CHAPTER 13

Naturally Commutating AC to DC Converters

- Uncontrolled Rectifiers

The rectifier converter circuits considered in this chapter have in common an ac voltage supply input and
a dc load output. The function of the converter circuit is to convert the ac source energy into fix dc load
voltage. Turn-off of converter semiconductor devices is brought about by the ac supply voltage reversal,
a process called line commutation or natural commutation.
Converter circuits employing only diodes are termed uncontrolled (or rectifiers) while the incorporation of
only thyristors results in a (fully) controlled converter. The functional difference is that the diode conducts
when forward-biased whereas the turn-on of the forward-biased thyristor can be controlled from its gate.
An uncontrolled converter provides a fixed output voltage for a given ac supply and load.
Thyristor converters allow an adjustable output voltage by controlling the phase angle at which the
forward biased thyristors are turned on. With diodes, converters can only transfer power from the ac
source to the dc load, termed rectification and can therefore be described as unidirectional converters.
Although rectifiers provide a dc output, they differ in characteristics such as output ripple and mean
voltage as well as efficiency and ac supply current harmonics.

An important rectifier characteristic is that of pulse number, which is defined as the repetition rate in
the direct output voltage during one complete cycle of the input ac supply.

A useful way to judge the quality of the required dc output, is by the contribution of its superimposed
ac harmonics. The harmonic or ripple factor RF is defined by

I/ac_ Vr;vs_l/dzc_ I/rizns _ 2 _ 1
RFV:'/ —\/T—\/V—z—l—‘\/FF _1_\//76')7_1

dc dc
where FF is termed the form factor. RF, is a measure of the voltage harmonics in the output voltage
while if currents are used in the equation, RF; gives a measure of the current harmonics in the output
current. Both FF and RF are applicable to the input and output, and are defined in section 13.7.

The general analysis in this chapter is concerned with single and three phase ac rectifier supplies
feeding inductive and resistive dc loads. Purely resistive load equations generally can be derived by
setting inductance L to zero in the L-R load equations. Just as purely inductive load equations generally
can be derived by setting resistance R to zero in the same L-R load equations.

Single-phase uncontrolled converter circuits — ac rectifiers

13.1.1 Half-wave circuit with a resistive load, R

The simplest meaningful single-phase half-wave load to analyse is the resistive load. The ac supply V is
impressed across the load every second ac cycle half period, when load current flows.
The load voltage and current shown in figure 13.1a are defined by

Vo(a)t)=/'0R: R2Vsinot O<wt<r
0 <ot <2x

The circuit voltage and current equations can be found by substituting L =0, 8=1 and ¢ =0 in the
generalised equations (13.18) to (13.20) in section 13.1.3. The average dc output current I, and voltage
V, are given by

2

v :JORzij\/EVsinwt dot =2V ~0.45V (13.2)
27 Vs

(13.1)

o

The rms voltage across the load V, s, and rms load current I, s, are
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z 1723
v, .= 1 [2visi ot dot | =1,,R=—= 1y
27y, JE
and the power dissipated in the load, specifically the load resistor, is
VZ

orms

P=I" R=V2—
R

The ac current in the load is
2
I, I? _[ZZK 1/2_£
orms o R 7[2

The load voltage harmonics are

v, (wt)= 2y + V2v sinot - 22/7 1 cos 2wt + cos4wt..+ ———COS Nt .........
7 2 7 x3 X n -
forn=2,4,6, ...
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For a resistive load, the load voltage and current ripple factors are both /(‘/zyz)2 —~1. FF="%m. PF=0.707

The poor output voltage FF can be improved with a capacitor across the output load resistor.

13.1.2 Half-wave circuit with a resistive and back emf R-E load

n=0.405.

With an opposing emf E in series with the resistive load, the load current and voltage waveforms are as
shown in figure 13.1b. Load current commences when the source voltage exceeds the load back emf at

ot =a=sin! £
Nv1%
and ceases when the source voltage falls to the load back emf level at

ot=r—-a=r-sin"t ——

v

(13.7)

(13.8)

The diode conducts for a period 6=17-2a, during which energy is delivered to both the load resistor R

and load back emf E.
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Figure 13.1. Single-phase half-wave rectifiers:
(a) purely resistive load, R and (b) resistive load R with back emf, E.
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The load average and rms voltages are

v, =(1/2+5j5+i [ V2Vsinot dot
T 2

(13.9)
[1/z+ )E+ 2V cosa
T v
1 2 2
v, = l:EZ [1/2 +3j +V? [1/2 —3+—sin2aj } (13.10)
Ve T 27
The load average and rms currents are
I == ﬂcos —Eln-%|=2 ﬂsm‘/@ 2 (13.11)
R| « T R 2r
5 Va2
e _1 V—5|n¢9—il/55|n1/29+(l/2 +/_=2)i (13.12)
R|2x 2r
The total power delivered to the R-E load is
P=P+P.=I"_ R+EI, (13.13)

Example 13.1:| Half-wave rectifier with resistive and back emf load

A dc motor has series armature resistance of 10Q and is fed via a half-wave rectifier, from the single-
phase 230V 50Hz ac mains. Calculate

i. rectifier diode peak current
ii. motor average starting current

If at full speed, the motor back emf is 100V dc, calculate

iii. average and rms motor voltages and currents

iv. motor electrical losses

v. power converted to rotational energy

vi. supply power factor and motor efficiency

vii. diode approximate loss if modelled by vp =0.8 + 0.025x ip.

Solution

Worst case conditions are at standstill when the motor back emf is zero (E = k®w) and the circuit and
waveforms in figure 13.1a are applicable.

i. The peak supply and peak load voltage is V2xV = V2x230 =325.3V.
The peak diode and load current is
~ s v, 3253V

[p=1,=-*%

o =te o = 32.5A
R~ 100

ii. The motor average current, at starting, is given by equation (13.2)
V, =1 R =0.45x230V=103.5V

= Yo 1035V 16354
R~ 100

With a 100V back emf, the circuit and waveforms in figure 13.1b are applicable.

The current starts conducting when
ot =a =sin™ £ =sin® _10ov_ =17.9°

N/ J2 %230V

The current conducts for a period 6 = - 2a = 180° - 2x17.9 = 144.2°, ceasing at wt=m-a =
162.1°.

iii. The average and rms load currents and voltages are given by equations (13.9) to (13.12).

v, = [‘/2+ jE+1\/_|/c05a
T

(‘/2 + 1178(?0 j x100V + l\/ix 230V x c0s17.9° =158.5V
Vs
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I, == ﬂsm‘/ 6 - E
R 2z
__1 |2x230v sinVa x 144.2° 100V x 242° | _ 5 g5a
100 7 360°

5 V2
Vorms :I:Ez (VZ"‘gj‘i‘Vz (1/2—2+2isin2aj :|
T T T

5%
= {1002 (1/2 + 1178(? j +230° (1/ _17.9° isin 2 x 17.9°j } =179.2V

180° 2«
) Y2
A LA ne—il/ES|n1/20+(l/z +E2)i
R|2r T 2
) o Y2
= L 230 sin144.2° - & x 230V x100V x sin2 x144.2° + (2302 +100° ) 144.2
10Q| 2« Vg 360°
=10.2A

iv. The motor loss is the loss in the 10Q resistor in the dc motor equivalent circuit
P, =1’ R=10.2> x10Q =1041.5W

orms

v. The back emf represents the source of electrical energy converted to mechanical energy
P. = E xI, =100V x 5.85A = 585W

vi. The supply power factor is defined as the ratio of the supply power delivered, P, to apparent supply

power, S
F = P _ P +F _ 1041.5W + 585W 0.69
S Vx I, . 230V x10.2A
The motor efficiency is
po—te____ S8W ____ 450_40.00%
P, +P. 1041.5W +585W
Vii. By assuming the diode voltage drop is insignificant in magnitude compared to the 230V ac

supply, then the currents and voltages previously calculated involve minimal error. The rectifying
diode power loss is

P, = 08xI +0.025Qx I’

orms

= 0.8 x5.85A +0.025Q x10.2* = 7.3W
L J

13.1.3 Single-phase half-wave rectifier circuit with an R-L load

A single-phase half-wave diode rectifying circuit with an R-L load is shown in figure 13.2a, while various
circuit electrical waveforms are shown in figure 13.2b. Load current commences when the supply
voltage goes positive at wt = 0. It will be seen that load current flows not only during the positive half of
the ac supply voltage, 0 < wt <, but also during a portion of the negative supply voltage, m < wt < 8.
The load inductor stored energy maintains the load current and the inductor’s terminal voltage reverses
and is able to overcome the negative supply and keep the diode forward-biased and conducting. This
current continues until all the inductor energy, wLi%, is released (i = 0) at the current extinction angle (or
cut-off angle), wt = B.

During diode conduction the circuit is defined by the Kirchhoff voltage equation

Ve+V, = L% + Ri =v =2V sin ot ) (13.14)
where V is the rms ac supply voltage. Solving equation (13.14) yields the load (and diode) current
\/_I/ -t [tan ¢
i(wt) = {sm (wt-¢) + sing e } (A) (13.15)

0 <t <pB2x2rx (rad)
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Figure 13.2. Half-wave rectifier with an R-L load:
(a) circuit diagram and (b) waveforms, illustrating the equal area and zero current slope criteria.

where  Z=V(R*+w’L? (ohms)
tang=wl/R=Q and R=2cos¢
(wt) = 0 (A) (13.16)
B <ot <2r (rad)
The current extinction angle B is determined solely by the load impedance Z and can be solved from
equation (13.15) when the current, i = 0 with wt = 8, such that 8 > , that is
sin(B-¢) + sing e?/™¢ = 0 (13.17)

This is a transcendental equation which can be solved by iterative techniques. Figure 13.3a can be used
to determine the extinction angle B, given any load impedance (power factor) angle ¢ =tan™ wL/R .

The mean value of the rectified current, the output current, 70, is given by integration of equation (13.15)

I, = L[ iwt) dot (A)

I, =% 1-cos p) ()

(13.18)
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while the mean output voltage V, is given by
V, = L[/V2 Vsinot dot= T,

o 271—0 o

R =Y (1 cos p) (v) (13.19)

Since the mean voltage across the load inductance is zero, =_70R(see the equal area criterion to
follow). Figure 13.3b shows the normalised output voltage V, / |/ as a function of wL/R.

The rms output (load) voltage and current are given by

V- [%ﬂ [/(N2v) sint ot dthz V[, {p-Vasin2p)]”

; _Veosgl 1 ﬂ_sinﬁcos(ﬂﬂzﬁ) Vz_zi ﬁ_sinﬂcos(ﬂ+¢) "
mo R |2« oS ¢ - Z|2x CoS ¢

From equations (13.19) and (13.20) the harmonic content in the output voltage is indicated by the
voltage form factor.

(13.20)

v [7[ {8 —Va2sin Zﬂ}]vz
FF, = Zms = (13.22)
v 1-cos p

o

For a resistive load, when g = r,the form factor reduces to a value of 1.57. The ripple factor is therefore
,/FFVZ —1 =1.21. For a purely resistive load the voltage and current form factors are equal.

90 —
B Pure inductance
60
(degrees)
30—
Pure resistance
o] 1 1 1 1 1 1 ]
180 240 300 360
B (degrees)
(a}
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Figure 13.3. Single-phase half-wave converter characteristics: (a) load impedance angle @ versus
current extinction angle B and (b) variation in normalised mean output voltage V,/V versus wL/R.
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The power delivered to the load, which is the power delivered to the load resistance R, is
P =R (13.22)
The supply power factor, using the rms current in equation (13.20), is
_ power, A,
~ apparent power

) | , _ " (13.23)
_ R :M:m:[ 1 {ﬂ_smﬂ cos(ﬂ+¢)H OS¢ = 1% COS

i VoV Vv |2z cos ¢

The characteristics for an R-L-E load can be determined by using a =0 in the case of the half-wave
controlled converter in section 14.2.1iii.

For a purely inductive load, L, 8 =2t is substituted into the appropriate equations. The average output
voltage tends to zero and the current is given by

i(ot) = \/_LLV {1-coswt} (A)

which has a mean current value of V2 V/wL.

13.1.3i — Inductor equal voltage area criterion
The average output voltage V,, given by equation (13.19), is based on the fact that the average voltage
across the load inductance, in steady state, is zero. The inductor voltage is given by

v,=Ldi/dt V)
which for the circuit in figure 13.2a can be expressed as
[ :"i’/L(t) at =["L di=L(i,~1,) (13.24)

If the load current is in steady state then /, =/, which is zero here, and in general
j v,dt =0 (Vs) (13.25)

The inductor voltage waveform for the circuit in figure 13.2a is shown in the last plot in figure 13.2b. The
inductor equal voltage area criterion implies that the shaded positive area must equal the shaded
negative area, in order to satisfy equation (13.25). The net inductor energy at the end of the cycle is zero
(specifically, unchanged since /i, =/,), that is, the energy into the inductor equals the energy transferred
from the inductor. This area aspect is a useful aid in predicting and drawing the load current waveform.

It is useful to superimpose the supply voltage v, the load voltage v,, and the resistor voltage vr
waveforms on the same time axis, wt. The load resistor voltage, vg = Ri, is directly related to the load
current, i. The inductor voltage v, will be the difference between the load voltage and the resistor
voltage, and this bounded net area must be zero. Thus the average output voltage is V, = I,R. The
equal voltage areas associated with the load inductance are shown shaded in two plots in figure 13.2b.

13.1.3ii - Load current zero slope criterion
The load inductance voltage polarity changes from positive to negative as energy initially transferred into
the inductor, is released. The stored energy in the inductor allows current to continue to flow after the
input ac voltage has reversed. At the instant when the inductor voltage reverses, its terminal voltage is
zero, and

v,=Ldi [dt =0

thatis di/dt =0

The current slope changes from positive to negative, whence the voltage across the load resistance
ceases to increase and starts to decrease, as shown in figure 13.2b. That is, the Ri waveform crosses
the supply voltage waveform with zero slope, whence when the inductor voltage is zero, the current
begins to decrease. The fact that the resistor voltage slope is zero when v, =0, aids prediction and
sketching of the various circuit waveforms in figure 13.2b, and subsequent waveforms in this chapter.

(13.26)

13.1.4 Single-phase half-wave rectifier circuit with an R-L load and a back emf

If ais the angle at which conduction begins and y is the diode conduction angle, greater than m-2«, then
for a back emf E

sinazi:m
J2v

The current is given by
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/:ﬂ sin(ot —¢) - M _ g a<ot<a+y
Z CoS ¢
where

R R m .
COS¢:E:W B:{@—sm(a—qﬁ)}e“’”‘”‘ ot =a
Substituting /=0 at ot = « + y gives
m—cosgsin(a +y —¢)
m —cos gsin(a —¢)
An iterative solution in terms of m, @ ,Y is shown in figure 13.4
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Figure 13.4. Single—p'hase half-wave rectifier:
(a) circuit with a inductive R-L load and back emf E and (b) design curves.

L=0 gives cos®=1, the curve ¢=0° in figure 13.4 and equation 13.11.

