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Half wave rectifiers

Half-wave rectifiers in practice are used most often in
low-power applications.

Vin = VinSin(®f)

Q14

»

The average current in the supply is not zero, this may
cause problems in transformer performance.

Half-wave rectifiers are mainly analyzed because their
-
operation is similar to more complicated circuits (like full- 'y < y {Vm sin( ot ) forv, >0
m vo -
!

wave multipulse rectifiers). 0 for v, <0

In the half-wave diode rectifier with resistive load the

current i flows when diode is forward biased i " | =sin(wt) for v, >0
(0, >0, 95 =0, v5=1;,) < i or 1= R

4_%* | e 0 for v, <0
., o o
. in . - 0 for v, >0
.= Vi =
Ui = Vipsin(wt) /9 vo D Vm P |, sin(ot) forv, <0
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Half wave rectifiers

The average value of the output voltage V is given as

Vo

............ Vo
>t
2n
V, = i.([Vm sin (o) dot = —Z—‘;[cos(mt) :J = —Z—‘;[(—l -1)]=

The average value of the current

AR
YR nR

The rms value of the output voltage

Vo =\/ 1 }[Vm sin(oot)}2 dwt =%

2my

Silesian Universit
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Example of the diode half-wave diode rectifier with R

load (R =50 Q) supplied from sinusoidal voltage source
V. =230V (V,,=325V).
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Half wave rectifiers

In the half-wave diode rectifier with resistive-inductive

load the current i flows for positive input voltage and for
a part when the input voltage is negative.

{VD
l

Vin =

Vnsin(w?)

Vin

Q)4

N2
©

L

0
The current i is composed of two componenets, the

forced response i; and natural response 1,..

., _{Vmsin(mt) for oz € (0,B)

for ot € (B,2n)

ot

. (i +i, forote(0,B)
1 =
ot 0 for o € (B,2m)
v o
=4+, =7msin(o)t—(p)+—msin((p)e ' A v 7 o
| ;f/ l: VmL/
L L
where: Z =R’ +((0L)2; o= arctan(w—j; T=— - v, =

R R
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{ 0 for oz € (0,B)

V.sin(ot) for of € (B,27)
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Half wave rectifiers

The current i is composed of two componenets, the
forced response i; and natural response ...

t
m m

i=i +i =%sin(mt—(p?+%sin((p)e;

VT VT

Ig Iy
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The turn off angle [3 is required for calculating the
average value of the output voltage and current. This
angle can be numerically computed from the equation
V. . 8 —
i=0=—"sm(p-¢)+—=-sin(p)e "
~sin(B-e)+—sin(g)

p

A|sin(B—@)+sin(@)e ** |=0
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Half wave rectifiers

The average value of the output voltage V, for RL load is
given as.

14 =L?V sin((ot)dcotz—&[cos(wt)ﬂ=E[1_COS(B)]
°© 2ng " 2n 4 2m
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Example of the diode half-wave diode rectifier with RL
load (R =6 Q), L =20 mH, tg(¢) = 1) supplied from
sinusoidal voltage source V. =230V (V,=325V).

mrms
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o4~

0] S Results
i avg ms
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Controlled half wave rectifiers

In the half-wave thyristor rectifier, the current i flows
when thyristor is forward biased (v, , > 0) and to SCR gate
current signal is applied.

The gate signal is applied synchronously with the
fundamental period of v,, at the delay angle «.

VT

In the half-wave thyristor rectifier with resitive load the
turn-off angle B = .

Silesian Universit
7 of Technology i

A
Vin b
Vi
ot
o
B
Vo V,sin(wt) for ot € (a,B)
A
Vin ° 0 for oz ¢ (a,PB)
ot
| S (V.
T i 7sm((,gt) for ot € (a,B)
; =
| I > 0 for ot ¢ (a,P)
VT
ot
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0
T _{Vmsin(wt) for o ¢ (o,P)
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Controlled half wave rectifiers

The average value of the output voltage V5 of the half-
wave thyristor rectifier with resistive load is given as

Yo

V, = LJ‘Vm sin (ot )dot = —E[cos(mt)

ZJ = g—m[(1+ cos(oc))]

27 27

The average value of the current

Iy = % = ZI:c—mR[(lJr cos(oc))]

Silesian Universit
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-160 —

-320

Example of the thyristor half-wave diode rectifier with R
load (R =50 Q) supplied from sinusoidal voltage source
V. =230V (V=325 V) with a delay angle o = 60°.

mrms
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Controlled half wave rectifiers

