Chapter |1
AC to DC CONVERSION
(RECTIFIER)

o 3Single-phase, half wave rectifier
— Uncontrolled
— Rload
— R-L load
— R-Cload
— Controlled
— Free wheeling diode

e Single-phase, full wave rectifier
— Rload
— R-L load,
— Controlled R, R-L load
— continuous and discontinuous current mode

o Three-phase rectifier
— uncontrolled
— controlled
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Rectifiers

 DEFINITION: Converting AC (from
mains or other AC source) to DC power by
using power diodes or by controlling the
firing angles of thyristors/controllable

switches.

e Basic block diagram

AC input DC output

 |Input can be single or multi-phase (e.g. 3-
phase).
e Output can be made fixed or variable

o Applications. DC welder, DC motor drive,
Battery charger,DC power supply
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Single-phase, half-wave with
R-load

4 \,
J
J
J
J
4
\ I’
4
\\ ’I
\, 4
” /\

Output voltage (average),

P
Vo =Vayg = VmSiN(Wt)dwt

0
—Vin 0.318V,,
P
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RMS voltage

Output voltage (RMYS)

P
Vo,RMS = Jl (‘)(VmSin(wt))det = Vi
P o 2
Output current (DC),
V, 0318V,

|
° R R

DC voltage isfixed at 0.318 or 31.8% of
the peak value

RMS voltage is reduced from 0.707
(normal sinusoidal RMS) to 0.5 or 50%
of peak value.

Half wave Is not practical because of
high distortion supply current. The
supply current contains DC component
that may saturate the input transformer
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Half-wave with R-L load
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VS = VR + VL .
et (9o L8O

Thisisafirst order differenti al equation.
Solution isin the form of :

1(t) =15 (1) + 15 (t)

where: i;,1,, are known as"forced" and

"natural" response, respectively.
From diagram, forced response is:

) = 2mOsinwt- q)
el g
where :

Z=+R?+wlL)? and q:tan'lgé”—L?
e Rg
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R-L load

Natural response Iswhen source = 0,

L L d| (t)
TOLR it

which resultsin:
i ()= Adt ;t =L/R

Hence

() = ¢ (©)+in(t) = gé%%m(wt q)+ Aet!

17}

A can besolved by realising inductor current
IS zero before the diode starts conducting, i.e:

i1(0) = éé%%m(o q)+ Ae ¥
]
b A=$%2ysin(-q):$%9ysm(q)
e / 1] e Z 7]

Thereforethecurrent isgiven as,

i(t) = aé/'mox[sm(wt q)+sin()e t/t]
or
I(wt) = aé/””OX[S”‘(Wt q)+sin(g)e "™ |
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R-L waveform
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Note: |
V| Isnegative becausethecurrent is
decreasing, i.e:
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Extinction angle

Note that the diode remainsin forward biased
longer thanp radians (although thesourceis
negativeduring that duration)

The point when current reaches zerois when
diode turns OFF. This point isknown asthe
extinctionangle, b.

i(b)= aé/mox[sn(b q)+sm(q)eb/Wt] 0

which reducesto

sin(b - q)+sin@)e®™ =0

b canonly besolved numerically.
Therefore, the diode conducts between Oand b

Tosummarisetherectfier with R - L load,

:gé%o{sin(wt q)+sSin(g)e
2
iwt)=ifor O£ wt£ b

i0
f otherwise

wt/wt ]
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RM S current, Power Factor

Theaverage(DC) currentis:

1% 1°
l,=— gi(wt)dwt = — ai(wt)dwt
R % o

TheRMScurrentis:

12|O 2( \d 1b 2( \d
| = |/ AN(wt)dwt = |— A (wt)dwt
RMS 2 O Z O

0 0

Power absorbed by theloadis:
Py = (I aus)” <R

Power Factor iscomputed from definition .

p = g

where P isthereal power supplied by thesource,
which egual to the power absorbed by theload.
Sistheapparent power supplied by the

source, i.e

S= (Vs rus ) rus)

P
(Vs rms (I rms)
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Half wave rectifier, R-C Load

p—r
—>
+ ID N +
V, /\, - v
—e
Ve[ R
VI &
p/2 p 2P 3p /2 3 4y
Vv
V. 0 y
\V T— — 4D
min \ .
| /\
D
a q

iV, sin(wt) when diodeisON
V, =i
>V e WtOMRC T when diodeis OFF

Vv, =Vp,Sing
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Operation

. Let Cinitially

uncharged. Circuit
IS energised at
wt=0

Diode becomes
forward biased as
the source become
positive

When diode is ON
the output isthe
same as source
voltage. C charges
until V,,

Power Electronics and

o After wt=p/2, C

discharges into
load (R).