I = %[cosw -m(Var - a)] = %[\/1 -m? —mcos™ m}

o
T

13.1.5 Half-wave rectifier circuit with an R load and capacitor filter

454

The output voltage ripple factor of a half-wave rectifier with a resistive load can be improved by adding

decoupling capacitance across the load output, as shown in figure 13.5.

In the period aswt<f
v, (£) =2V, sinot

and
L av, v,
=i +i =C—=>+-=2
s C o dt RL
Solving for the source current ig
i, (t)= \/g = [ wR,C cos ot +sinat |
L
= % 1+(@R,C)’ cos(at - 0) (13.27)
L
41
where 6 = tan
oR,

Since is =0 when wt=0, B-06="'zm. That is

B=Y2m+0="azr+tan™
oRC
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Figure 13.5. Single-phase half-wave rectifier:
(a) circuit with a capacitively filtered resistive load and (b) waveforms.

For the period Bswt<2m +a

i.=0
and
ce Yo 0 where v, (ot = B) =2V, cos 6
dt R
Therefore
v, (£) =2V, cos 0 (13.28)

Since v, = V2V, sina when wt=2r+a

tano

. (37—
sing = e =g )
where a can be solved iteratively.

cos 6

The peak to peak ripple voltage is 2V, (1 - sina), which decreases as C increases for which a—%a1r. The
peak inverse voltage rating of the diode is approximately 2v2V,. Capacitor peak current is wCV2V; sina.

The full-wave rectified case is considered in section 13.1.9iv, where the period boundary wt = m+a is
used.

Example 13.2:| Half-wave rectifier with source resistance

In the dc supply half-wave rectifier circuit of figure 13.6, the source voltage is 2302 sin(2m 50t) V with
an internal resistance R; =1 Ohm, R, =10 Ohms, and the filter capacitor C is very large. Calculate

i. the mean value of the load voltage, V,
ii. the diode average and peak currents, Ip, 7,
iii. the capacitor peak charging and discharging currents

iv. the diode reverse blocking voltage, Vpgr

6
Vs ,—T\/ZVS
-\ -V
T / \ wt
O T T T
Vo m 21
a B
Ip }D
(@) (b) I i S I

Figure 13.6. Single-phase half-wave rectifier: (a) circuit with a resistive load and (b) waveforms.
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Solution

i. Because the load filter capacitor is large, it is assumed that the dc output voltage is ripple free
and constant. The capacitor provides the load current when the ac supply level is less that the
dc output. The load current and peak diode (hence supply) current are therefore

V A —
A I A7
R, .

o R

!

o

The ac supply provides current, through the rectifying diode, during the period
i =%(«/§Vssinwt—l/0) a<ot<p

s
If the capacitor voltage is to be maintained constant, the charge into the capacitor must equal
the charge delivered by the capacitor when the rectifying diode is not conducting, that is

a+2rn

f(is —1,)dot = J. i dot

a Vi
Also
V, =2V, sina
-0 T+0
"2 7
Manipulation yields
tana0 - V20 - 2 X~ 7 22 _ 014
R, 10Q

An iterative solution yields 6 = 99.6°, that is, the diode conducts for a period of 5.53ms
(10msx99.6°/180°), every cycle of the ac supply, 20ms. The capacitor, hence output voltage, is

v, :«/fl/ssina:«/fl/ssin%_g

= V2% 230V x sinw —209.95V
ii. The average diode current is given by
- 171 . 1 -0
I, :Eaﬁ,(ﬁvs Slna)l'—l/g)da)l‘ = TR,(\/EVS XZXCOST—I/O XQJ
1 180°-99.6° 99.6°
= 2 x230Vx2 — = -209.95V == |=21.0A
27Z'X1Q(\/_X 30V x 2 x cos > 09.95 X”X180°J 0
Alternatively, as would be expected, the average diode current is the average load current:
= vV, 209.95V
I,=1=-2="""""—=21.0A
R, 10Q

The peak diode current is
N2V, -V, 2x230V-210V
R, 10

!

I, ~115.3A

iii. The capacitor peak charging current is the difference between the peak diode current and the
load current, viz., 115A - 21A = 94A, while the peak discharging current is the average load
current of 21A.

iv. The diode reverse voltage is the difference between the instantaneous supply voltage and the
output voltage 210V. This is a maximum at the negative peak of the ac supply, when the diode
voltage is V2x230V + 210V = 535.3V. During any period when the load is disrupted, the output
capacitor can charge up to V2x230V, hence the diode can experience, worst case, 2xV2x230V
=650.5V.

LJ

13.1.6 Half-wave circuit with an R-L load and freewheel diode

The circuit in figure 13.2a, which has an R-L load, is characterised by discontinuous current (i = 0) and
high ripple current. Continuous load current can result when a diode Dy is added across the load as
shown in figure 13.7a. This freewheel diode prevents the voltage across the load from reversing during
the negative half-cycle of the ac supply voltage. The inductor energy is not returned to the ac supply,
rather is retained in the load circuit. The stored energy in the inductor cannot reduce to zero



457 Power Electronics

instantaneously, so the current is forced to find an alternative path whilst decreasing towards zero.
When the rectifier diode D, ceases to conduct at zero volts it blocks, and diode Ds provides an alternative

load current freewheeling path, as indicated by the waveforms in figure 13.7b.

g=1r=1s=1
p=QgXxrxs
p=1

(b)
Figure 13.7. Half-wave rectifier with a load freewheel diode and an R-L load:
(a) circuit diagram and parameters and (b) circuit waveforms.

The output voltage is the positive half of the sinusoidal input voltage. The mean output voltage (thence

mean output current) is
V,=I,R=_[ \aVsinot dot

v N2v/ 0.45xV = IR V)
4 Vid

The rms value of the load circuit voltage v, is given by
n . 2
V.. = \/ij.o (\/El/ Slna)l') dot

_v/_ _ y
_/ﬁ_o.71 v )

The output ripple (ac) voltage is defined as

l/R/ = \]I/nzns - l/oz
_ \/(ﬁ%f (B v - osasey

hence the load voltage form and ripple factors are defined as

(13.29)

(13.30)

(13.31)
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FF, =V, IV, =%r =157

rms

RE, 2V, 1V, = () ~1=JFR71 =\r' 1 = 1211

After a large number of ac supply cycles, steady-state load current conditions are established, and from
Kirchhoff’s voltage law, the load current is defined by

(13.32)

L%+R/:\/§Vsina)t (A) O<awt<n (13.33)
and when the freewheel diode conducts
L%+ Ri=0 (A) <ot <2r (13.34)

During the period 0 < wt < 1, when the freewheel diode current is given by iy = 0, the supply current,
which is the load current, are given by

i(ot) = I,(ot) = \/z% sin(owt — @) +(1,,, + ﬁ%sin¢)e_wt/tan¢ (A) (13.35)
O<wt<r
for
NP 1+ g7/t
‘[027z = Z S|n¢ e;z'/tan¢ _e—;z/tanqzﬁ (A)
where Z = JR* +(wl) (ohms)
tan ¢ = wL/R

During the period T < wt < 21, when the supply current i = 0, the freewheel diode current and hence
load current are given by
i (ot) = o (t) = I, e (=)@ A  r<ot<2z (13.36)
for
I, =1 ozneﬂ/taw (A)
For discontinuous load current (the freewheel diode current iy falls to zero before the rectifying diode D,
recommences conduction), the appropriate integration gives the average diode currents as

Tt (2-(1+ e ™) xsin” ¢)

\/iﬂ'R

7Df =}o _—701 =

v (13.37)
———(1+ e™®) xsin’
\/EHR( ) ¢
In figure 13.7b it will be seen that although the load current can be continuous, the supply current is
discontinuous and therefore has a high harmonic content.
The output voltage Fourier series (Vo +V1+ V=2 4,6.) IS (See equation (13.6))

v, (l‘):ﬂ+%sinwﬁ - 2v > 2 . cos not (13.38)
VA

T n=246 (/72 - )

Dividing each harmonic output voltage component by the corresponding load impedance at that
frequency gives the harmonic output current, whence rms current. That is

/S /S V. : (13.39)
Z, |R+ jnol] \/Rer(nwL)
and
I = \/_r; + > wI? (13.40)
n=1,2,4,6.

Example 13.3: Half-wave rectifier — with load freewheel diode

In the circuit of figure 13.7, the source voltage is 240v2 sin(2m 50t) V, R = 10 ohms, and L = 50 mH.
Calculate

i. the mean and rms values of the load voltage, V,and Vi ns

i. the mean value of the load current, T,

iii. the current boundary conditions, namely I,;, and I,

iv. the average freewheel diode current, hence average rectifier diode current
v. the rms load current, hence load power and supply rms current

vi. the supply power factor
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If the freewheel diode is removed from across the load, determine

vii. an expression for the current hence the current extinction angle
viii. the average load voltage hence average load current

ix. the rms load voltage and current

X. the power delivered to the load and supply power factor

From the rms and average output voltages and currents, determine the load form and ripple factors.

Solution

i. From equation (13.29), the mean output voltage is given by
v :ﬁ%:ﬁxyo%:log\,

From equation (13.30) the load rms voltage is
V.. =V /2 = 240V/2 = 169.7V

ii. The mean output current, equation (13.29), is
7 _V _«/EI// _ ﬁx240V _
1,-Yo% = N2V o= nx100 = 10-8A

iii. The load impedance is characterised by

Z = \/RZ +(wl)?
= J10% + (27 x50Hz x0.05)> = 18.62 Q
tan ¢ = wl/R
=27 x50Hzx0.05H/10Q =1.57 or ¢ =57.5°=1rad
From section 13.1.6, equation (13.35)

—r/tang
\/_V/ SiNgp —————— e

n/tanq) —;r/tan¢

. 1+ e
I, =2x 240\%8.629 xsin(tan” 1.57)x ot =3.41A

Hence, from equation (13.36)
I, =1,e"" -3.41xe""=2522A

olx

Since 7,,_ =3.41A> 0, continuous load current flows.
iv. Integration of the diode current given in equation (13.36) yields the average freewheel diode current.

-1 »
]Df:ZJ;/Df(wt)da)l'— I[ e /= g ot

25.22A
2

- zi j 25.22A x @ 57 g o — x 1.57rad x {1 —e 15?} =5.46A
2

The average input current, which is the rectifying diode mean current, is given by
I,=1I,=1,-1,=10.8A-5.46A=5.34A

harmonic V= 2\2v Z, =R +(”‘"L)2 J
" (m-1)z "z, YoI?

" V) @ (»)
0 (108.04)* 10.00 10.80 (116.72)
1 (169.71)* 18.62 9.11 41.53
2 72.03 32.97 2.18 2.39
4 14.41 63.62 0.23 0.03
6 6.17 94.78 0.07 0.00
8 3.43 126.06 0.03 0.00

see equation (13.38) for first two terms I + Zl/zf,f = 160.67
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v. The load voltage harmonics given by equation (13.38) can be used to evaluate the load current at
the load impedance for that frequency harmonic.

V(t)szv Jav = 22V

——sinwt - ————— cos(nwt
n§4,6(n2_1)” ( )
The preceeding table shows the calculations for each frequency component.

The rms load current is
I.=[I?+ > wI? =J160.7 =12.68A

e n=1,2,4..
The power dissipated in the load resistance is therefore
P, =I* R=12.68A* x10Q = 1606.7W

The freewheel diode rms current is

I, =+ % | (Jolﬂe-wf/tanvf) d ot

=V Zi [(25.22 x e *157%Y’ gt = 8.83A
T 0

Thus the input (and rectifying diode) rms current is given by
I =1 -1

D1, s Srms rms Df rms

=+/12.68% - 8.83° = 9.09A

vi. The input ac supply power factor is

e _1606TW
Vol 240V x9.09A

vii. If the freewheel diode Dy is removed, the current is given by equation (13.15), that is
J2v
i) = =~

sin (wt-¢) + sing e/ ¢}

=M{sin (ot -1.0) + 0.841x e'wf/l-”}
18.62Q
=18.23 x {sin (ot-1.0) + 0.841x e'wf/1-57} (A) 0<awt <p (rad)
The current extinction angle 8 is found by setting i = 0 and solving iteratively for 8. Figure 13.3a
gives an initial estimate of 240° (4.19 rad) when ¢ = 57.5° (1 rad). That is
0=sin (#-1.0) + 0.841xe”*>7
gives 3 =4.08 rad or 233.8°, after iteration.

viii. The average load voltage from equation (13.19) is
V, = ¥2Y(1-cos p) = 2290V (1 _ cos4.08) = 86.0V

The average load current is
I,=V, /R =86.0V/10Q = 8.60A

ix. The load rms voltage is 169.7V with the freewheel diode and increases without the diode to, as
given by equation (13.20)

V. =V[1%, {8~ "asin2p}]"

—240V[ 15 {4.08-¥2sin2x4.08}] " =181.6V
The rms load current from equation (13.20) is decreased to

A Y2
. _K{i{ﬂ_smﬂcos(owﬁ#@}:l

7|2z oS ¢
2
in4. 4, 1.57
_ 240V |1 [, 0 sin 08cos(4.08 +1.57) _9.68A
18.62Q | 2x cosl1.57

Removal of the freewheel diode decreases the rms load current from 12.68A to 9.68A.
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X. The load power is reduced without a load freewheel diode, from 1606.7W with a load freewheel
diode, to

P, =72 .R=9.68" x10Q =937W
The supply power factor is also reduced, from 0.74 to
P 937W

pf=—2 =-—"" =040
Voslms 240V x9.68A
circuit with freewheel diode circuit without freewheel diode
Load factor - .
form factor ripple factor form factor ripple factor
FF =™ e RF = FF*-1 FF =" ave RF = FF*-1
Voltage factor 169.7V/108V =1.57 1.21 181.6V/86V=2.1 1.86
Current factor 12.68A/10.8A=1.17 0.615 9.68A/8.60A=1.12 0.517
»

13.1.7 Single-phase full-wave bridge rectifier circuit with a resistive load, R

The simplest meaningful single-phase full-wave load to analyse is the resistive load. The supply is
impressed across the load every ac cycle half period, when load current flows.
The load voltage and current shown in figure 13.8a are defined by

v, (et)=/,R=N2Vsinot| 0<ot<2z (13.41)
The average dc output current and voltage are double the half-wave case and are given by
v, :foRzljﬁVsina)t dwt:&V:OSOV (13.42)
Ty Vs

The rms voltage across the load, and rms load current, are V2 greater than the half-wave case,
specifically

13
v, . = F [2v?sin® ot dwt} -1, R=V (13.43)
42
and the power dissipated in the load, specifically the load resistor R, is
2
P =I2R =1 (13.44)

The ac current in the load is

vi, 87"
I = -rr=2{1-= 13.45
ac orms o R |: 7Z'2 } ( )
The load voltage harmonics are (twice the half-wave case, without the supply frequency component)
V. (ot) = 22V a2v
T VA
forn=2, 4, 6, ... The output voltage form factor V,ms/ Vo = T/ 2¥2=1.11, hence RF =0.483 and pf=1/72.