The average value of the output voltage V, of the half- Example of the diode half-wave thyristor rectifier with RL
wave thyristor rectifier with resistive-inductive load is load (R =6 Q), L =20 mH, tg(¢) = 1) supplied from
given as sinusoidal voltage source V... =230V (V_,=325V)

vo A with a delay angle a = 60°.
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160 —
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B | 160 —

> o & | Results
a B 27[ ) avg rms
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o 4r_\] 0 103445 16.891
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40 - io

30 vin -89.0743e-9 229.8053
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B
V, = 2_17:ij sin((ot)dcot = —g—r;[cos(cot)
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load

Half-wave rectifier

Single-phase half-wave thyristor rectifier with RV,

S .
> 1}
\ %N T
Vin| < Vo
Vdc'l‘
AO 0O @
| Vo
! (\ Vm V(g:
Omin || T j
RIGRE. -
Vs =2V—‘;(cosoc—cos[3)+Vdc(l—Bz_naj
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Single-phase half-wave thyristor rectifier with RLV,_load

=~
F
o~
(18
"+

(00 i Vin

Vs B—oa
Vo—2n(cosoc cosB)+VdC(1 > j
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Full-wave rectifier

Single-phase full-wave diode rectifier with R load Single-phase full-wave thyristor rectifier with R load
. A Vin, 1 Vin
Vin, 1 Vin v A
S 74 i In va L
: _— t L T i o \\\% }
1 2 o
i o— & IR
o— l_)lzs D T i
T l; Vin ] Vo A Vo Lo V
Vin Vo ‘ a
rk T CNL
— DX MR : !
o Dix Dix Lo >
17§ : 2V 1% : V
V, = —ij sin (ot )dwt = —= V, = —ij sin (ot )dot = —m[(l + cos(oc))]
T T T T
0 o
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Full-wave rectifier RL /\
»

Single-phase full-wave diode rectifier with RL load 20 ms
>i1 >i0 A
Dy D, A 1, e

l. 7w AN g

Vin Vm‘\' 7 ) )

. //\V\ //\\ //\\ Vo

1y
JWANEWAN \ \V ',

Load current could be constant with limited ripple

The full-wave bridge rectifier can operate in CCM P
with RL load la ‘t
RL load is limited to DC drive systems, welding §
L
machines, electrolysis reactors t
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Full-wave rectifier RC

Single-phase full-wave diode rectifier with RC load A

Iq
*~—> *
LS Dl D2 Uy \ I L

] T T : N M
Vin —_!
D, D, A

T 1 s VAN

Load current is not continuous thus converter always operates in DCM.

Conduction angles depend on RLC parameters and phase currents can be more distorted than currents of
rectifiers with RL loads.

RC load is commonly used in domestic low power appliances and medium and high-power adjustable drive
systems.
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Six-pulse rectifiers

Three-phase full-wave rectifiers are also known as six-pulse rectifiers. There are similar options of rectifiers as for
half-wave rectifiers or single-phase rectifiers.

Six-pulse diode rectifier with RL load Six-pulse thyristor rectifier with RC load
—>>
D, D, Ds ; Tl T2 T3 Io
N N IS Y0 A A A
VA i\ Al AL i3 Va ; Al AL I3

=

¢

B~
<

Ve ic C Ic
C A ia A s Ao C A s A is Ao

D4Z§) Dszxj AN T4Z§) RN (N

Vs Ve V4 Vs

V6
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Six-pulse diode rectifier — output voltage

The operation of six-pulse diode rectifier with
continuous output current .

X Jr Dixjvz Dix}vs .

Y AZ AB
>

\ i Als A6

S) Dszxj Dozsj

V4 Vs

There are 6 equivalent circuits

©) ® ® ® ©

At the same time only two diodes conducts current.
One diode is from upper group (D, D,, D,) and the
second is from lower group (D,, Ds, D)

s @

Silesian University

of Technology

Output voltage
1O 00000
w0 N R R R
0UCB ! UVAB I VAC i UBC i UBA I
08 [N UOL-— 20 P .- ! b b - L I

06 |-\ / /LNl N N N
4 | [ [ T I i

41/3 5m/3
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Six-pulse diode rectifier

The average value of the output voltage of the six-pulse

rectifier is calculated as
2n

3
Vo :%-6- J- V, sin( ot )dwt :%(cos(gj—cos(%jj =

b
3

Vi 105
% )
|

Silesian Universit
16 of Technology i

In general g-pulse rectifiers the average value of the
output voltage

m T

2 q T T
_9 : _dVn| _ 7y |
Vs = njansm(oat)d(oot)— o ( cos((ot)|§:j

mn 2n
2 AuL» .
Z%Sin(ﬁj \ 2\
=) Y X .
7

q
In the half-wave rectifiers V_ is an amplitude of the
phase voltage, but in full-wave rectifiers V_, is an
amplitude of the line-to-line voltage.