The source
becomes less than
the output voltage

Diode reverse
biased; isolating
the load from
SOUrce.

The output voltage
decays
exponentially.
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Estimation Of q

Thedopeof thefunctionsare:

= V,,, coSwt
d(wt)
and
d@/mSinq @ (wt-q)/wRC )
d(wt)
1 0 wt-q )/wRC
=V _sing x Oxg tWt-a
qxg WRCg

At wt =q, thedlopes areequal,

Vi, Cosq =V, sing - L 6 -a)wRC

¢ wRCg
5 VmCosg _ 1
V,Sihg x  wRC
1 1
tang - wRC

q = tan (- wRC) = - tan"twRC)+p
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Estimation of a

For practical circuits,wRC islarge, then:

P P
=-tan(¥ )+p =- —+p = —
q (¥)+p=-T+p =1
and V., sSing =V,
Atwt=2p +a,

V. Sin(2p +a ) = (V,,sing e (®ra-a)wRC
or

sin(a - (sing)e ®*2-)wRC _ g

Thisequation must besolved numerically fora
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Ripple Voltage

Max output voltageis V. -
Min output voltage occursatwt = 2p +a

Reffering to diagram, therippleis:
DV = Vimax = Vimin

=V.-V.sin(2p +a)=V,,- V., sina

If V, =V,,andq =p /2, and Cislargesuch that
DC output voltageisconstant, thena » p /2.

Theoutput voltageevaluatedatwt = 2p +a IS:

I0+I0/2 p/20 gezp o
0(2p +a) Vee WRC g_V eeWRCg

Theripplevoltageis approximated as:

& 2p O oo ) ? 2p 90
WRC _ C wRC g™
DV »V Vee o Vmgl-ee g%
é 2
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Voltage ripple-cont’d

Approximation of exponent term yields:

o 20 WRC 1. 2p
wRC

Substituting,

sV
DV. » 3eigz_m
0" MY WRCy  fRC

. The output voltagerippleisreduced
by increasing C.

. AsCisincreased, the conduction interval
for diodeincreases.

. Therefore, reduction in output voltage
rippleresultsin larger peak diode current.

EXAMPLE:
The half wave rectifier has 120V RM S source at

60Hz. R=500 Ohm and C=100uF. Determine (a)
the expression for output voltage, (b) voltage ripple.
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Controlled half-wave

Averagevoltage:

1P . V
V, = — gV Sin(wt)dwt = —"[1+ cosa ]
0 20 OYm 20

a

RMSvolatge

2
Vi = \/zii‘)[\/msin(wt)] dwt

2 p -
= [Ym 41 cos(aw ]t :Vm\/l- @, Sn(z)
4p 2 p 2p
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Controlled h/w, R-L load

+
VR
+ +
- V
V, 0
’\’ +
vV, _
A N , /cf"'\\\
VS ’IJ \\\
/ \ J ‘
\ IJ \\
\\ >
o \ / 2p wt
A -
Vo
N
i \\ >
) PP 2p
a \

-wt

I(wt) =1¢ (wt)+i,(wt) = gé%g@n(wt -q)+ Aewt
e

7]
Initial condition:i(a )= 0,
i@)=0=2m%gn@ - q)+ Aen
el g

,ym('_j _ 0 —

-a
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Extinction angle

Substituti ng for Aand ssimplifying,

—(a—w’[)l:I
aé/m_xesm(wt gq)-Sinf@a-qg)e M
|e ﬂg H

[(wt) = i for a £wte b
i 0 otherwise
"
:
I

Extinction angle b Isdefinedwhen i = 0,

aé/ (a - bu
i(b)=0= g—mSésm(b q)-sin(b-qle"™
¢ 2 ag ]

which can only be solved numerically.