1 Cos 2wt + 1 cos4wt.. + 21 CoS Nat......... (13.46)
x3 3x5 n -1

13.1.8 Single-phase full-wave bridge rectifier circuit with a resistive and back emf load, R-E

With an opposing emf E in the load circuit, the load current and voltage waveforms are as shown in
figure 13.8b. Load current commences when

ot =a =sin™ (13.47)

_E
2V
and ceases when

ot =r—-a=r-sin? (13.48)

£
NG1%
Diodes conduct every ac half cycle for a period 6 =1 - 2a, during which energy is delivered to both the
load resistor R and load back emf E.

The load average and rms voltages are

v-22.1 [ \2Vsinot dot
T T (13.49)

=2Ez+£\/§|/COSa
T T
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VOfIﬂS =
V4 T T

2 2
22F 112 (1-23+lsin2a” (13.50)

V2v

load
voltage

V2VIR

o —

D, =V D, P T
R g Vo
D, D, ‘
Vv

@ \ |
ac supply v
voltage . l \ l

\/ \/

e N2V load
f voltage

D, V= Ds fo T
R Vo
D4 D> E l
o T

(b)

|
“oltage | \

\/ \/

Figure 13.8. Single-phase full-wave rectifiers:
(a) purely resistive load, R and (b) resistive load R with back emf, E.

The load average and rms currents are

I 21[2\/51/ sianH—EE} (13.51)
R V1 V4

which is double the half-wave case and

) 2

s =l{v—sin6—ﬂVEsin1/29+(l/z +EZ)§} (13.52)
R| « Vi T

which is V2 greater than the half-wave case.
The total power delivered to the load is (double the half-wave case):

P=P+P.=I" R+EI (13.53)

Example 13.4:| Full-wave rectifier with resistive and back emf load

A dc motor, with series armature resistance of 10Q and a back emf of 100V dc, is fed via a full-wave
rectifier from the single-phase 230V 50Hz ac mains. Calculate

i. The average and rms motor voltages and currents, and diode maximum reverse voltage
ii. The supply power factor and motor efficiency
Solution

With a 100V back emf, the circuit and waveforms in figure 13.8b are applicable.
The current starts conducting when

ot =a =sin™ £ sin™! _ 100V _ 17.9°

N2 2x230V

The current conducts for a period 6=1m-2a=180°-2x17.9=144.2°, ceasing at wt=m-a=162.1°.
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i. The average and rms load currents and voltages are given by equations (13.49) to (13.52).

v =262+ 2 Qv cosa

T v

179

+ 2 /3% 230V x c0817.9° = 216.9V
T

]:_

o

zﬁv
R V1

sin20 - £ Q}
T

| L 22DV 14400 - 100w 5 142
10Q 7 180°

:I 11.7A

V4 VA

2%
o,ms—{Z Ez+l/2(1 2= +lsm2aj}

o 2 V2
200 V(122 U Lanaarf | -zmnay

T

1 I/z 4\/_ 0 2
I :_{—5|m9——VEsm‘/z«9+(|/2 +EZ)—}
R V4

L[BOZ - W2

2
=105 sin144.2° - —= x 230V x 100V x sin2 x 144.2° + (230* + 1002)£

T T 180°
=14.43A
The diode maximum reverse voltage is ¥2x230+100=425.3V.

ii. The motor loss is the loss in the 10Q resistance in the dc motor equivalent circuit
P, =1’ R=14.43 x10Q = 2082.2W

The back emf represents the source of electrical energy converted to mechanical energy
P, =Ex1I,=100Vx11.7A =1170W
The supply power factor is defined as the ratio: supply power delivered to apparent supply

power
P B +F _ 2082.2W +1170W _0.98
TS Vx I, . 230V x14.43A

The motor efficiency is
A 1170W

y = _ x100 = 36.0%
P, +P.  2082.2W +1170W

L)

13.1.9 Single-phase, full-wave bridge rectifier circuit with an R-L load

Single-phase full-wave diode bridge circuits are shown in figures 13.9a and 13.9b. Both circuits appear
identical as far as the load and supply are concerned. It will be seen in part b that two fewer diodes can
be employed but this circuit requires a centre-tapped secondary transformer where each secondary has
only a 50% copper utilisation factor. For the same output voltage, each of the secondary windings in
figure 13.9b must have the same rms voltage rating as the single secondary winding of the transformer
in figure 13.9a. The rectifying diodes in figure 13.9b experience twice the reverse voltage, (2\2V), as
that experienced by each of the four diodes in the circuit of figure 13.9a, (N2 V).
Figure 13.9¢c shows bridge circuit voltage and current waveforms. Assuming a 1:1(:1) transformer turns
ratio, and with an inductive passive load, (no back emf) continuous load current flows, which is given by
(o) - Y2V [sm(a)t 0 ond e-wf/tﬂ O<ot<r (13.54)

e—zr/tamzs
Appropriate integratlon of the load current squared, gives the rms load (and ac supply) current:

I = ;[u 4sin? gtang x (1 + e-"/tanﬁ’)]% =1 (13.55)

rms s

The load experiences the transformer secondary rectified voltage which has a mean voltage (thence
mean load current) of

v, =1[ \aVsinot dot =1,R = 2‘/5% = 0.90V V) (13.56)

Since the average inductor voltage is zero, the average resistor voltage equals the average R-L voltage.
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The rms value of the load circuit voltage vq is

2n . 2
v, . = \/% [ (V2vsinot)dot = Vv (V) (13.57)
From the load voltage definitions in section 13.5, the load voltage form factor is constant:
4 4 Vd
FF =" = —— =——=1.11 (13.58)
v, 22v/ 22
. VD1
. VD1 o S
4 3 ‘o i Dy A o
D1 Dz g -

SOl ey

@HE V
Dy D2 L
ia j"2 D3 I‘g L

(a) For RL and L=0
g=2r=1s=1 RF=0.48 RF=1 (p)
p=Qgxrxs
p=2

V2V (24/2V for cct b)

(c)

Figure 13.9. Single-phase full-wave rectifier bridge: (a) circuit with four rectifying diodes;
(b) circuit with two (Graetz) rectifying diodes; and (c) circuit waveforms.

The load ripple voltage is

I/RI 2 \ll/rrzns _Voz

> (13.59)
=,/V2—(2%) V=V J1-8,=0435V (V)
hence the load voltage ripple factor is
RE, 2V, [V, = JFFF -1
-’ (13.60)

RF, = J1-(2B/)’ /2f%=~/n%-1=0.483 FF,=x/22=111 7n-8/x*=0.81

which is significantly less (better) than the half-wave rectified value of 1.211 from equation (13.32).

The output voltages and currents (rms and average) can be derived from the voltage Fourier expansion
in equation (13.46):
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vo(wt)zzf'/ v ZIV Y

n= 246

cos not (13.61)

The first term is the average output voltage as given by e%uatlon (13 56) Note the harmonic
magnitudes decrease rapidly with increased order, namely 3°15°35 g3 . The output voltage is
therefore dominated by the dc component and the harmonic at 2w.

The output current can be derived by dividing each voltage component by the appropriate load
impedance at that frequency. That is

7 Y _22v

° R 7R

2 (13.62)
=Y 22V o1 _ for  n=2,46.
Zy R+ (nel)
The load rms current whence load power, critical load inductance, and power factor, are given by

J S %12 P =I*R
=24, (13.63)

A _InR Lo = R (see equation 11.67)
vIi. V 3xw

Each diode rms current is I,ms /2 . For the circuit in figure 13.9a, the transformer secondary winding
rms current is I, While for the centre-tapped transformer, for the same load voltage, each winding has
an rms current rating of I, / V2 (implying a poorer transformer utilisation factor 0.813:0.671). The
primary current rating is the same for both transformers and is related to the secondary rms current

rating by the turns ratio. Power factor is independent of turns ratio.

pf =

13.1.9i - Single-phase full-wave bridge rectifier circuit with an output L-C filter

A —with an output L-C filter and continuous inductor current

Table 13.1 shows three typical single-phase, full-wave rectifier output stages, where part c is a typical
output filtering stage used to obtain a near constant dc output voltage.

If it is assumed that the load inductance is large and the load resistance small such that continuous load
current flows, then the bridge average output voltage I/, is the same as the average voltage across the
load resistor since the average voltage across the filter inductor is zero. From equation (13.61), the
dominant load voltage harmonic is due to the second harmonic therefore the ac current is predominately
the second harmonic current, 7, ,. ~ I, ,. By neglecting the higher order harmonics, the various circuit
currents and voltages can be readily obtained as shown in Table 13.1. From equation (13.61) the output
voltage is given by

V,(at)= V, + V, , cos2at

zﬁv 22v 2
= + X —
T n -1
ZJ_V Zﬁ —cosZ t
p s *3
=0.90V + O.60I/xc052wt

With the filter capacitor across the load resistor, the average inductor current is equal to the average
resistor current, since the average capacitor current is zero.
With continuous inductor current, the inductor current is

i,(ot)= I, + I, ,cos2mt

cosnwt forn=2

(13.64)

A + ZLcosZcoz‘ _ 09 + __060W 2xc052an‘ (13.65)
R34 R R* +(20L)

From equation (13.65) for continuous inductor current, the average current must be larger than the peak
second harmonic current magnitude, that is

I,>

Z N EE (13.66)
R 32,



Chapter 13 Naturally Commutating AC to DC Converters- Uncontrolled Rectifiers 466

Since the load resistance must be low enough to ensure continuous inductor current, then 2oL > R such
that Z, = [R* + (Za)L)2 ~ 2wl . Equation (13.66) therefore gives the following load identity for continuous
inductor cdrrent

% > %Ziz = ;ﬂ thatis LR > %w generally {% > %n(mz _ l)a)} (13.67)
The load and supply (peak) ac currents are /, ,. =1, .. =1, ,. The output and supply rms currents are
Iy =L =T #3002 =T +92I2, (13.68)

and the power delivered to resistance R in the load is
Po=1I R (13.69)

B — with an output L-C filter and discontinuous inductor current

If the inductor current reduces to zero, at angle 8, all the load current is provided by the capacitor. Its
voltage falls to V, (<¥2 V) and inductor current recommences when

v, =2V sinwt -V, (13.70)
at an angle
o =sint Ve (13.71)

2V

By integrating v = L di/dt for i, the inductor current is of the form
i, (at) :iL(\/EV(COSa—COSa)l')—VO (cot—a)) (13.72)
[

where a<wt <. The voltage V, is found from equation (13.72) by iterative techniques.

13.1.9ii Single-phase, full-wave bridge rectifier circuit with an R-L-E load

An R-L load incorporating a back emf E, is shown in Table 13.1.
For continuous output current

When continuous load current flows, the rectified supply is continuously impressed across the series L-
R-E load, therefore the average and rms output voltages respectively are

2,
T

170 :lj'”«/fl/ssina)tda)t =
72’ o

(13.73)
v = \/1 [[(N2V,sinot) dot =V,
T
Hence the output voltage form and ripple factors are
FF, = Yo_ 7
Vo 22 . (13.74)
RF, = V2 -1 = %—1

If the input current is approximated by its fundamental, 470 / 7, the following input characteristics are
realised:
input displacement factor = DPF = cos ¢, = cos0° =1

distortion factor = DF,, = i = &
.[a T
power factor = pf = DPF x DF,, = &
T
1-DF; °

THD, = x100 =% ~1x100

2
The output current is found by solving
2V, sinot = Ri, +L%+E (13.75)

which in steady state yields



467 Power Electronics

ot

i, (t)=Le ™ +2V, {sin(a)t —0)- Si”"‘}

cos 6
/ £ (13.76)
where tand=2=: Z=JR +o’; sina=-——=—
R 2V,
and the boundary conditions give
; N2V, 2sin6
C 2 1- eta%
For continuous conduction, i, (wt=6) =0 in equation (13.76) gives the condition
2810 i > sin (6 - o) + SN (13.77)
cos 6
1 _ etanH

Table 11.1: Single-phase full-wave uncontrolled rectifier circuits — continuous inductor current

nd -
Full-wave rectifier circuit 2" harmonic average output output power
current current
I, I, Pr+Pe
Load circuit (A) ") W)
() VYV A
I, L
R-L 2': AN f Y vV
R
see _@_I)_ vV, R g Ve 2R
section > R 4 (za,L)z 5 o, ms
13.1.9i _22v
and Z 2: T IR
12.2.3
a=0
(b) T, L
R-L-E AN e V,-E
see _@_I;_ Vo ? 2 7
) 1 i N RN R E
section Vo E+ R? & (Za)L)z I mR+1,
i 1(2\2v
13.1.9ii - .y
and 2: Z R\ =«
12.2.4
a=0
3V Y Y\
(c) JS Lt _
ZAN A v
L-R//C . 3
——@-)—- Vo g o2 I _R=TR
C | Ra 20l 2\/§I/ '
see ' -
section AN AN T R
13.1.9i

If the left hand side is less than the right hand side, discontinuous current flows in the load, and if the
current extinction angle is 8, then the average output voltage is given by

1

v, :—U”\/Evs sina)l'da)t+rmEdth
T LY B

v, =%

v

[cosa—cos B +(z+a—p)sina]

(13.78)




Chapter 13 Naturally Commutating AC to DC Converters- Uncontrolled Rectifiers 468

In the general solution to the circuit differential equation in equation (13.76), for discontinuous output
current, (zero current boundary conditions), I, for equation (13.76) becomes (during conduction)

I = _\/EI/S {sin(@ -p)+ _sma}
Z cos 8
The conduction period  is found by iteratively solving
. “l sing P
sin 1-—gtn? ewn’ xsin(6 — 13.79
(B-a)= { }xcosg xsin(0 - a) (13.79)

Example 13.5:| Full-wave diode rectifier with an L-C filter and continuous load current

A single-phase, full-wave, diode rectifier is supplied from a 230V ac, 50Hz voltage source and uses an
L-C output filter with a resistor load, as shown in the last circuit in Table 13.1. The average inductor
current is 10A with a 4A rms ripple current dominated by the 100Hz component. Ignoring diode voltage
drops and initially assuming the output voltage is ripple free, determine

i. dc output voltage, hence load resistance and power

ii. dcfilter inductance and its average voltage, whilst neglecting any capacitor voltage ripple
iii. dc filter capacitance if its peak-to-peak ripple voltage is 5% the average voltage

iv. diode average, rms, and peak current

V. supply power factor

Solution
Since ﬁ[om,z <1, (\/5 x4A < 1OA) , the output current is continuous.

i. The dc output voltage is VO: 0.9%x230V = 207V. Assuming the 207V is ripple free, that is, Vins =

V4o, then the load resistance and power dissipated are
vV
R=—"2= 207V ——=20.7Q
I, 10A
P, =V, xT, =207V x10A = 2070W

ii. The 100Hz voltage component in the output voltage is given by equation (13.64), that is

2\/§|/X 2

T n -1
2J’|/ 2
*3

=0.60 x 230V x cos 2wt =138 x cos 2wt

which has an rms value of 138/N2 = 97.6V. The 100Hz rms current l,, /2 produced by this
voltage is 4A thus

vV ,=

o,

cos not

= CoS 2wt

from Lo _ Voo
2 20l
V
[=te2 _ 9OV sgenn
2wl 2 x2750Hz x 4A

0,2
The average inductor voltage is zero.

iii. From part i, the dc output voltage is 207V. The peak-to-peak ripple voltage is 5% of 207V, that is
10.35V. This gives an rms value of 10.35V /2v2 = 3.66V. From

S S Ve

=C= Lo,z =1.7mF
2w x v, , 2 X 27[50HZ x 3.66V

iv. The diode currents are
Ly e =Ly e IN2 = [T, 512, |2 = J10A + 4A7 /2 = 10.8A / 2 = 7.64A

Iy s =1, e N2 =T, +%1I2, I,=7,+1  =10A+\2x4A=157A

V. The input and output rms current is

— (T:+3I2, = J10A7 + 4A7 = 10.8A

Q N

Q N
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Assuming the input power equals the output power, then from part i, P, = P; = 2070W. The
supply power factor is

PP 2070W o

pf = — = =
S VI, 230Vx10.8A
L J

13.1.9iii- Single-phase full-wave bridge rectifier with highly inductive load— constant load current

With a highly inductive load, which is the usual practical case, virtually constant load current flows, as
shown dashed in figure 13.9c. The bridge diode currents are then square wave 180° blocks of current of
magnitude 7, . The diode current ratings can now be specified and depend on the pulse number p. For
this full-wave single-phase application each input cycle comprises two 180° output current pulses, hence
p=2.

