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Chapter 2

AC to DC Converters (Rectifiers)

21 Introduction

A rectifier is a power electronic device that converts alternating current (AC)
which periodically reverses direction, to direct current (DC) which flows in only

one direction. The rectifiers can be classified as shown in Figure 2.1.

[ Types of Rectifiers ]

L A L 4

[ Single Phase ] [ Three Phase ]
v I ' v | v

Uncontrolled Controlled Uncontrolled Controlled

Half Full Half Full Half Full Half Full
Wave Wave Wave Wave Wave Wave Wave Wave

Figure 2.1: Classification of
rectifiers.
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22 Single-Phase Half-Wave Uncontrolled Rectifier

2.2.1 Case of Resistive Load

A basic single-phase half-wave uncontrolled rectifier with a resistive load is

shown in Figure 2.2. For the positive half-cycle of the source in this circuit, the
diode is ON

(forward biased). For the negative half-cycle of the source, the diode is reverse-

biased, making the current zero. The voltage across the diode is the source

voltage.
v
2, L P _
> ™ +
+
v, =V sin wt Ré U,

Figure 2.2: A single-phase half-wave uncontrolled rectifier with a resistive load.

Assuming that the transformer provides ideal sinusoidal voltage on its
secondary winding, the voltage and current waveforms on resistive load and the

voltage waveform on the diode are shown in Figure 2.3.
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Figure 2.3: The waveforms of the single-phase half-wave uncontrolled rectifier
with a resistive load.

The average (mean) value of output

Area
VOItage;VDC(Load) =

T
1 T
VDC(Load) = %j vaina)tda)t
0

1w
= — [, vmsinwtdwt

To make the solution simpler, we assume wt = 6

Um

1 (" , %
Vbe(Load) = %j v, Sinfdl = o [—cosO]F = —ﬁ [cos(m) — cos(0)]
0

Um
VDC(Load) = ?

Vbc(Load)

The averge value of output current, Ip¢( oaq) = 2
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vm
IDC(Load) = R

The RMS value of output voltage, Viys(roaa) = \/i fo” [V, sin6]%2d0

s
2 r1
(vZZ j > (1 —cos26)do

0

i
1 ]
Vrms(Loaa) = o f (v,,) 2 (sinf)?d6 =
0

b4
(%

Y A

vm .

Vrms(Loaa) = T f 1d6 — f c0s260df = — j[e]g — [sin20]%
2VT . . 2\ )

v
VrMS(Load) = %\/E

%
VRMS(Load) = 7m

VRMS(Load)

The RMS value of output current, lpys0aq) = B

vm
I RMS(Load) — 2R

The average output DC power, Ppcoaay = Vbcaoaa)Ipeoaa)

The power delivered to resistive load,Pyc0aa) = Vacpoaaylac(ioaa)

. P
The input power factor,PF = —290%)
Vs,rmsIsrRMS
. . s P
The efficiency of a rectifier, n = —2% 4 100%
Vs,rMSIs,RMS
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Example 1: For the shown half-wave rectifier, the voltage source is a 120 V with a
frequency of 60 Hz. The load resistor is 5 Q. Determine:

(@) The average load current.
(b) The dc and ac power absorbed by the load.
(c) The input power factor of the circuit.

(d) The efficiency of the rectifier.

(e) Solution:

VS,RMS =120 V, F=60 HZ, R=50

@)
Ipc(Load) = Z_T; Um = \/EVS,Rms
Ipc(toany = oo = 10.84
(b) Ppcaioady = VocuoaayInc(ioaa) v Vbcload) = %m = 1210,& = 54V
Pocitoasy = (54)(10.8) = 583.2Watt
Pacioady = Vacuoadylacoaa) , VRMs(load) = v7m = 122ﬁ = 84.9V
, IRMS(load) = VR;WS = % =174

PAC(load) = (84‘9)(17) = 1443.3Watt

Pac(oad) 1443.3
c) PF = = = 0.707
(©) Vsrmslsrms — (120)(17)

(d) n = =2c0ad 1009 = 2232, 1009 = 28.5%

VsrmsIsrRMS (120)(17)
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2.2.2 Case of R-L Load

Industrial loads typically contain inductance as well as resistance. A basic
single- phase half-wave uncontrolled rectifier with resistive and inductance

load is shown in Figure 2.4.

v, =V, sin wt

- L2v,

Figure 2.4: A single-phase half-wave uncontrolled rectifier with R-L load.