Angle(b - q )iscalled the conduction angel.
|.e thediode conductsforg degrees.
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RM S voltage and current
Averageoltage

b
\, = Zt VimSinwt)awt = \in[cosa - COS]

a

Averageurrent RM Surrent

lo= it()‘j'(Wt)d’V | RMs= ik()‘j'z(Wt)d’V
Z %

a

Thepowerabsorbedby theload s:

2
R =lrus xR

EXAMPLES

1. Design acircuit to produce an average voltage of 40V
across a 100 ohm load from a 120V RMS, 60Hz supply.
Determine the power factor absorbed by the resistance.

. A half wave rectifier has a source of 120V RMS at
60Hz. R=20 ohm, L=0.04H, and the delay angleis 45
degrees. Determine: (a) the expression for i(wt), (b)
average current, (c) the power absorbed by the load.
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Freewheeling diode (FWD)

Note that for single-phase, half wave
rectifier with R-L load, the load (output)
current isNOT continuos.

A FWD (sometimes known as
commutation diode) can be placed as
shown below to make it continuos

o]
— s
E VS —
+
+ Ve
V x - V5
+
v, _
F —_
i |
S
—0—

D, ison, D, isoff D, ison, D, isoff
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Operation of FWD

Note that both D, and D, cannot be turned
on at the same time.

For a positive cycle voltage source,
— Djison, D, is off
— The equivalent circuit is shown in Figure (b)
— Thevoltage across the R-L load is the same as

the source voltage.

For a negative cycle voltage source,

D, isoff, D,ison
The equivalent circuit is shown in Figure (c)
The voltage across the R-L load is zero.

However, the inductor contains energy from
positive cycle. The load current still circulates
through the R-L path.

But in contrast with the normal half wave
rectifier, the circuit in Figure (c) does not
consist of supply voltage in its loop.

Hence the “ negative part” of v, as shown in the
normal half-wave disappear.
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FWD- Continuous load
current

e Theinclusion of FWD results in continuos
load current, as shown below.

* Note also the output voltage has no
negative part.

output v,
_ Ip1 w i
Diode
current _
-z | —
0 p 2p 3p ap
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Full wave rectifier with R load

A A

Bridge circuit

b
D2

|
—>

Center-tapped circuit
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Notes on full-wave

o Center-tapped rectifier requires center-tap
transformer. Bridge does not.

o Center tap requires only two diodes,
compared to four for bridge. Hence, per
half-cycle only one diode volt-drop is
experienced. Conduction losses is half of
bridge.

 However, the diodes ratings for center-
tapped is twice than bridge.

For both circuits,

v :{/msin_wt Of£wtEp
0 ViSinwt  p £EwtE 2p

DC voltage:
P
V, = L v singut)dwt = M - 0,637V,
P g p
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Bridge waveforms
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Center-tapped waveforms

)
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Full wave bridge, R-L load

o,

1.

vV, -
IDl 1 |D2
i i H 2p 3p 4p
D3 ' D4
V, :
output g
supply |
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R-L load analysis.
approximation with large L

Using Fourier Series, output voltage

Isdescribed as:
¥

Vowt) =V,+ & V,cos(nwt+p)

n=2,4...
where
v, = 2
V. = ZE/mge 1 1 0
N =

p én- 1 n+1;
The DC and harmonic currentsare:

| p=on- Vo
° R " Z, R+ jnwL

Notethat asnincreases, voltage

amplitudefor the nth harmonic decreases.

Thismakes| , decreasesrapidly for
Increasing n. Only afew termssufficient
to approximate output.
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R-L load analysis

IfwLislargeenough, it ispossibleto drop all the
harmonic terms,i.e.:

(wt) » |O:VI§ = Z\ém’ forwL >> R,

Theapproximation with large L isshown below.