The mean current in each diode is

I,=Y%1,="I, (A) (13.80)
and the rms current in each diode is
L=Ypl,=T,/\2 &) (13.81)
whence the diode current form factor is
RFy=1,]1,=Jp=+2 (13.82)
Since the load current is approximately constant, power delivered to the load is
P~VI = %2 < v% (W) (13.83)

The supply power factor is pf:|/0 JV =2v2/m=0.90, since I, = I, .

13.1.9iv - Single-phase full-wave bridge rectifier circuit with a C-filter and resistive load

The capacitor smoothed single-phase full-wave diode rectifier circuit shown in figure 13.10a is a
common power rectifier circuit used to obtain unregulated dc voltages. The circuit is simple and cheap
but the input current has high peak and rms values, high harmonics, and a poor power factor. The full-
wave rectified case is an extension of the half-wave case considered in section 13.1.5.

The capacitor reduces the ripple voltage, so large voltage-polarised capacitance is used to produce an
almost constant dc output voltage. Isolation and voltage matching (step-up or step down) are obtained
by using a transformer before the diode rectification stage as shown in figures 13.9a and b. The resistor
R across the filter capacitor represents a resistive dissipative load.

As the ac supply voltage rises to its extremes each half cycle, as shown in figure 13.10b, a pair of
rectifier diodes D1-D2 or D3-Da4, alternately become forward biased at time wt = a. The ac supply
provides load resistor current and simultaneously charges the capacitor, its voltage having drooped
whilst providing the load current during the previous diode non-conduction period. The capacitor
charging current period 6. around the ac supply extremes is short, giving a high peak to rms ratio of
diode and supply current. When all the rectifier diodes are reverse biased at wt = B because the
capacitor voltage is greater than the instantaneous supply ac voltage, the capacitor supplies the load
current and its voltage decreases with an R-C time constant until wt = m+a. The output voltage and
diode voltages, plus load current v, /R, and capacitor current C dv, /dt are defined in Table 13.2.

The start of diode conduction, a, the diode current extinction angle, 8, hence diode conduction period,
6., are specified by the following equations.

Fromi.+ir=0atwt=0:

J2v v
7cos,8+Tsmﬂ =0 (13.84)
S =tan™ (—a)RC) =z —tan? (a)RC) Yo <B<rm
By equating the two expression for output voltage at the boundary wt = m+a gives
V2V sin(z + a)| = V2V sin g x e e Aren (13.85)

and a transcendental expression for a results:
sina —sin gxe "~ 0 (13.86)
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* iDt T The output average voltage is
Da D1 . 1
le IR COS o — COS 6
. = 2V
is I/a = [oR = . —(z+a-0)/tano
Vo P +@RCsino(1-e )
C R
Da Ds The output rms voltage is
2
2(60 - a)-Ya(cos 2a — cos 26)
® ® 1
VO = \/il/ - -2 72(/r+a70)/tané‘
@) T + @RC sin 0(1 -lhe )
D1 D2 | i D1 | i D2 | conducting
D3 D4 D3 D4 diodes
V H H H H H
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> \ TV \ I X
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Figure 13.10. Single-phase full-wave rectifier bridge:
(a) circuit with C-filter capacitor and (b) circuit waveforms.

Table 13.2: Single-phase, full-wave rectifier voltages and currents

] Diodes conducting Diodes non-conducting
Vs(wt) = V2Vsinwt
aswt<p Bwtsm+a

Output voltage Vo(wt) J2Vsin ot | J2V sin g x e tt-Prans
Diode voltage Vp(wt) 0 and -2Vsinwot | —2Vsingxe ™ L 2V sinwt
Capacitor current ie(wt) \/% cos wt \/% x @ (“-Pens
Resistor current ir(wt) @sin ot @ x @ \Alens _ (wt)

R Z ¢

i i In(wt)= .

Diode bridge -D(w) 2V <sin(wt + ¢) 0
current ic(wt)+ ir(wt) Rcos ¢

The diode current conduction period 6, is given by
6.=p-«

When the diodes conduct, R and C are in parallel and tang = oCR .

(13.87)

When the diodes are not conducting, the output circuit current flows in a series R-C circuit with a

fundamental impedance of:

Z=JR*+X* and lewc
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The resistor average voltage and current are

— 1-cosd -

Ve :@M:[RR (13.88)
7  —Cospf

The maximum output voltage occurs at wt = %m when v, :IZ, = I75 =\2V, while the Jminimum output

voltage occurs at the end of the capacitor discharge period when wt = a and v, =V, =\2Vsina. The

output peak-to-peak ripple voltage is therefore the difference:

AV, =V, -V, =2V -2V sina =2V (1-sina) (13.89)
By assuming a = Y511, 8 = Y411, and a series expansion for the exponent
AV, ~ vz _ v (13.90)
oRC  \2f RC

The ac source current is the sum of the diode currents, that is
/.= /Dl,2 - /03,4 =/, +1. (13.91)

s

when a < wt < . Otherwise is=0.

Since the capacitor voltage is in steady-state, the average capacitor current is zero, thus for full-wave
rectification, the average diode current is half the average load current.

The peak capacitor current occurs at wt = a, when the diodes first conduct. From the capacitor current
equation in Table 13.2:

I. =\2VaCcosa (13.92)

From Table 13.2, the peak diode current occurs at the same time as the peak capacitor current, wt = a:
}D =i (r+a)+i;(7+a)

N 2v N/

(13.93)
=RVoCcosa+X-"sinag = cosa + sino;:ﬂZ
R X R

7sin(oc+¢)

Similar expressions can be derived for the half-wave rectifier case. For the non-conduction period,
B=2m+a. The output ripple voltage is about twice that given by equation (13.90) and the average resistor
voltage in equation (13.88) (after modification), is reduced. The diode PIV rating is 2\2V in both cases.

Example 13.6:| Single-phase full-wave bridge rectifier circuit with C-filter and resistive load

A single-phase, full-wave, diode rectifier is supplied from a 230V ac, 50Hz voltage source and uses a
capacitor output filter, 1000uF, with a resistor 100Q load, as shown in Figure 13.10a. Ignoring diode
voltage drops, determine

i. expressions for the output voltage

ii. output voltage ripple Av, and the % error in using the approximation equation (13.90)

iii. expressions for the capacitor current

iv. diode peak current

v. average load voltage and current

Assuming the output ripple voltage is triangular, estimate
vi. average output voltage and rms output ripple voltage
vii. capacitance C for Av, = 2% of the maximum output voltage

Solution

The supply voltage is v = V2x230 sin21 50t, which has a peak value of \Z =325.3V.

wRC =2750Hz x100Q x 1000pF = 31.416 rad
Thus X =1/wC =3.1831Q and Z=100.0507Q.
(5 figure accuracy is used because of the sensitivity of the applicable equations around a=90°.)

From equation (13.84) the diode current extinction angle § is
B =r—tan" (wRC) = = —tan™ (31.416rad) = 1.6026rad = 91.8°
The diode current turn-on angle a is solve iteratively from equation (13.86), that is
sing —sin g xe " IRE g

sina —sin1.603 x @ (716033416 _

gives a = 1.16095 rad or 66.5°. The diode conduction period is 6.= - a =1.6026 -1.16095 = 0.44167rad
or 25.3°.



Chapter 13 Naturally Commutating AC to DC Converters- Uncontrolled Rectifiers 472

i. From Table 13.2, the output voltage, which is the capacitor voltage, is given by
v, (ot) = ‘\/EV sin a)l" —[325.27V x sin ot | 66.5° < ot < 91.8°

—((ut—l.6026rad)/31.416rad —(wt—1.6026rad)/31.416rad

Vv, (wt) = 2 x 230V x sin1.6026rad x e =325.13xe

91.8° < wt <246.5°

il The output voltage ripple Av, is given by equation (13.89), that is
AV, =2V (1-sina) = 2230V x (1 - sin1.16026) = 26.94V p-p
From equation (13.90)
Vv 230V

A I/G ~ = =
J2F RC 2 x50Hz x100Q x 1000pF
The approximation predicts a higher ripple: a +21% over-estimate.

32.5V

iii. From Table 13.2, the capacitor current is
i (ot) =2Vl cos wt =2 230V x 2750Hz x 1000uF x cos wt = 102.2 x cos ot

66.5° < wf <91.8°

V2V sin g o (et BIRC _ 2230V xsin1.16 @ (@116)/314 ~(wt-1.16)/31.4

o
fe(et) R 1000

=3.0xe

91.8° < wt <246.5°
iv. The peak diode current is given by equation (13.93):

I, :\/fl/a)Ccos(er%sina

_ /3 230V x 2:50Hz x 10004F = cos1.16026 + Y2239 cin1 16026

1000
=40.7A+3A =43.7A
The peak diode current is dominated by the capacitor initial charging current of 40.7A

V. The average load voltage and current are given by equation (13.88)

= J2v (1-cosé,)

I/R -

T  —CoSsp
1-co0s0.4417
_y2230v (1-cos ) 3123
Vs —c0s1.603
—R _ Ve _ 312.3V _3.12A
R 1000

Vi. If the ripple voltage is assumed triangular then

(a) The average output voltage is the peak output voltage minus half the ripple voltage, that is
V, - Vol\v, = \2x230V - %x26.9V = 311.8V
which is less than that given by the accurate equation (13.89), 312.3V.

(b) If the 26.9V p-p ripple voltage is assumed triangular then its rms value is ¥%x26.9/N3 =7.8V

rms.
Vii. Re-arrangement of equation (13.90), which under-estimates the capacitance requirement for
2% ripple, gives
_ 4 _ Vs _ 1
N2F Rx AV, 2f Rx2%of V, 2f Rx2%
= L =5,000uF
2 x 50Hz x 1002 x 0.02

L)
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i I

32T §

(b)
Figure 13.11. Bridge rectifiers: (a) split rail dc supplies and (b) voltage doubler.

13.1.9v - Other single-phase bridge rectifier circuit configurations

Figure 13.11a shows a transformer used to create a two-phase supply (each phase is 180° apart), which
upon rectification produce equal split-rail dc output voltages, v and V. The electrical characteristics
can be analysed as in the case of the single-phase full-wave bridge rectifier circuit with a capacitive C-
filter and resistive load, in section 13.1.9iv. In the split rail case, the rectifiers conduct every 180°,
alternately feeding each output voltage rail capacitor. Thus the diode average and rms currents are
increased by 2 and V2 respectively, above those of a conventional single phase rectifier.

The voltage doubler in figure 13.11b can be used in equipment that must be able to operate from both
115Vac and 230V ac voltage supplies, without the aid of a voltage-matching transformer. With the
switch in the 115V position, the output is twice the peak of the input ac supply. The capacitor C; charges
through diode D1, and when the supply reverses, capacitor C, charges through D2. Since C; and C, are
in series, the output voltage is the sum Vc1+Vc,, where each capacitor is alternately charged (half-wave
rectified) from the ac source V. The other, unused, two diodes remain reverse biased, and are only
necessary if the dual input voltage function is required.

With the switch in the 230V ac position (open circuit), standard rectification occurs, with the two series
capacitors charging simultaneously every half cycle. In dual frequency applications (110V ac, 60Hz and
230V ac, 50Hz), the capacitance requirements are based on the supply with the lower frequency, 50Hz.

gl 132] Three-phase uncontrolled rectifier converter circuits

Single-phase supply circuits are adequate below a few kilowatts. At higher power levels, restrictions on
unbalanced loading, line harmonics, current surge voltage dips, and filtering require the use of three-
phase (or higher - polyphase) converter circuits. Generally it will be assumed that the output current is
both continuous and smooth. This assumption is based on the dc load being highly inductive.

The characteristics of three-phase rectifiers with a purely resistive load are summarised in Table 13.8.

13.2.1 Three-phase half-wave rectifier circuit with an inductive R-L load

Figure 13.12 shows a half-wave (single way), three-phase diode rectifier circuit along with various circuit
voltage and current waveforms. A transformer having a star connected secondary is required for neutral
access, N.

The diode with the highest potential with respect to the neutral conducts a rectangular current pulse. As
the potential of another diode becomes the highest, load current is transferred to that device, and the
previously conducting device is reverse-biased and naturally (line) commutated. Note that the load
voltage, hence current never reaches zero, when the load is passive (no opposing back emf).

In general terms, the mean output voltage for an n-phase p-pulse system is given by (see example 13.8)

V, = ﬁj ”/f V2V cos ot d ot )
r ~lp
. (13.94)
=sz§%%%fﬂ )

For a three-phase, half-wave circuit (p = 3) the mean output voltage, (thence average current) is
V,=I,R= %/I R Vsinot dot
3

76
1/2\/§
=2V
\2 3

T

(13.95)

—1.17xV (V)
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The rms load voltage is

sm2/

2%0 (13.96)

7 \/// ”/p\/_l/ cos’wt dot =2V |41+

vo A Va Vb Ve
vav g —£
-y == -74———5\— —————————— -V, c %
\ ¢
/\ I\ AN w
/
L \\ !I I \\ l’ 1 \s L o 27
Ll ‘\ T ’ 2” a
\/ \/ \ Y4 wt 2N —
2N VA AN 2;/
3
\_// ~— \.,__// ~
lo T LI " ase® b
" . =l
i

Y

Y

Y

\/ﬁv—b

(b)
Figure 13.12. Three-phase half-wave diode rectifier:
(a) circuit diagram and (b) circuit voltage and current waveforms.

The load voltage form factor is

FF, = m% ) =119V /1.17V =1.016 for p=3 (13.97)
sm7
7
p
ac voltage across the load (

RF, =ripple factor = =
dc voltage across the load

2
'/75) ~1=0.185 (13.98)
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The diode conduction angle is 2m/n, namely %t. The peak diode reverse voltage is given by the
maximum voltage between any two phases, V3V2 V =6 V.