The Kirchhoff voltage law equation that describes the current in the circuit for

the forward-biased ideal diode is:

vy, sin(wt) = Ri(t) + L% (D

The solution of equation (1) can be obtained by expressing the current as the

sum of the forced response and the natural response:

i(t) =ip(t) + i, (t)
The forced response for this circuit is the current that exists after the natural
response has decayed to zero. In this case, the forced response is the steady-
state sinusoidal current that would exist in the circuit if the diode was not
present. This steady-state current can be found from phasor analysis, resulting

in
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i (t) = Um . ¢
ir(t) =~ sin(wt — @)

The natural response is the transient that occurs when the load is energized. It is
the solution to the homogeneous differential equation for the circuit without
the source or diode.

The final current equation can be written as:
i(wt)

VUm _wt
_ { 7[sin(wt — @) + sin(p)e wr] , 0wtsp
0 , P wt<2m
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Figure 2.5: The waveforms of the single-phase half-wave uncontrolled

rectifier with R-L load.

B : The conduction angle of the diode

1 8 .
Vbc(Load) = Ef() v, sinwtdwt

Um
VDC(Load) = % [1- COS(.B)]

VDpc(Load)

The averge value of output current, | DC(Load) = R

Um
IDC(Load) = ﬁ [1-— COS(.B)]
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The RMS value of output voltage, Veys(Load) = \/% fOB [V, sin(wt)]?dwt

V2 1
m .
Vems(Loaa) = 4 B — Esm(zﬁ)]

1 ,
The RMS value of output current vIRMS(Load) = \/E foﬁ [i(wt)]?dwt

Example 2: For the half-wave uncontrolled rectifier with R-L load, the voltage
source is a 70.7 V with a frequency of 60 Hz. The load comprise resistance of 100
Q and inductance of 0.1 H. Assume the conduction angle equal to 3.5 rad and then

determine:

(@) An expression for the current in this circuit.
(b) The average current and voltage.
(c) The rms voltage.

(d) The efficiency of the rectifier if the RMS current is equal to 0.47 A.
Solution:

VS’RMS =70.7V, V= 100V,

F=60Hz, w =377rad/sec,

R=10002, L = 0.1H,Bf = 3.5rad = 201°
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(@)

72 . _wt
52 [sm(wt — @) + sin(@)e wr], O<wt<p

i(wt)={
0 , P=wt<2rm

Z =/R? + (wL)? = ,/(100)2 + (37.7)2 = 106.9Q
— L _ 37.7
o= ()= () = 207

L
T_E W 0.001

wt
i(wt) = {0.936 [sin(wt —20.7) + sin(20. 7)e_0-377], O<wt<p

0 , B<owt<2m
(b) IDC(Load) = % [1 - COS(ﬁ)]

100
IpcLoad) = 27(100) [1— cos(201)] = 0.3084

v
VDC(Load) = ﬁ [1 - COS(B)]

100
VDC(Load) = g [1 - COS(ZOl)] = 30.8V

(©)

vZ, 1 .
VrmsLoad) = yy [ﬁ — Esm(ZB)]

1002 1
VRMS(Load) = [3 5-— _Sln(2(201)))] = 50.2V

P |4 I
(e) rl — DC(load) % 100% — DC(load)!DC(load) % 100%
VsrMSIs,RMS VsrMSIs,RMS
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2.2.3 Case of R-L Load with Freewheeling Diode

A freewheeling diode can be connected across an R-L load as shown in Figure
2.6 (a). The freewheeling diode is used to prevent the output voltage from
becoming negative. In addition, the energy stored in inductance is transferred to

resistance load through the freewheeling diode, which means the system
efficiency is improved.

+
i
R |
8D Yo
L |
|
" +
D1 D1 '
R |
v, =V, sin wt Drw v, =V, sin wt D U,
L
(b) (c)

Figure 2.6: A single-phase half-wave uncontrolled rectifier with R-L load

using freewheeling diode.
For a positive half-cycle of the source:

> D1lison.
> Dew is off.