L
Ipy g, [ L eXact e, 4 approx.
i H 2p 3p 4p
D3 1'D4
VO
output s
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Examples

s = 4 102+ & (1 mws?) = |
RMS ~\'o Ta \InRvS /= 1o

Power delivered totheload: P, = | gys”R

« EXAMPLE: Given abridge rectifier has an
AC source V=100V at 50Hz, and R-L
load with R=10ohm, L=10mH

— @) determine the average current in the load

— D) determine the first two higher order
harmonics of the load current

— C) determine the power absorbed by the load
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Controlled full wave, R load

g@g' 2,
: % |

V, = 1 NVmSin(wt)dwt = \h[1+ CoSa |
P

a

2
P
p a

_ \/1_ a +s,in(2a)
"2 2 4
The power absorbed by theR loadis:

2
P - VRI\/IS

0 R
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Controlled, R-L |oad

sl

I, \/\J/-Fa\\

— b

2p

~.._.~ Contintousmodle ..
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Discontinuous mode

Analysissimilar to controlled half wavewith
R-L load:

é/m()

i(wt) = ><[S|n(wt q)- sn(a - q)e (wt- a)/wt]

fora Ewteb

Z = R+ (wL)?
and g = tan 1?N—LQ =L
e Rg R

For discontinous mode, need to ensure:
b<(@+p)

Notethat b istheextinction angleand
must be solved numerically with condition :

i.(b)=0

The boundary between continousand
discontinous current modeiswhenb in
the output current expressionis(p +a ).

For continous operation current at
wt = (p +a ) must begreater than zero.
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Continuous mode

ip +a)2 0
Sin( +a - q)- sin(p +a - q)g P2 )" 2 g

Using Trigonometry identity .
Sin(p +a -q)=9n(g - a),
sin@ - a)[l- e @™ )]s o
Solvingfora

1&W|-o
&R g

a = tan

Thusfor continuous current mode,
1aEW L o
é R g

a £ tan

Average(DC) output voltageisgiven as:

12 2N
Vo=— VmSnwt)wt = —" cosa
p . p
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Single-phase diode groups
i R

In the top group (D,, D,), the cathodes (-) of the two
diodes are at acommon potential. Therefore, the
diode with its anode (+) at the highest potential will
conduct (carry) i,

For example, when v, is( +), D, conductsi, and D,
reverses (by taking loop around v, D, and D,).
When v, is(-), D,conducts, D, reverses.

In the bottom group, the anodes of the two diodes
are at common potential. Therefore the diode with
Its cathode at the lowest potential conductsi,.

For example, when v, (+), D, carry i,. D, reverses.
Whenv,is (-), D, carry i,. D, reverses.
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Three-phase rectifiers

4p

3p

2p
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Three-phase waveforms

Top group: diode with its anode at the
highest potential will conduct. The other
two will be reversed.

Bottom group: diode with the its cathode at
the lowest potential will conduct. The other
two will be reversed.

For example, if D, (of the top group)
conducts, v, is connected to v,, . If D, (of the
bottom group) conducts, v. connectsto v, .
All other diodes are off.

The resulting output waveform is given as.
V=V -V,

For peak of the output voltage is equal to
the peak of thelineto line voltage v, .
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Three-phase, average voltage

NV
/
< i Vm, L-L
PN | >

of T

p/3 2p/3

Considersonly oneof thesix segments. Obtain
itsaverageover 60 degreesor p /3radians.

Averagevoltage:

L %3
VO = — (\)Vm,L- L Sn(Wt)dVVt
p /3 p/3

V.
- T mb-L [cos(wt)]lf";é3

Wp

— mlL-L — O.955\/m’|__ L
P

Notethat the output DC voltage component of
athree- phaserectifier ismuch higher than of a
single- phase.
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Controlled, three-phase
Dl)l/. i
S

<y g

D,
D5

.
SiGlc)
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'\4‘ ’ _
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D,
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A
// N/
7 IR
N/
P
O_<
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~/
0
e
7

[
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Output voltage of controlled

three phase rectifier

From the previousFigure, leta bethe
delay angleof the SCR.

Average voltage can be computed as:

2p /3+a
VO = — (\)Vm,L- L Sn(Wt)dVVt
p/ p/3+a

EXAMPLE: A three-phase controlled rectifier has
an input voltage of 415V RMS at 50Hz. The load
R=10 ohm. Determine the delay angle required to

produce current of 50A.
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