From equations (13.80), (13.81), and (13.82), for a constant output current, .7'0 =1, .., the mean diode
current is

Ip =Yl =41 (A) (13.99)
and the rms diode current is
Ly =YLy s = Yindo = Ypl, (A (13.100)

The diode current form factor is
FF, =1, /70 -3 (13.101)
The input displacement factor cos® is unity and the input power factor (and displacement factor),
assuming diode square currents, is
VI 73\/61/5 L 3
pf: o~ o — 272’ —
V.7, I, 2z
s irms 3|/5 o
NE)
The load average and rms voltage, current and FF, RF, and power factor are the same for an RL load as
for the resistive load case.

= 0.675 (13.102)

- — I/, [
mmf =N (i, - i +1i,) RO -
ir
Vb
— -

mmsz(/b—ia—i-/,,) Yo—_»—- /_—P—Dl—% R-L
Y _ LOAD
mmf =N (i, =i, +1/;) B os— M

1:N:N

Yo

fo+1, +1i;=0=mmf
(a)

(b)

Figure 13.13. Three-phase zig-zag interconnected star winding, with three windings per limb, 1:N:N:
(a) transformer connection showing zero dc mmf in each limb (phase) and
(b) phasor diagram of transformer primary and secondary voltages.

If neutral is available, a transformer is not necessary. Then the full load current is returned via the
neutral supply. This neutral current is generally not acceptable other than at low power levels. The
simple delta-star connection of the supply in figure 13.12a is not appropriate since the unidirectional
current in each phase is transferred from the supply to the transformer. This may result in increased
magnetising current and iron losses if dc magnetisation occurs. As discussed in section 13.3.5, this
problem is avoided in most cases by the special interconnected star winding, called zig-zag, shown in
figure 13.13a and discussed in section 13.3.7. Each transformer limb has two equal voltage secondaries
which are connected such that the magnetising forces balance. The resultant phasor diagram is shown
in figure 13.13b. 15% more turns are needed than with a star connection. This transformer mmf problem
resulting from half-wave rectification is considered in section 13.3 and chapter 22.

As the number of phases increases, the windings become less utilised per cycle since the diode
conduction angle decreases, from 1 for a single-phase circuit, to %51 for the three-phase case.
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13.2.2 Three-phase full-wave rectifier circuit with an inductive R-L load

Figure 13.14a shows a three-phase full-wave rectifier circuit where no neutral is necessary and it will be
seen that two series diodes (not in the same bridge leg) are always conducting. One diode (one of Dy,
D, or Ds, at the highest potential) can be considered as being in the feed circuit, while the other (one of
D,, D4, or Dg, at the lowest potential) is in the return circuit. As such, the line-to-line voltage is impressed
across the load. Given no two series connected bridge leg diodes conduct simultaneously, there are six
possible diode pair combinations. The rectifier circuit waveforms in figure 13.14b show that the load
ripple frequency is six times the supply. Each diode conducts for %1 and experiences a reverse voltage

of the peak line voltage, V2 V,.

Va

— ] ) X
ip1 ip3 ips io
D, D3 Dsg
a ‘b c
D LOAD Vo
D4 Dg D>
J'.D4 T’-DG "-D2 | >

source 0
voltages

V2V W 6112323 ¥
’ \\ / \‘ / \‘ /
output Vo " ,V\ £ A A
voltage D A A W

34 M5

v Ny

\ II\ I\\
\N7 \\:

)

\ \\ 20 Y 2 N |
\’ \/ L / \\l ‘I’ \/3V=VL

ol ¥ Yy v V¥

T—
wt

o

ia =ip1 —ipa

——

Vo1

(b)

wt

V2V

la=1Ip1 -Ipa

lc=1Ips - 1D2

Figure 13.14. Three-phase full-wave bridge rectifier:
(a) circuit connection and (b) voltage and current waveformes.
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The mean load voltage is given by twice equation (13.95), that is
_ _ 1 273 .
V,=IR= /A LB 2V sinot dot V)

= ﬁvﬁ = E\/EI/L =1.35V, =2.34V
7|3 =&

where V_is the line-to-line rms voltage (V_ =V3V).

Generally the peak-to-peak ripple voltage for n-phases is \/El/ - \/zl/cos”,7 . (see Table 13.4)

(13.103)

The critical load inductance (see figure 12.12) for continuous load current, is L .., = %w p(pz 1) .
2 X -

The output harmonics of a p-pulse voltage output are

l/an:_l%x\/ivsin7 2
T Plm -]
(13.104)
2
[7-1]
wheren=mp and m=1,2,3, ... and V, is the mean output voltage given by equation (13.94).

:_1%’><I/o><

The output voltage harmonics for p=6 are given by

V. = 6% (13.105)
7r<n —1)
forn=6, 12, 18, ..
The rms output voltage is given by
2
v -1 [ 7PNy, sin ot dot
27 [ 69 =3
(13.106)

= I/U/1+—3J3 =1.352V,
2

Generally, for a p-pulse rectifier output, the rms output voltage is

P o2
V_ =V .[1+—sin4% 13.107
e VL4 L sin27 (13.107)

The load voltage form factor = 1.352/1.35 = 1.00091, the ripple factor = v(form factor? -1) = 0.042, power
factor = 0.956, and the efficiency is 0.998.

13.2.2i Three-phase full-wave bridge rectifier circuit with continuous load current

If it is assumed that the load inductance is large, then (even with a load back emf), continuous load
current flows and the dominate load current harmonic is due to the sixth harmonic current, that is
let 7, . = I,,6 - By neglecting the higher order harmonics, the various circuit currents and voltages can
be readily obtained as shown in Table 13.3. From equations (13.103) and (13.105) the output voltage is
given by

v,(ot)= V, +  V, cosbat
3 3 2
= —\/EI/L +—«/§I/L —~——~cosnaot forn=6
4 7 (1) (13.108)
_3 v+ 3 v« Zcos20t
S TL YL 35
=135V, + 0.077V, cos2wt
The fundamental voltage, hence current, V, /R, is therefore much larger than the sixth harmonic current,

Voo !/ Ze, that is I,>1, . The load and supply ac currents are /, , =1, , =1, . The output and
supply rms currents are

‘[o, ms :[5, ms :\/jz_’_‘[oz,ac :\/7‘27+]oz,6 (13109)
and the power delivered to resistance R in the load is
P =I* R (13.110)

o, rms
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13.2.2ii Three-phase full-wave bridge circuit with highly inductive load — constant load current

For a highly inductive load, that is a constant load current the average output voltage and current are
given by equation (13.103), the rms output voltage by equation (13.106), and:
e the mean diode current is

Ip=W1,=%1I (A) (13.111)
e and the rms diode current is
Lyms = Yiady e = Y To = Yplo (A (13.112)
e and the power factor for a constant load current is
pf= 3. 0.955 (13.113)
The rms input line currents are g
I, = \E I, . (13.114)

The diode current form factor is
FFip =L s /70 =3 (13.115)
The diode current ripple factor is

RF, = /FF,Z— -2 (13.116)

A phase voltage and current are given by

v, =2V sinot (13.117)
— sin(n-1)wt sin(n+1)ot
/a:i_ra singt + Sn(7-bet  sin(n+1)o n=-6,12,18, . (13.118)
7 n-1 n+1

with phases b and c shifted by %1. That is substitute wt in equations (13.117) and (13.118) with wt+%51r.
Each load current harmonic n produces harmonics n+1 and n-1 on the input current.

The total load instantaneous power is given by

p(ot)=3x2V1, x(l/z—czf”“l)tj (13.119)
The supply apparent power is
s=BVI, . (13.120)
while the ac power, in terms of apparent ac resistance, is
2
P, _3x (13.121)
Rac
Using the output voltage from equation (13.103), the output power is
2
V3
P, =NV —— 13.122
e [I ~73| /R, (13.122)
. _ 9
Since Py =Pgc , thenR =2| = |R_=2R, .
VA
At the ac input, for a constant load current:
The rms value of the fundamental line current
23 3
]Ll,rms - 710 /\/5 - 710 - 078]o
The input distortion, DF, is
I N3
DF =21 = oid, _3 0.955 (13.123)
1, \/%[o T
The input power factor, with unity displacement power factor, is therefore
pf = DF x DPF =3 ~0.955 (13.124)
VA
The input total harmonic distortion is
[2 _ [Z 1-2 _ 6 R J-Z
THD = ‘/ LM Vl% o~ Jeds _ 0.3108 (13.125)

ILs,l \/64 ‘[ o
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Table 13.3: Three-phase full-wave uncontrolled rectifier circuits

th A
Full-wave rectifier circuit 6" harmonic average output output power
current current
Iv e }0 Pr+Pe
load circuit (A (A) W)
o lxmx
7 ! y ;
R-L Vo Lo | Ve R —_— Yo I’ R
> R + (6wl ) R o
see
section Z Z Z
13.2.2i
| WL
(b) PANIVAN T R ,
N RV s V. —F 2 =
13.2.2iii > ls v E+ \/72 ° I R+IE
> ° R2+(6a)L) R 01 rms
RIET AR R D |
3 Y Y
b L
XX, oy
(©) f lac _
LZS0 SR 2 22 '% I R=TR
> 1) '
R = -l-
o
rala U B
(d) ? lo.ac
13.2.2iv Ve Is Vo - I/—a ‘[j rmsR
> c|Rr R '
RC AN

13.2.2iii

Three-phase full-wave bridge circuit with highly inductive load with an EMF source

With continuous load current, the output voltage and input characteristics are unaffected by a load back
emf, with the average and rms output voltages given by equations (13.103) and (13.106) respectively.
The input power factor and distortion factor are 3/11, as per equation (13.125).

The output, that is, load current, is found from

L‘;’; +Ri, +E =2V, sinowt
7ml’—%7r \/EV

o

where tan(/ﬁ:w—L; Z =R +’l; siner = —£ ;
R v,

Yrn<aot <%

i,(t)=1Ie = {sm(a)t 9) oy

and I, =

\/fl/s sing
Z

-7
1 _ etang

(13.126)



Chapter 13 Naturally Commutating AC to DC Converters- Uncontrolled Rectifiers 480

13.2.2iv Three-phase full-wave bridge circuit with capacitively filtered load resistance

Part d in Table 13.1 shows a three-phase full-wave rectifier circuit with a parallel R-C load.

Interval as wt<p
In the interval a < wt< g, two diodes are conducting connecting the supply voltage across the load. The
input current provides both the resistive load and the output filter capacitor across the load.
A 7 dv . . . .
[o=1,+i. = ED + Cd—t” where v, =V, = \2V, sinot (V, is the line-to-line voltage)
That is
/.= / + /

s o c

i, (l’)=@+ﬁvs oC cos ot

(13.127)
NV, vV,
:T 1+0°C°R COS(wt—¢)=mCOS(wt—¢)

where tang = F{C and g ="ar +¢

Interval B<wt<a+ %m
In the interval B < wt < a + %, the bridge diodes are all reverse biased, isolating the source from the
load (discontinuous input current), and the load current is provided from the output capacitor.

v av
=i +i.=0=-2+C—=2
s o c R dt
In satisfying a boundary condition yields
Vo (£) =ve (£) = Ve (£) =
—(wt-p) —(wt-p)
:ﬁ%&e oRC :\/5|/SRCOS¢X6 wRC (13.128)
\/1 +a)2R2C2 Xc

=[R

Equating the two output voltage expressions, equations (13.127) and (13.128), at the boundary wt=a+
Y1 yields an equation for determining a iteratively.

7(a7%lrftan’1 leC)
sina = __oRC__ e oRe
1+ o’R*C?
s A s A

B f , Ly
0 / wt © wt
o A o A

wCR=V3 wWCR<V3
() (b)

Figure 13.15. Three-phase full-wave bridge rectifier a capacitive output filter:
(a) verge of discontinuous conduction and (b) continuous current conduction.

Example 13.7:| Three-phase full-wave rectifier

The full-wave three-phase dc rectifier in figure 13.14a has a three-phase 415V 50Hz source (240V
phase), and a 10Q, 50mH, series load. During the problem solution, verify that the only harmonic that
need be considered is the sixth.
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Determine
i. average output voltage and current
ii. rms load voltage and the ac output voltage
iii. rms load current hence power dissipated and supply power factor
iv. load power percentage error in assuming a constant load current
v. diode average and rms current requirements

Solution

i. From equation (13.103) the average output voltage and current are
V,=1R =135V, =1.35x415V =560.45V

1, =% 3004V _ 5g gash
R~ 100

ii. The rms load voltage is given by equation (13.106)
V... =1352V, =1.352x415V = 560.94V

The ac component across the load is
Ve = V2 -V

rms

=4/560.94V? —560.447V? =23.52V

ii. The rms load current is calculated from the harmonic currents, which are calculated from the
harmonic voltages given by equation (13.105).

harmonic 6V, 2 v,
V =—-—-~t— = ./R? I =
n n 7[(/72 _1) Z,7 = R +(/7a)L) n Zn ]/2-[5
0 (560.45) 10.00 56.04 (3141.01)
6 32.03 94.78 0.34 0.06
12 7.84 188.76 0.04 0.00
Note the 12" harmonic current is not significant IZ+ >l = 3141.07
The rms load current is
I = Jlj + Zl/zl,f
= \/3141.07 = 56.05A
The power absorbed by the 10Q load resistor is
P =1’ R="56.05A° x10Q2 = 31410.7W
The supply power factor is
F = P 31410.7W _ 0.955

L —
I/rmsjrms \/§VL ‘[L \/g X 415V X \/g X 5605A

This power factor of 0.955 is as predicted by equation (13.113), 3” , for a constant current load.

iv. The percentage output power error in assuming the load current is constant is given by

P, I’R 56.045A% x10Q 31410.1wW
1-L=1-2o0 -1 - =1- =0%
P 2R 56.05A x 1002 31410.7W

v. The diode average and rms currents are given by equations (13.111) and (13.112)
Ip =%1 =)4x56.045=18.7A

Iyps = YT, 1o = Y5%56.05 = 23.4A

Example 13.8; Rectifier average load voltage

Derive a general expression for the average load voltage of a p-pulse rectifier.
Solution

Figure 13.16 defines the general output voltage waveform where p is the output pulse number per cycle
of the ac supply. From the output voltage waveform
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1 pan
BT I_”/H\/El/cosm‘ dot
- Zf/'; (sin(z / p)=sin(-z | p)) = zf/vp 2sin(z / p)
Y = 2v sin(z / p) V)
Tl p

where
for p = 2 for the single-phase (n = 1) full-wave rectifier in figure 13.9.
for p = 3 for the three-phase (n = 3) half-wave rectifier in figure 13.12.
for p = 6 for the three-phase (n = 3) full-wave rectifier in figure 13.14.

L
V]_ Vz V3
T T
- + =
p 0 p
_Io ) |
i1 : wt
| |
Io
I2 wt
| |
I Iy
| -
| ! -
| 2y | wt

Figure 13.16. A half-wave n-phase uncontrolled rectifier: output voltage and current waveforms.

The output waveform smoothness, termed harmonic or ripple factor RF is defined by
effective valuesofaclV/ _ V.