» The equivalent circuit is the same as that of Figure 2.6 (b).
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» The voltage across the R-L load is the same as the source.
For a negative half-cycle of the source:

> D1 is off.
» Dgwison.
» The equivalent circuit is the same as that of Figure 2.6 (c).

» The voltage across the R-L load is zero.

23 Single-Phase Full-Wave Bridge Uncontrolled Rectifier

A basic single-phase full-wave bridge uncontrolled rectifier with a resistive load is
shown in Figure 2.7. This type of single-phase rectifier uses four individual
rectifying diodes connected in a closed loop “bridge” configuration to produce the
desired output. The four diodes labelled D1 to D4 are arranged in “series pairs” with
only two diodes conducting current during each half cycle. The voltage and current

waveforms on resistive load and the voltage waveform on the diodes are shown in

Figure 2.8.
(X
> +
DlJS DgJS
U.‘! UD
- —T—1 R
D45 D2
v,=V, sinwt + -

Figure 2.7: A single-phase full-wave bridge uncontrolled rectifier with a resistive
load.
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During the positive half cycle of the supply, diodes D1 and D2 conduct in series while
diodes D3 and D4 are reverse biased and the current flows through the load.
» During the negative half cycle of the supply, diodes D3 and D4 conduct in
series, but diodes D1 and D switch “OFF” as they are now reverse biased.

The current flowing through the load is the same direction as before.

» Lot
> ot
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Figure 2.8: The waveforms of the single-phase full-wave bridge uncontrolled rectifier with a
resistive load.
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1 (1 .
Vbe(roaay = 7 Jy vmsinwtdwt

2V
VDC(Load) = Tm
VDC(Load)
Inc(roaay = —Fr
2V,

IDC(Load) = R

1 .
Vems(Loaa) = \/; fg[vmsmwt]zdwt

vm

Vems(Loaa) = NG
VRMS(Load)
VRMS(Load) = — g

vm
Irms(Load) = NG

Peak repetitive diode current,[,,, = %’”

T

1 _ L,

IDC(diode) = o = j I,sinwtdwt = ?
0

s
s
1 _ " L,
Irms(aiode) = Py = f[lmsmwt] dwt = 1
0

Example 3: The single-phase full-wave bridge uncontrolled rectifier is supported by
a 120 V source. If the load resistance is 10.8 Q, find:
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a) The DC voltage across the load

b) The DC load current.

c) The average current in each diode.
d) The DC output power.

e) The rectifier efficiency.

f) The ripple factor.

Solution:

VS’ RMS — 120 V, R =10.8 1

(a)

2V,
Vberoaay = — y Um = \/EVS,RMS
2v,  2(12042)
Vbe(Load) = — = - = 108V
(b)
VDC(Load)
Ipc(roaay = —FR

108
Ipc(roaay = 755 = 104
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Im Um
IDC(diode) i y I = R
15.7
IDC(Load) = T =54
(d)

PDC(load) = VDC(load)IDC(load)
Poc(oaay = (108)(10) = 1080Watt

(a)

Ppc(load v 1202
= 2D 100% |, [opus = = = =114
Vs rMSIsRMS ’ V2R  10.8V2

1080
= 0fH = (0]

(f)

2
RF = (M) —-1= (@>2—1—0484
VDC(Load) 108 .

2.3.1 Single-phase full-wave bridge uncontrolled rectifier loaded with
highly inductive load

Adding an inductance in series with the load resistance changes the current
waveform. A basic single-phase full-wave bridge uncontrolled rectifier with

resistive and inductance load is shown in Figure 2.9.
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D45 D2

v,=V, sinwt s -

m

Figure 2.9: A single-phase full-wave bridge uncontrolled rectifier with R-L load.

If L is approximately equal to R, the load current no longer consists of half sine

waves, but the average current is still the same as given by equation:

2V,
Ipc(rooaay = TR

For the bridge circuit, current is transferred from one pair of diodes to the other
pair when the source changes polarity. The voltage across the R-L load is a full-

wave rectified sinusoid, as it was for the resistive load.

