When the converter 2 i1s switched on,

For o, < 909 the converter 2 operates in the
Rectification mode

V4. IS negative, |, IS negative and the average
load power Py, IS positive.

* The output load voltage & load current reverse
when converter 2 Is on.

 Power flows from ac source to the load

31620
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 When the converter 2 i1s switched on,

For o, > 909 the converter 2 operates in the
Inversion mode
V4. IS positive, |4 IS negative and the average
load power Py IS negative.

« Power flows from load to the ac source.

* Energy Is supplied from the load circuit to the
ac supply.
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Circulating Current
Mode Of Operation

 Both the converters are switched on at the
same time.
* One converter operates in the rectification

mode while the other operates in the
Inversion mode.

 Trigger angles a; & o, are adjusted such
that (OC]_ + 0(,2) = 1800
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* When o, <9009, converter 1 operates as a
controlled rectifier. o, IS made greater than
900 and converter 2 operates as an Inverter.

* V4. IS positive & | Is positive and Py IS
positive.
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