Ripple factor = RF, =

average value of Ve
212 2
— Vrmsszc — Vr_/rzv_s'_l: FF2_1
Ve Ve

0

2
where v, = {Z%(an + an)}

n=1

where FF is termed the form factor. RF, is a measure of the voltage harmonics in the output voltage.
Ripple factors for constant output current rectifiers with different number of pulses, n

n 2 3 6 12 o]
% 48.2 18.27 4.18 0.994 0

Uncontrolled rectifier input current harmonics and power factor compensation

As rectifier phase and pulse number increase, input power factor and input current THD decrease.
Three phase rectifiers, without input filtering, generally cannot comply with current harmonic standards,
such as IEEE Std. 519-1992, Table 13.4. Independent of the short circuit ratio, SCR, the lower order
harmonics, 5™ and 7", present the most difficulty (although limits increase as SCR increases). Passive
filtering may not be viable because of large LC component sizes, tolerances, ageing, noise, and costs.
An active front end, based on boost converters as in chapter 15.8 and chapter 26.3.1 present an
alternative that offer high quality sinusoidal input currents at unity power factor. In such active
topologies, as in figure 13.17, the input converter (three-phase inverter bridge) is rated at the link power
rating, and the input inductors Ls are rated at the input phase current level. For a given THD, the input
inductance is inversely related to inverter switching frequency.



483

Power Electronics

Figure 13.17. Active front end, reversible three-phase ac to dc converter.

The shunt compensator is a FACTs device and offers an active front end alternative in three phase
415V ac to dc conversion stages found in many grid connected power electronics applications. Such a
configuration, as in figure 13.18 offers distinct advantages: the current ratings of the shunt inverter and
inductors are less than one third the ac line current, since the shunt only processes the harmonics and
VAr for power factor compensation. The dc link capacitor voltage must exceed the peak of the line
voltage, although triplen injection reduces the necessary voltage overhead.

AC mains
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Figure 13.18. Shunt compensation (for VAr and harmonics) of an uncontrolled rectifier.

Table 13.4: Current Harmonic Limits

Maximum Harmonic Current Distortion in % of I_

Individual Harmonic Order (Odd Harmonics)

lsc /1L <11 11<h<17 17<h<23 23<h<35 35<h TDD

<20* 4.0 2.0 15 0.6 0.3 5.0

20<50 7.0 3.5 2.5 1.0 0.5 8.0

50<100 10.0 4.5 4.0 15 0.7 12.0

100<1000 12.0 55 5.0 20 1.0 15.0
>1000 15.0 7.0 6.0 2.5 14 20.0

Even harmonics are limited to 25% of the harmonic limits, TDD refers to Total Demand Distortion
and is based the average maximum demand current at the fundamental frequency, taken at PCC.

*All power generation equipment is limited to these values of current distortion regardless of Isc, ..

h = harmonic number

Isc = maximum short current at the PCC
IL. = maximum demand load current (fundamental) at the PCC
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13.4| DC MMFs in converter transformers

Half-wave rectification — whether controlled, semi-controlled or uncontrolled, is notorious for producing a
dc mmf in transformers and triplen harmonics in the ac supply neutral of three-phase circuits. Generally,
a transformer based solution can minimise the problem. In order to simplify the underlying concepts, a
constant dc load current I, is assumed, that is, the load inductance is assumed infinite. The transformer
is assumed linear, no-load excitation is ignored, and the ac supply is assumed sinusoidal.

Independent of the transformer and its winding connection, the average output voltage from a rectifier,
when the rectifier bridge input rms voltage is Vg and there are q pulses in the output, is given by

A

/g N e
Ve [ cosotdot =V, sinz /g (13.129)
2z7/q 2, 7/q

The rectifier bridge rms voltage output is dominated by the dc component and is given by

i3

_49q K 2 ane2 _ qg . 2«
Vv, = Z:L 22 cos? (wt) dat =V, fl + Zgn? (13.130)

q
The Fourier expression for the output voltage, which is also dominated by the dc component, is

- 2 _ k+1
v, (ot)=V, + %z% cos knwt (13.131)
= knt -1
Table 13.5: Rectifier characteristics with g phases (see section 13.8)
q Parallel connected secondary windings Series connected secondary windings
phases Star, thus neutral always exists Polygon, hence no neutral
v, =\2V sin[ wt]
v, =2V sin a)t—z—”}
q
l . 2
v, = 2V sin| ot -(g —1)7
Half-wave Full-wave
V, z\/stinf ng/il/sinz i\/EI/
T q T q T
Load n= n=q g even n=q g even
harmonics = n=2q g odd n=2q g odd
. 2v
v, 22V cos =
v J2V cos z J_ 2q
v, q
ﬂ g even
. T
N g even 242V g even sin E
VDR \/— T T
2V cos — odd | 242V cos—— odd
20 7 2q 7 V2v g odd
2sin -
29
N° of diodes q diodes 2q diodes 2q diodes
- - I I,
ID ‘[Drms ]DZZ [Drmszﬁ
I, =1, g even
1 2
IS [5 = o - [5 = [0 - qz - 1
q q I, =1, g odd
q
Po=Vol, 22
e even
S=qVsls N2G . 7w 2\/5 ., 7 7
P - smE — smE 203 g
pfl-oad:E TX qz_l qodd
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The core flux effects of dc currents in 50/60Hz transformers are considered in Chapter 22.

Table 13.5 summarizes the various rectifier characteristics that are independent of the transformer
winding configuration.

The transformer for a single-phase two-pulse half-wave rectifier has three windings, a primary and two
secondary windings as shown in Chapter 22. Two possible transformer core and winding configurations
are shown, namely shell and core. In each case the winding turns ratios are identical, as is the load
voltage and current, but the physical transformer limb arrangements are different. The reason for the
two possibilities is related to the fact that the circular core can use a single strip of wound cold-rolled
grain-orientated silicon steel as lamination material. Such steels offer better magnetic properties than
the non-oriented steel that must be used for E core laminations. Single-phase toroidal core transformers
are attractive because of the reduced size and weight but manufacturers do not highlight their inherent
limitation and susceptibility to dc flux biasing, particularly in half-wave type applications. Although the
solution is simple, the advantageous features of the toroidal transformer are lost, as will be shown. For
power electronics aspects of 50/60Hz single and 3 phase transformers see Chapter 22.

Transformer rectifier combinations

Three-phase transformer-rectifier combinations vary depending on the transformer output phase
number, their phase shift, and the neutral connection.

13.5.1 Six-phase half wave rectified converters
13.5.1i Six-phase with neutral connection

Figure 13.19 shows two six-phase half-wave rectifiers, which can employ either a star or delta primary.
With an RL load, each diode conducts for 60°, and integration over that period gives the average output

voltage:
%
m:Tl-jJﬁ%mQUMt=§i2§=135g
Varr z

where the various factors are FF=1.00088, RF=0.042, and PF=0.552.
%) oR
“a
OR
e

- V0
R is
_/VW_rYYY\_

Figure 13.19. Six-phase, half-wave rectifiers, with either a star or delta transformer primary.

13.5.1ii Three-phase double wye with a centre tapped inter-phase transformer.

Figure 13.20 shows a three-phase double wye rectifier with a centre tapped inter-phase transformer,
which can employ either a star or delta primary. With an RL load, each diode conducts for 120°, and
integration over that period gives the average output voltage:
1% = 332V,
V, = [ N2 sinot dot - 22¥2
VI 6 2z

where the various factors are FF=1.01615, RF=0.18, and PF=0.686.

=117V,
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Vo l]d

Figure 13.20. Three-phase, double wye rectifier with either a star or delta transformer primary.

13.5.2 Three-phase full-wave rectified converters

Full-wave rectifiers employ six diodes as shown in figure 13.21, each of which conducts for an
overlapping 120° period. With an RL load, the average output voltage is

57/6
(=2 | N2 sinotdot - 332V, 5 34y
Y 6 7

where the various factors are FF=1.00088, RF=0.042, and PF=0.956. Circuit current and voltage
waveforms are shown in figure 13.14.

"
V’§Va
I
»i P Can o
g +— s
»| > > —
Vo J Iy Vo lld
R L R L
L AANN—YYY L AM—YY e

Figure 13.21. Three-phase, full-wave rectifier
with either a star or delta transformer primary and secondary.

13.5.3 Multi-phase full-wave rectified converters

The dc output form and ripple factors can be improved by using 12 and higher phase supplies, created
by multiple transformer and transformer winding connections, as shown in figure 13.22.



487 Power Electronics

.

v, ] OR
t ENE
V V3V,
5 B ]
» »t » P
»t » »t »
»t »t » bt
Vo lld
R L
AN Y
@) (b)
Tl
Va
V3V, 3V,
jd | B 8 i |l
»t >t > »t »t »t » »
» »t » » >} > » »
» » b bt bt b » »
Vo
R L
AA—TYN
(©)
I
V.
1 =T ! =T
7 | 4 { r
ol R A B0
— ¥ » - L —pt
o ':}E e EL*" e A
» » W »t H—J L-H » -
Vo
L
A'A'A'm
(d)

Figure 13.22. Multi-phase, full-wave rectifiers:
(a) six phase, (b) series bridges, (c) two transformer cascaded bridges, and (d) three transformer,

cascaded bridges.
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Figure 13.22a shows a six phase, hexagon connect transformer secondary, where each diode conducts
for 60°. The transformer primary can be star or delta connected. The secondary windings can better
utilised as two separate windings, as shown in figure 13.22b, where diode conduction increases to 120°
and the average output voltage is increased and ripple and form factors are improved.

The average output voltage and ripple and form factor can be improved by using two transformers as in
figure 13.22c and three transformers as in figure 13.22d. Ripple cancellation is achieved by phase
shifting the transformers, specifically 15° in former 24 pulse case and £10° in the latter, 36 pulse case.
The shift is 360°/pulse number, but the supply power factor is constant and remains high, 0.956 lagging.

Table 13.6. Transformer feed rectifier characteristics

Full- Number | Number of | Number Diode Average outout Form Factor
wave of three phase of condu_ctlon vogllta o P Ripple Factor
rectifier |transformers| bridges diodes period 9 Power Factor
Y
. 2 [ V2 sinot det | 1.000888
AT
13.22a 1 2 12 60° 6\/§Va 0.042
T
—2.7V, 0.956
4 57/6
—— | N2V sinot det | 1.0000567
Aﬂ- z/6
13.22b 1 2 12 120° 6‘/§‘/§Va 0.0106
-
46781 0.956
8 57/6
—— | N2V sinot det | 1.0000036
Aﬂ- /6
13.22c 2 4 24 120° 12342V, 0.00267
==
_ 9,356, 0.956
12 57/6
o | N2V sinot det | 1.0000007
Y
13.22d 3 6 36 120° 18432V, 0.00119
=
_14.035V/ 0.956
2 57/6
—— | N2 sinotdet | 1.00088
AT s
13.14 0
131 1 1 6 120 33V, 0.042
T
_234V 0.956
57/6
% [V2Vsinot dot | 1.016
A /6
13.12 1 Y 3 120° ey NE] 0.18
I 0.686
=1.17xV '
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Voltage multipliers

Voltage multipliers are ac to dc power conversion circuits, comprised of diodes and capacitors that are
interconnected so as to produce a high potential dc voltage from a lower voltage ac source. As in figure
13.23a, multipliers are comprised of cascaded stages each comprised of a diode and a capacitor.
Voltage multipliers are a simple way to generate high voltages at relatively low currents. By using only
capacitors and diodes, the voltage multipliers can step up relatively low voltages to extremely high
values, while at the same time being far lighter and cheaper than transformers. The advantage of the
circuit is that the voltage across each cascaded stage is only equal to twice the peak input voltage, so it
requires relatively low cost components and is easy to insulate. An output can also be tapped from any
stage, like a multi-tapped transformer.

The voltage multiplier has poor voltage regulation, that is, the voltage drops rapidly as a function the
output current, as in figure 13.23b. The output I-V characteristic is approximately hyperbolic, so it is
suitable for charging capacitor banks to high voltages at near constant charging power. Furthermore, the
ripple on the output, particularly at high loads, is high. The output voltage is not isolated from the input
voltage source, although transformer coupling provides general isolation.

The most commonly used multiplier circuit is the half-wave series multiplier. Other multiplier circuits can
be derived from its operating principles.

n
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Figure 13.23. Charging sequence of a half-wave series positive output voltage multiplier
and output characteristics dependence on output current and stage capacitance.

The following description for a two-stage series voltage multiplier assumes no losses and represents
sequential reversals of polarity of the source transformer T in the figure 13.23a. The number of stages
is equal to the number of smoothing capacitors between ground and V., which in this case is two,
capacitors C, and C,.
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e V,.=Negative Peak: C, charges through D, to V, by current Ip,

o V., =Positive Peak: V of Ts adds arithmetically to existing potential C,, thus C, charges
to 2 Vy thru D, by current Ip,

e V.= Negative Peak: C; is charged to 2V, through D3 by current Ips

e V.= Positive Peak: C, is charged to 2V, by current I, through D, then V.

For N stages (series capacitors) the output voltage is NxV.
13.6.1 Half-wave series multipliers

The capacitors are in series, so effectively capacitance is as for series connected capacitors, C/N, but
voltage rating is the cumulative sum of the series capacitors between the output terminals. This
multiplier is the most common, and is versatile, being used in high-voltage, low-current applications. The
basic charging sequence in figure 13.24 is as for the circuit shown in figure 13.23a, where the diodes
conduct in the order D, to Dy, for both output polarity versions.

Half-wave series voltage multiplier features include:
e awide range of multiplication stages
e low cost
e uniform stress per stage on diodes and capacitors, 2Vp, and Vp

Any one capacitor can be eliminated from the capacitor filter bank if the load is capacitive. Whether full
wave or half-wave, the series diodes prevent the output voltage from swinging negative. At high
discharges, part of the output current is also drawn via a diode, hampering rapid high current discharge.

Figure 13.24. Series half-wave voltage multipliers:
(a) two stage positive hv output voltage; (b) two stage negative hv output voltage; and
(c) four stage multiplier configured with £ output hv voltage.
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Dual polarity output voltage is produced by connecting positive and negative multipliers as shown in the
four stage circuit is shown in figure 13.24c, where an unlimited stage number can be cascaded. Since
regulation is proportional to N3, a large number of stages eventually becomes ineffective. A centre
tapped capacitor string connection reduces the maximum voltage potential with respect to ground. An
odd number of stages can be produced as well as an even number of stages. The output voltage may
be tapped at any point on the capacitor series filter bank.

Once a load is connected at the output, the output voltage decreases due to the voltage regulation. Also,
any small fluctuation of load impedance causes a large fluctuation in the multiplier output voltage due to
the number of stages involved. For this reason, voltage multipliers are used only in special applications
where the load is constant and has a high impedance or where voltage stability is not critical.

Half-wave Output Voltage

The open-circuit output voltage V.. of each stage is nominally twice the peak input voltage V.

Assuming the ac input voltage and frequency are constant, for N cascaded stages, the output voltage is
Ve =2N %V, (13.132)

In practice, several cycles are required to reach full output voltage. The output voltage follows an RC
network exponential curve, where R is the output impedance of the ac source, whilst C is the effective
dynamic capacitance of the voltage multiplier, NxC. This charging occurs only upon switch-on of the
voltage multiplier from a discharged state, and does not repeat itself unless the output is short circuited.
The most common input ac waveforms are sine waves and square waves.