For 6-pulse rectifier supplied from three-phase grid with
line-to-line voltage V), .., =400 V the output voltage is:

Vo =—=sin 3 =540.2V

T

6V . (nij=€4°°V3«/§-400V
I
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Six-pulse diode rectifier — diod

The diode voltages in different equivalent circuits are
composed of different line-to-line voltages

©) ® ® ®

@

©

The diode D, voltage v, is a difference of the anode and
the cathode voltages.

O 010,

V=V, =V, =0 VI =V5 — Vg = Vag VI =VA = Ve = Vac
D, VA D, VB D, Ve
- : :
VA VA VA
VA, VA VA
VB VB( ) VB
Ve vc VC N

Silesian University
of Technology

17

e voltage
Diode D, voltage v; in CCM

| | | | 1 1 1
_ o i i i i i i i
«=0 e e a a e a a
u | | | | | | |
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| I | I | I | I | I | I | |
| | : | : ! : ! : ! : | : !
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| | | | | | | | I | 1 i | 1
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I I I I 1 1 1
I | I | I | ) | ) | ) I ! |
04 N 4 R e 4 A
| | | | | | | | | I | I | |
| | | | | | | | i i i i i i
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| | | | ! | ! | ! | ! | ! !
0 i . : . i i ! i . i
| | | | 1 I | | | I ! | ! |
| | | | | | | I | 1 i 1 1
AN Y /S SR SR/ 0 U U/t . NSO S S WU SO A 0 U SR A S WO Sy A8
-0,2 h ' 1 f | | | | | | 1 | 1 1
N PN N NS NS N
| | | | I 1 1
( | | | | | h | i | 1 | ( |
06 F-———f-N-——————— A= FR G ) U AT . A |5 E —— 4 -\ ———
4 | | I | I | I | | | | | |
| | | | 1 | 1 | | ! | ! I
| i | i | | i | i i | i i
0,8 f-—--+- —fmmm A m— =N mmmdm— =X R e e T Attt SEERE N —— X4
‘ i . i . i . i i i i !
| | i | i I i | i | | | i |
10 bt e e e e T Nt Nt®” > =
0 /3 27/3 T 4mt/3 571/3 21 wt, rad/s

Voltages across other diodes are similar to v; but phase-
shifted by multiple of 60°
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Six-pulse diode rectifier — current waveforms

@ ©) ®

Output current in the six-pulse diode rectifier depends — |

® ® ©

on the load type and its parameters.

load type output current 1, diode D, and D, currents
FGHOHONOHONONGCIGHOHOHONOHONO,
? SN R o e I
R 0 0
fo i i 1 - A o da i ey,
RL 0 0
(im n:/3 2;;/3 ““';r Jné_l-n/?) : -5_:1r/3 2_;1 wt, radj/s 0 7'(:/3 2m/3 : T 7;”;7:(/3 : 57:;/3 : 27;7(;)7t7,r;:a:ci/s

The rectifier currents are calculated from:

v 1
I, =9 Iy =§]O
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phase A current i,

Ia : ' T
- + 4 Io
0
ia
1o
0
(i --------- :n/3 2';1/3 ] ;I 4m/3 57;/3 ) 27 w;t_;;a-;{/s

Iy =0
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Six-pulse diode rectifier — phase current harmonic spectrum

Phase current i, consists of harmonic componentsI,,

éI—OCOS

™ h

T .
h—| foroddharmonics
I, = 6
0 for even harmonics
Inw/lo A

0.8~

0.6/

04 .......

0.2

I_I 1 ss w0 wu .. >

1357 1113 1719 30 40
harmonic order

Only odd harmonics which are not multiples of three
exist in the phase current (h = kx6x1)

Silesian Universit
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The amplitude of the phase current fundamental
component [, is transferring active and reactive power.

4 3 243
I, = _107 =—1,
T 0
The output power Py is
Py =1,V = gIovm - ﬂlovu
T T

The input power P, of the three-phase six-pulse rectifier

I 2V/3 3V2
pin - \/E%VH - \/EEIOVH - TIOVH

The input power P, is equal to the output power
because it is assumed that rectifier is lossless.
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Six-pulse diode rectifier — RC load

The six-pulse rectifier with RC load operating in DCM

The six-pulse rectifier with RC load operating in CCM

el2
ell
€23
u2il
e31
A H ;
240 -, i S ¥s ' ) b1 S s S ot u32
P 4 \ \ ’ \ ’
\ Pl ‘\ i \\ i % P N s A U &
' ‘ ) y v . . ’ \ o % 4
h % ; s ’ \ / \ g \ o \ ’ uT
0
-240
-480 —
160 —
80 -
0
-80
-160 <