20,

T

Um

VDC(Looad) = ’ VRMS(Looad) =

In some applications, the load inductance may be relatively large or made large by adding external
inductance. If Lis much higher than R (L>>>R), the load time constant L/R is very high and can be
considered infinity. Consequently, the load current is assumed constant and the circuit behavior is as
shown by the waveforms in Figure 2.10.
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Figure 2.10: The waveforms of the single-phase full-wave bridge uncontrolled
rectifier loaded with highly inductive load.
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Same as the case of resistive load, the average value of the load voltage and current

can be calculated as follows:

20,
VDC(Load) =
I _ Vbcoaa)
DC(Load) — R
2v,

IDC(Load) = TR

However the rms value of the load voltage can be calculated as follows:

Um

VRMS(Load) = ﬁ

Since the load current is essentially constant, its RMS and average values are same:

IRMS(Load) = IDC(Load)

Example 4: The single-phase full-wave bridge uncontrolled rectifier with R-L load

Is connected to a 120 V source. If the load resistance is 10 Q and L >> R, find:

a) The average load voltage and current.
b) The RMS value of load current.
c) The average current in each diode.

d) The ripple factor.

Solution:
VS‘RMS: 120V, R=1002, L > R
(a)

2vy,

VDC(Load) =7

y Um = \/EVS,RMS

Email: mayasah.razzag@uomus.edu.iq



Al-Mustagbal University College
Department of Medical Instrumentation Techniques Engineering
Class: Third
Subject: Power Electronic
Lecturer: Dr. Mayasah Razzaq Al-ghazaly

Lecture: 2
2(120v2)
VDC(Load) = T =108V
VDC(Load) 108
Incroaay = R =10~ 10.84

(b)

Irms(roaa) = Ipc(roaay = 10.84

(c)
Ipccioaay  10.8

Inciaiode) = <2°“>= S~ =544

(d)
V 2

RF = (L) 1= — 0.484
VDC(Load)

Assignment 2

1. An ideal single-phase source of 240 V, 60 Hz, supplies power to a load

resistor of R = 100 Q via a single ideal diode. Determine:

(a) The average and RMS values of load current.
(b) The power dissipation.

(c) The circuit power factor.

(d) What must be the rating of the diode?

2. For the circuit shown in Figure below. Neglecting the diode voltage drop,
calculate the average load voltage and current, then sketch the output
current waveform if (a) the load is a pure resistor of 10 ohms, (b) the load is
an inductance of 0.1 H in series with a 10 ohms resistor. Assume the

extinction angle f = 265 °.
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D

—
@ 240V , 50 Hz []Lmd

1. A single-phase full-wave uncontrolled bridge rectifier is supplying a highly
inductive load (L/R ratio is very large). If the supply voltage is 220V, 50Hz,
and the load resistance R=22 Q, Calculate:

(a) The average output voltage and current.
(b) The rms value of the output voltage and current.

(c) The rms value of the diode current and the PRV of each diode.

2. In a single-phase full-wave bridge uncontrolled rectifier, the diodes have a
reverse recovery time of 40 us. If the ac input voltage is 230 V, determine
the effect of reverse recovery time on the average output voltage for a

supply frequency of (a) 50 Hz and (b) 2.5 kHz.

3. A single-phase full-wave bridge diode rectifier is supplied from 230 V, 50
Hz source. If the load is highly inductive with a resistance of R = 10.
Sketch

Vin» Vo, Up2, Up3, 1o and i waveforms, and then determine:

(a) The average values of output voltage and output current.
(b) The average and RMS values of diode current.

(c) The ripple factor.
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2.4 Three-Phase Half-Wave Uncontrolled Rectifier

A basic three-phase half-wave uncontrolled rectifier circuit with resistive load is
shown in Figure 2.11. The rectifier is fed from an ideal 3-phase supply through

delta-star transformer.

The diode in a particular phase conducts during the period when the voltage on that
phase is higher than that on the other two phases. For example: from 7/6 to 5m/6, D1
has a more positive voltage at its anode, in this period D2 and Dz are off. The

neutral wire provides a return path to the load current.

Unlike the single-phase rectifier circuit, the conduction angle of each diode is 27/3,
instead of m. The voltage and current waveforms on resistive load and the voltage

and current waveforms on Dz are shown in Figure 2.12.
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