Output Voltage Regulation
DC output voltage drops as the dc output current increases, as shown in figure 13.23b. Regulation is the
drop in dc output voltage from the ideal at a specified dc output current (assuming the ac input voltage
and input frequency are constant). The voltage drop under load is mostly reactive and is calculated as:
3 2 2 2
V., =1, 4N 6+f3NC N y 4N +3(/:V 1 (13.133)
x 6F x /v

where:
I, is the load or output dc current (A)
C is the stage capacitance (F)
f is the ac frequency (Hz)
N is the number of stages
C/N is the effective output capacitance (F).

Regulation voltage droop is not a power loss in a multiplier. Power losses are primarily diode forward
conduction and rarely result in excessive multiplier temperatures at the low current loadings.
Substituting V\eq from equation (13.133):
3 2
LV, V. 2NV, -1 x NIV =N (13.134)

4 o/c ~ Vreg pk — *o 6fF xC

out

Output Voltage Ripple
Ripple voltage is the magnitude of fluctuation in dc output voltage at a specific output current. This
assumes the ac input voltage and frequency are maintained constant. The ripple voltage in the case
where all stage capacitances, C; through C,y, are equal, is:
N2+ NV

Viwe = Lo ¥ 575G
The ripple grows rapidly as the number of stages increases, with N squared. A common modification to
the design is to make the stage capacitances larger at the input, with C; =C,=NxC, C3=C,=(N-1)xC,
and so forth. Then the ripple is:

(13.135)

I
Vr/pp/e = f_o
xC
For a large number of stages, N>5, the N° term in the voltage drop equation dominates. Differentiating
the V. equation without the negligible terms, with respect to the number of stages and equating to zero,
gives an equation for the optimum (integer) number of stages N, for the equal valued capacitor design:

av, d I ;
Do _ 9 [opy 2o wan?|=0
an dN( * " 6f xC | j

(v FxCY
N, =int|| 2—— (13.137)

(13.136)

I

o
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Increasing the frequency can dramatically reduce the ripple, and the voltage drop under load, which
accounts for the popularity of driving a multiplier stack with a switching power supply.

If the driving voltage V. and the required output voltage V. are known, the optimum number of
cascaded stages is:

3w
N, =int| =0t (13.138)
- 3|

13.6.2 Half-wave parallel multipliers

Opposite polarity half-wave parallel voltage multipliers are shown in figure 13.24. The output capacitors
share a common connection but must have a high voltage rating. The output is usually low voltage but
with high currents. The basic charging sequence in figure 13.25 is the same as shown in figure 13.23,
where the diodes conduct in the order D, to D,, for both output polarity versions.

Parallel multipliers offer the following features:
uniform stress on diodes

e compact
e voltage stress on capacitors increases with successive stages by Vy
¢ highly efficient
I, I,
—————————— 4O
VOUt
-hvdc

EE Ds Ca

——
——
+
Cj_ DZ
+ =
._I - C
+
D
O
VaC ,\I L OV
O 4

(@) (b)

Figure 13.25. Parallel half-wave voltage multipliers:
(a) two stage positive hv output voltage and (b) two stage negative hv output voltage.

13.6.3 Full-wave series multipliers

Increasing the frequency can dramatically reduce the ripple, and the voltage drop under load, which can
be achieved by driving a multiplier stack with a switched mode power supply.

Figure 13.26 shows a typical full-wave two-stage series voltage multiplier. It is comprised of two anti-
phase ac input half-wave multipliers sharing a common series output capacitor string. This effectively
doubles the number of charging cycles per second, and thus reduces the voltage drop and ripple factor.
The input is usually fed from a centre-tapped ac transformer or MOSFET H-bridge circuit.

The full-wave series voltage multiplier has the following general features:
e uniform stress on components
highly efficient
high voltage
high power capability
easy to produce
increased voltage stress on capacitors with successive stages
wide range of multiplication stages
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Figure 13.26. Two-stage series full-wave voltage multiplier.

Full-wave Output Voltage
As with the half-wave voltage multiplier, the full-wave voltage multiplier output voltage is given by:
V. =2NV,, (13.139)

Output Voltage Regulation

DC output voltage decreases as dc output current increases. Regulation is the drop in dc output voltage
from the ideal at a specified dc output current, assuming constant ac input voltage and frequency. The
voltage drop under load is mostly reactive and is:

3 2
V:]XN+2N_ N° + 2

NN _ N2 (13.140)
reg o o C
6f xC 6f x %V

where:
I, is the load or output dc current (A)
C is the stage capacitance (F)
f is the ac frequency (Hz)
N is the number of stages
C/N is the effective output capacitance (F).

Regulation voltage droop is not a power loss in a multiplier. Power losses are primarily diode forward
conduction and rarely result in excessive multiplier temperatures at the low current loadings. Substituting
equation (13.140) for Ve

N +2N
Ve =Vose Vg =2N %V, —1, XW (13.141)
Output Voltage Ripple
The ripple voltage, in the case where all stage capacitances are equal, is given by:
4 I dd (13.142)

| = X —
eple S0 T % C

If the driving voltage V, and the required output voltage V. are known, the optimum number of
cascaded stages is:

0.521v,

N, = int{ out } (13.143)

pk

Example 13.9: Half-wave voltage multiplier

A three-stage half-wave series voltage multiplier, is driven by a 50kHz peak voltage of 10kV, with 1nF
capacitances, and a load current of 10mA.

i. Calculate the open circuit output voltage, regulated output voltage, ripple voltage, and
optimal number of stages for the required voltage transfer function.

ii. What is the capacitance and voltage rating of each stage of a parallel connected multiplier?

iii. What is the output ripple if progressively smaller capacitance is used?
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Solution

i In a three-stage voltage multiplier, the no load voltage V. = 2XNxV = 2x3x10kV = 60kV
3 2 3 2 _
V. =1, AV A3V =N omax 3 t3x3 =3 4o
v 6f xC 6 x 50kHz x 1InF

Vout = 60kV - 1.7kV = 58.3kV
So the output voltage will swing between 60kV and 58.3kV, depending on the load current.
The output ripple voltage is

2 2
v -1 VN oma 33
P 2f xC 2 x50kHz x 1nF
The optimal number of stages, from equation (13.143), is

n,, - in{o.su x M} _ int[0.521 x 58.3kv} .

3kv

10kv

pk

ii. An equivalent parallel multiplier would require each capacitor stage to equal the total series
capacitance of the series capacitor bank.
In this case, the three capacitors in the dc bank would equal 1000pF/3 or 330pF. The parallel
equivalent would require 330pF capacitors in each stage. However, each successive stage,
from the input, would require a higher voltage capacitor, 20kV, 40kV and 60kV, respectively.

iii. When Cl = C2 =NxC= 3nF, C3 = C4 = (N-l)XC = 2nF, C5 = CG = (N-Z)XC =1nF.
I 10mA
vV,  —=—9 = =200V
e fxC  50kHz x 1nF
This modification reduces the ripple voltage from 3kV to just 200V.
&

Example 13.10: Full-wave voltage multiplier

A three-stage full-wave parallel voltage multiplier, is driven by a 50kHz peak voltage of 10kV, with 1nF
capacitances, and a load current of 20mA. Calculate the output voltage and ripple voltage.

Solution
In a three-stage voltage multiplier, the no load voltage Ve = 2xNxVy =2x3x10kV = 60kV.
3 3
V. =1, N 42N joma—3+2x3 4wy
“ 6f xC 6 x 50kHz x 1nF

Full-wave rectification reduces the regulation voltage drop from 1.7kV in example 13.9, to 1.1kV. The
output voltage is increased by 600V, from 58.3kV in example 13.9, to V= 60kV - 1.1kV =58.9kV.
The ripple voltage reduces from 3kV for half-wave multiplication in example 13.9, to

N 3
Ve =1, ——— =10MA———>— = 200V
ripple °2fF xC 2 x50kHz x 1nF

L)

13.6.4 Three-phase voltage multipliers

The full-wave multiplier in figure 13.27 is a special case of a poly-phase (0° and 180°) multiplier where
more than one multiplier share a common series stack of load capacitors. In figure 13.27, the phase
angle between phases is 0°, 120°, and 240°, respectively. The peak voltage supplied by each secondary
winding is V.

The three-phase circuit in figure 13.27b can be modified by disconnecting the centre point of the Y
configuration from ground and omitting the first capacitor in each charging stack, as shown in figure
13.27c. As a result, the open-circuit dc voltage per stage is reduced from 2xVy to \/3><Vpk. The output
impedance, however, decreases dramatically, so the output voltage under load may be even higher,
depending on the load current. Therefore, this variant is preferred if the multiplier has to supply higher
currents.

13.6.5 Series versus parallel voltage multipliers

The theory of operation is the same for both series and parallel connected voltage multipliers. Parallel
multipliers require less capacitance per cascaded stage than their series counterparts, however parallel
multipliers require higher capacitor voltage ratings on successive cascaded stages. The parallel
multiplier output is easier to RC filter in applications requiring low output ripple voltage.
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Dy Da
@)

(b) Cs

(©

Figure 13.27. Three-phase Y configuration voltage multipliers:
(a) series diode output stage; (b) grounded centre point; and (b) floating centre point.

g 137 | Marx voltage generator

The Marx generator shown in figure 13.28, charges the energy storage capacitor of each stage in
parallel with a relatively low voltage (1kV to 6kV), and then discharges them by means of active switches
in series, into the load. The output voltage is then equal to the charging voltage multiplied by the number
of stages. The series inductance of this type of generators is low, as a result the rise time and fall time of
the output pulses can be less than 1lus. The pulse repetition rate can be more than 20kHz for short
pulses, and the pulse length can be several ms.

The spark gaps in the tradition approach in figure 13.28a can be replaced by IGBTS, as in figure 13.28b,
for pulses duration greater than about 1ps. Switches P are turned on simultaneously to parallel charge
all the cell capacitors, and pulse discharge is produced by switching on switches S (all switches P
remain off). Pulse shaping is possible by controlling the on/off of switches S. An inactive cell (S off) is
bypassed by diode D, whence the voltage across the off switch S is clamped to the cell capacitor
voltage. Pulse length, magnitude, and shape can be controlled by switches S, provide the charged
delivered to the load from the capacitors decreases for cells progressive further from the charging
source Vg(unless the cells are fully discharged into the load after each pulse). Cell capacitor charging
efficiency through resistor R, can be improved by using smps techniques, which would allow adjustable
cell capacitor voltage levels.
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Figure 13.28. The hv Marx pulse generators: (a) spark gap version and (b) semiconductor version.

Figure 13.29 shows semiconductor Marx generators based on HYDC MMC concepts, with a buck-boost
converter for parallel capacitor charging. The dc converter offer soft start and an extra degree of output
freedom by offering adjustable output voltage, hence cell capacitor voltages. The unipolar pulse
generator in figure 13.29a requires an extra diode per cell and a switch T, (rated at the buck boost
converter output voltage 34 _ sV.) to isolated the load during capacitor parallel charging. It offers better
directing-diode Dy voltage clamping than in figure 13.28b, since diode clamping is passive, through a
diode as opposed to through switch S in figure 13.28b. Figure 13.29a can be extending to a bipolar
voltage output topology by using full bridge cells, as shown in figure 13.29b, thereby avoiding using two
unipolar generators, back to back.

S
<o
P
+
>
R §
p
P
J:‘ buck-boost T D J_ buck- boost
"F Tp smps P no= smps
() (b)

Figure 13.29. Semiconductor hv Marx generators: (a) unipolar output and (b) bipolar output.
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In figure 13.29b, switches P are turned on for positive output voltages and switches N and N/C for
negatives voltages. Cell capacitors are charged by simultaneously turning on N/C and Sy. Switches Sy
prevent cell capacitor discharge during negative outputs, through a path created involving adjacent cells.
In both topologies in Figure 13.29, for controlled cell capacitor charging (to avoid uncontrolled in rush
current between cells) pulse generation should ensure cells further from the smps deliver less charge
than cell closer to the dc converter.

In low power electronics, the Marx concept is used to increase a low voltage, and is more meaningfully
termed a switched capacitor converter.
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Definitions

v(wt)= SN2V, sin(not —¢,)  i(et)=S N2 I, sin(not —p,)

total current  JZ =J2+ 12+ 12+, 07 (storoncument g2 22y .0

IF‘otal i« fach
armonic factor dls
distortion factor DF =k =
K
e I,
total harmonic distortion 7HD =

1
displacement power factor DPF =cosg, = 4,
active input power

circuit power factor f ==
p P V1

oS @,

) \/1 + THD?

crest factor c¢f =

i |(,,\ >

rms value

form faccor =————
average value

The average (or mean or dc) rms (or effective) values, respectively, of a waveform, are defined by

17
:Fjvo(t)dt

(o= [ )

and

/. average output voltage I, average output current
Vs rms output voltage 1., rmsoutput current
V' peak output voltage I peakoutput current

Load voltage form factor = FF, = foﬂ% Load voltage crest factor = CF, = %
Load current form factor = FF, = I,m%

o

Load current crest factor = CF, = %

effective valuesof acV (or ) _ V,,

Waveform smoothness = Ripple factor = RF, =

average value of I/ (or I) v,
2 2
Vins Vo FF? -1
V?

o
0

2
where Ve = {Z%(an +Vs, )}

n=1
similarly the currentripple factor is RF, = ‘5_ FF? -1
RF, = RF, for aresistive load

dc load power

ac load power + rectifier losses
VI,

I/ I __+Loss

ms= rms rectifier

Rectification efficiency = 7 =

498
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Waveform fundamental and harmonic rms components are define by
V= a2 +V3)

o

and for the k™ harmonic component
Ve = "2 (Vie + V)

where
|/—2Tt 27K dr I/—zrt'zkfdt
ka_F.EV( )cos 2z Kt kb_FJ;V( )sin2z A
Distortion factor is defined as
pr - Y
l/rms

Output pulse number

Output pulse number p is the number of pulses in the output voltage that occur during one ac input
cycle, of frequency fs. The pulse number p therefore specifies the output harmonics, which occur at p x
fs, and multiples of that frequency, mxpxfs, form=1, 2, 3, ...

D= period of input supply voltage
period of minimum order harmonic in the output VV or 7 waveform

The pulse number p is specified in terms of

q the number of elements in the commutation group
r the number of parallel connected commutation groups
S the number of series connected (phase displaced) commutating groups

Parallel connected commutation groups, r, are usually associated with (and identified by) intergroup
reactors (to reduce circulating current), with transformers where at least one secondary is effectively star
connected while another is delta connected. The rectified output voltages associated with each
transformer secondary, are connected in parallel.