20 (B8

Silesian University
of Technology
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- A 2N PN N N N
/ Y ’ a ’ L /s N ’ \ ’ N e23
“ ’ N ’ N ’ [N ’ \ ’ \ .
,’ b s N 4 A} s N ’ \ d N
’ S ’ ~ ¢ \ ’ N . # \ u2l
1., \\ ’ N \ I‘ L . ,’ .
’ \(’ \” “, ‘\, N A e3l
240 u32
=]
uT
0
-240
-480
A
160 —
i0
80
0
-80
-160 —

52e-3
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Six-pulse thyristor rectifier — output voltage
Output voltage

The operation of six-pulse thyristor rectifier with
continuous output current .

]nylzixyzjéxys oy

Y AZ AB

A s Ais Ais

S) szj nzx)

V4 Vs

Ve

Thyristors are turned on with a delay angle a.

All 6 equivalent circuits are the same as in the six-pulse
diode rectifier

©) ©) ® ® ® ©

0 /3 27/3 T 47/3 57/3 27 wt, rad/s
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Six-pulse thyristor rectifier — output voltage

The average value of the output voltage V, depends on
the delay angle .

A 2n
<1 >

ANNNNT.

b
Y WA S\

Yo

nm
2 q
..
—i . :% B E+a+oc _
Vs —znn;[ V. sin(ot)d(ot) o ( cos((ot)|gg+aj
27,

=%sin(gjcos(a) = Vomax €OS( Q)
q

Silesian Universit
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The output current flows only in one direction but the
average value of the output voltage V can be with both

polarities.
VO/VOmax
A

< Rectifier mode
Power transfer

0.5 from AC to DC

0 >

s Inverter mode
Power transfer

o . fromDCtoAC

30 60 90 120 150 180
delay anglea
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Six-pulse thyristor rectifier — constant output current

The output voltage

-240

480 -

I
44e-3 48e-3 52e-3

Silesian University

of Technology

el?
eld
e23
u2i
&3l
u3z

The delay angle o =880

The thyristor T, voltage

el2
eld
e23
u2l
31
u32
uT

The phase and thyristor currents

12 320

160

1 ] 1
52e-3 56e-3 60e-3

VA
io
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Six-pulse thyristor rectifier — the operation with high a

The load which acts as a constant output current source
can occur only in specific applications:

- Electrical drive systems with dc machines

- High Voltage Direct Current Transmission Systems
HVDC.

+ 2
R, Ly
S\ A
VAN Vi Vao 7 '
— +

Figure 13.14
© John Wiley & Sons, Inc. All rights reserved.

The power flow depends on voltage polarisation only
because the current is unidirectional.

Silesian Universit
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The output voltage characteristic V= f(a) = V5,05 1S
only for CCM operation. For converters with R or RL
loads DCM when ot > 60°

The output voltage
for R load with a =90°

The output voltage
characteristic

VO/ VOmax

A
1.0

0.5

. continuous current

-0.5

30 60 90 120 150 180
delay angle o
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Six-pulse thyristor rectifier — commutation

Why are thyristors or diodes switched off when they MMM M XY W
were conducting? 3
: Vo ==V, — AV,
A: Other diodes from the same group form a fast- AV VAVAVIRY: T
passing short-circuit lasting until the current in new TA A A A A A AV = 3 I
. . . . . . 1/ 3 0 S I U A LU A | A com — _ +d¥&s
diode is equal iy (the current in previously conducting
diode reaches zero).
Van L5 ' ! E ! ) d
+ 1 44e-3 48e-3 52e-3 56e-3 60e-3
+ VL B P T T T T7 T T T T T
Ven T wt 10 - /
n i \ : 3
SO ()
Von LS ”T‘] | 20 -
+ 6 )
N - | —_— 10
i3 3|
(a) | o
0 —— = “ gl A bl Ly |
wt=0 o 210 410* 610t s10* o001 00012 00014 0001¢ |
) ' ]

of Technology
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Multipulse rectifiers

Twelve pulse rectifier is constructed from two six-pulse
rectifiers which outputs are connected in series, but
supply voltages are separated by using transformers
producing phase shifted voltage by 30°

Dy Dy Di3

A A A

A
Uqy

nh3
>
»

Dy Dis Dig 14

u,
d 121 @

"
UAB

Ut
i

.
e
> l 123

\ 4]

—>—

Y
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In the phase current of the 12-pulse rectifier the
following harmonics exist h =11, 13, 23, 25...

(h =kx12+1)
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