Series connected commutation groups, s, are usually associated with (and identified by) transformers
where at least one secondary is effectively star while another is delta connected, with the rectified output

associated with each transformer secondary, connected in series. =3 122 s=2
P=Qgxrxs
p=12
The mean rectifier output voltage V, can be specified by
v, =s L2V, xsinZ (13.144)
7T q

For a full-wave, single-phase rectifier, r=1, q=2, and s=1, whence p=2

2J2V,
Vo=1><£\/§|/¢ xsin%: V2 ¢
T

T

For a full-wave, three-phase rectifier,r=1, q=3, and s=2, whence p=6
32V,
T

V,=2x 22V, xsin” =
7 3



Chapter 13 Naturally Commutating AC to DC Converters- Uncontrolled Rectifiers 500

13.10| AC-dc converter generalised equations

Alternating sinusoidal voltages
V, =2V sinot
V, =2V sin(ot - %)

V, =\2Vsin(at - (q-1)2)
where ¢ is the number of phases (number of voltage sources)

On the secondary or converter side of any transformer, if the load current is assumed constant 7, then
the power factor is determined by the load voltage harmonics.

Voltage form factor

whence the voltage ripple factor is

1 v v
RE, =V - | = [ FR2 1]

o

The power factor on the secondary side of any transformer is related to the voltage ripple factor by
b _ Vi, 1

S gVl ([RF?+1
On the primary side of a transformer the power factor is related to the secondary power factor, but since

the supply is assumed sinusoidal, the power factor is related to the primary current harmonics.
Relationship between current ripple factor and power factor

1 & 1
RF,=—[>12 == 1 I
i T ; h 1-1 1

rms
1

pf - L 1
I,.. RF?+1

The supply power factor is related to the primary power factor and is dependent of the supply
connection, star or delta, etc.

Half-wave diode rectifiers [see figures 13.2, 13.12]

Pulse number p=q. Pulse number is the number of sine crests in the output voltage during one input
voltage cycle. There are q phases and g diodes and each diode conducts for 211/q, with q crest (pulses)
in the output voltage

Mean voltage

_ q 1/271+% .
l/D—Z 1/2”7% \/zl/SIna)l'da)t
-9 pvsinZ
T q
RMS voltage

Vamar . 2 V2
V- [% [ /f’ (V2vsinot) dwt}

2

qg . 2x

=2V | V2 + 1-sin—
N {H% q}

Normalised peak to peak ripple voltage
v, , =2V -2V cosZ
q

ﬁV—ﬁVcos% 1-cos ™
T

pop V q . T q LT
0 LVsinZ sin—
T q q
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Voltage form factor

2 2
{1/2 + 9 sin ”}
ms 4 q

FF, Vi _ i
Vo 9 gin ™
g

whence the voltage ripple factor is

1 Y v
RE, =gV V2] = [ AR 1]

As g—w, FF—1, RF—0.

Diode reverse voltage
'70,3 =22V if g is even

Ve = Zﬁl/cos% if g is odd

For a constant load current I,,, diode currents are

o - I I
[ = ]U ] = _0 [ ms = _0
’ " q ™ Jq
For a constant load current I, the output power is
Fy =V, 1,
The apparent power is
5 = ql/‘[rms
The power factor on the secondary side of any transformer is
b _ Vi, 1

pf:—: =
S qvl,, JRF? +1

q . T
L J2Vsin=xT
:72'\/_ q>< a: lquInz

qu]g\/T "
g

The primary side power factor is supply connection and transformer construction dependant.

For two-phase half-wave p=g=2

16 = @ = & =0.90

VI, b3
For three-phase half wave p=q=3

Vi, _383

Pl = VI 25 0.827
For six-phase half-wave p=q=6
ot ., = Vol, 3 =0.995 (Y conection)
%3V @

The short circuit ratio (ratio actual s/c current to theoretical s/c current) is

g2v
_ ol. g

Z\EV sin” 2sin”
ol. ™" g q

s/c

Commutation overlap angle

ol 1,
1-cospu=—-"5°2—

\/5 Vsin®
q
The commutation voltage drop

Ve =9 o1 1 Where 2L =1,
271_ cT o
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p=q= Tsec rms RF, |70 Vs, %Vp-p Ksic Pfsec Pforim
L2 0.90v 2\2V 0.157 1 0.636 0.90

3 L N3 0.68 1.17V AY 0.604 1.73 0.675 0.827

6 I, 6 0.31 1.35v 2\2 Vv 0.140 6 0.55 0.995

For three-phase resistive load, with transformer turns ratio 1:N

_N2v3y3 Lo =L[3+ 8]

° R 2 orms _VZR
FF/outpul' - [2” 6\/3 :|

3 4rn

I LS
]Lyzgx%[% é\B—ﬂ_JVZ

Time domain half-wave single phase R-L-E load

o) =~E+ L2 s -0+ [ 2 —snior e ¥ |

v,(ot)=V, 1+zk2(2—) cos(kqwt)]

Full-wave diode bridge rectifiers - star [see figures 13.9, 13.14]

g phases and 2q diodes
Mean voltage

V, = 9 /M/\/_I/sma)tda)t

T V=T
:—C/\/EVsinE
T q

Pulse number
p=q if g is even
p=2q ifqisodd
Diode reverse voltage
0, =242V if g is even

T . .
. :ZﬁVcosZ if ¢ is odd

For a constant load current I,,, diode currents are

7 T ]o o
[D:‘[a !D:; [DWSZ\[_Q

The current and power factor are

Irms = IO\/Z
q

P

d o"o

q J_V5|n—x!
= = 2\/_sm—

Pr=s=au
q ms ql/xj\/g

which is V2 larger than the half-wave case.

For single-phase, full-wave p=gq=2
_Vel, & =0.90
v ox
For three-phase full-wave p=2 g=6
VI ® By« Vol
o0 % == 0.955

f. = =

pr
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p.q Isec RFV |70 I/D %Vp»p Ks/c pr prim pfsec
p=g=2 I, 0.483 1.80V 2\2 V 0.157 2/ 0.90 0.90
p=2 q=6 V% I, 0.31 2.34V \6 V 0.140 6/t 0.995 0.995

The short circuit ratio (ratio actual s/c current to theoretical s/c current) is
q

Koe=

2z sin—

q

which is smaller by a factor 1 than the half-wave case.
Ky =9 for g=2
T

Relationship between current ripple factor and supply side power factor on the primary

=L Sn-lmT
[1 h=3 [1

oo b1
Lo \JL+RF?

For single phase p=2

RE =22, - I
‘[1
2
Pt g
- T )78 o483

1 8
szr L
1 1 2J2

N = _\/ -8 7
1+
8
The rms of the fundamental component is
L =— I
The rms of the harmonic components are

p L4 fork >1,2,3...
h kp

For p-pulse

Commutation overlap angle
1 - cos M= " %o
ﬁv sin””
q
The commutation voltage drop
Veon =L ot J Where 2L =1L
V3
For p=g=2, only
20l 1,
J2v

Vcom = i a)cha
T

l1-cosu=
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Load characteristics
I 2
‘[orms q 2
Current Form Factor = FF, = —=——= |[—
1, 1, q

Full-wave diode bridge rectifiers — delta

Same expression as for delta connected secondary, except supply voltages V are replaced by
%

2sin”
q

For example in three-phase, V is replaced by V/N3, that is, V., = \/31/&,v = \/3I/

phase

The mean output voltage is

v =29y sn%-29 53V _snZ_9 5y
7 9 7 sn* 9 7

Pulse number
p=q if g is even
p=2q ifqisodd
diode reverse voltage and currents

VDR = ﬂ if g is even
sin”
q
VDR = 2v if g is odd
2sin =
29

In=I, Io=I1,/q I, =1I/Jg
rms current and power factor

q
L W, VP 3y
rms even 2 qgeven ql/[rms ql/ 1 /2 [0 T
Y2
I [q" 1] vi, 22 g
]rmsodd =5 - pf:yadd = = s
2 q ql/[rms s [qz —1:'
Commutation angle and voltage
1-cosu= oLl, v =49 g even
H \/‘2 v com Z CULCIO
oll 1 1
1—C05y=—”[1——) Ve = 4 (1——] g odd
2v g > Pkl " g
The short circuit ratio (ratio actual s/c current to theoretical s/c current) is
Ks/ceven = Z Sin% Ks/codd = q__l Sin%
VA T
For single-phase resistive load, with transformer turns ratio 1:N
[ -2va 4
R « R
2
T v
FF, =—— RF, =\FF* -1 =,|—-1
i output 2\/‘2 v 8
pN, N Y L 20

P 1 sec 1 R :\/RF2+1_ e
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13.1.

13.2.

13.3.

13.4.

13.5.

13.6.

13.7.

13.8.

Derive equations (13.35) and (13.36) for the circuit in figure 13.7.

Assuming a constant load current, derive an expression for the mean and rms device current
and the device form factor, for the circuits in figure 13.9.

The single-phase full-wave uncontrolled rectifier is operated from the 415 V line-to-line voltage,
50 Hz supply, with a series load of 10Q + 5mH + 40 V battery. Derive the load voltage
expression in terms of a Fourier series. Determine the rms value of the fundamental of the load
current.

A single-phase uncontrolled rectifier has a 24Q) resistive load a 240V ac 50Hz supply. Determine
the average, peak and rms current and peak reverse voltage across each rectifier diode for

i. an isolating transformer with a 1:1 turns ratio

ii. centre-tapped transformer with turns ratio 1:1:1.

A single-phase bridge rectifier has an R-L of R = 20Q and L = 50mH and a 240V ac 50Hz
source voltage. Determine:
i.  the average and rms currents of the diodes and load
ii. rms and average 50Hz source currents
iii.  the power absorbed by the load
iv. the supply power factor

A single-phase, full-wave uncontrolled rectifier has a back emf E, in its load. If the supply is
240Vac 50Hz and the series load is R = 20Q, L = 50mH, and E, = 120V dc, determine:

i. the power absorbed by the dc source in the load

ii. the power absorbed by the load resistor

iii. the power delivered from the ac source

iv. the ac source power factor

V. the peak-to-peak load current variation if only the first ac term of the Fourier

series for the load current is considered.

A three-phase uncontrolled rectifier is supplied from a 50Hz 415V ac line-to-line voltage source.
If the rectifier load is a 75 Q resistor, determine

i. the average load current

ii. the rms load current

iii. the rms source current

iv. the supply power factor.

A three-phase uncontrolled rectifier is supplied from a 50Hz 415V ac line-to-line voltage source.
If the rectifier load is a series R-L circuit where R = 10Q and L = 100mH, determine:

i. the average and rms load currents

ii. the average and rms diode currents

iii. the rms source and power current

iv. the supply power factor.
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Table 13.7. Characteristics of single-phase rectifier circuits with a resistive load

Full-Wave Full-Wave
_ 72 Half-Wave Center—Tap Bridge
P =1IR .
V,=IR >
2
n= %
2
]0 ms I
T - I
Load Voltage and Current Waveshape
Characteristic ’/
Diode Average Current
IFavlLioe) 1.00 0.50 0.50
Diode Peak Current
IewIFay) 3.14 3.14 3.14
Form Factor of Diode
IF(RMsYl(DC) 1.57 1.57 1.57
Diode RMS Current
IF(RMsYIL(DC) 1.57 0.785 0.785
RMS Input Voltage Per Transformer Leg
VilV(pg) 222 1.1 i1
Peak Inverse Voltage
VRRWVL(DC) 3.14 3.14 1.57
Transformer Primary Rating
VA/Ppc 3.49 1.23 1.23
Transformer Secondary Rating
VA/Ppc 3.49 1.75 1.23
Total RMS Ripple, % 121 482 482
Lowest Ripple Frequency, f/fj 1 2 2
Rectification Ratio (Conversion Efficiency), % 406 81.2 81.2

Table 13.8. Characteristics of three-phase rectifier circuits with a resistive load

Double Wye Wye-Delta Connections
Half-wave with Interphase | Full-wave -
Star Bridge Transformer Star Parallel Series
Average Current through Diode
IF(avylLDe) 0.333 0.333 0.167 0.167 0.167 0.333
Peak Current through Diode
IewlFay) 3.63 3.14 3.15 6.30 6.30 6.30
Form Factor of Current through Diode
Ir@RMmsyl(DC) 1.76 1.74 1.76 2.46 2.46 246
RMS Current through Diode
IFRMsYIL(DC) 0.587 0.579 0.293 0.409 0.409 0.818
RMS Input Voltage Per Transformer Leg
VilVLipe) 0.855 0.428 0.855 0.741 0.715 0.37
Diode Peak Inverse Voltage
VRrRWVL(DC) 209 1.05 2.42 209 1.05 1.05
Transformer Primary Rating
VA/Ppc 1.23 1.05 1.06 1.28 1.01 1.01
Transformer Secondary Rating
VA/Ppc 1.50 1.05 1.49 1.81 1.05 1.05
Total RMS Ripple, % 18.2 42 42 42 1.0 1.0
Lowest Ripple Frequency, f/f; 3 6 6 6 ) b 12
Rectification Ratio (Conversion
Efficiency), % 96.8 99.8 99.8 998 100 100
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Table 13.9. Characteristics of rectifiers with an L-C output filter

Rectifier Three-Phase
Circuit Single-Phase Single-Phase | Three Phase | Three-Phase Double Wye
Connection Full-Wave Full-Wave Hall-Wave Full-Wave With
Center-Tap Bridge Star Bridge Interphase
Characteristic Transformer
FAverage Current Through Diode
IF(avylLiDo) 0.500 0.500 0.333 0.333 0.167
}Peak Current Through Diode IpwiF(ay) 2.00 2.00 3.00 3.00 3.00
Form Factor of Current Through Diode
IFRMSYIF(AV) 141 1.41 1.73 1.73 1.76
RMS Input Voltage Per Transformer Leg
VilVLoo) 1.11* 111 0.855 0.428 0.885
Diode Peak Inverse Voltage
(P1V) VRrm Vi(DC) 3.14 1.57 2.09 1.05 2.42
Transformer Primary
Rating Va/Ppc 111 11 1.21 1.05 1.05
Transformer Secondary
Rating VA/Ppc 1.57 111 1.48 1.05 1.48
Ripple (VF/Vipc) Lowest frequency in
rectifier output (f/f1) 2 2 3 6 6
Peak Value of Ripple
Components:
Ripple frequency (fundamental) 0.667 0.667 0.250 0.057 0.057t
Second harmonic 0.133 0.133 0.057 0.014 0.014
Third harmonic 0.057 0.057 0.025 0.006 0.006
Ripple peaks with reference to dc axis: 0.363 0.363 0.209 0.0472 0.0472
Positive peak 0.837 0.637 0.395 0.0930 0.0930
Negative peak
Table 13.10. Characteristics of multi-phase topologies
3-ph star 6-ph star 6-pulse 12-pulse 12-pulse
(single-way) (single-way) bridge series br. parallel br.
Peak reverse voltage Faam 2.002 Vpe 2092 I 1.05 Fpe 0524 Fpe 1.05 Fpe
r.ms. input voltage Fams 0.855 I'pe 0.74 Tnc 0428 I'pe 037 Ipe 0.715 I'pc
Diode average current fr{,a_\.j. 0333 I:)C 0.167 fnc 0.333 fx 0333 fnc 0.167 I:u:
Diode forward current Jr].-R_\qq_' 3.63 JT]:(__“.rJ 6.28 jrmvj 314 IH-‘“"] 3.033 ‘FF{AV:I 314 Jrrl:_,“.r:,
Diode rm.s. current fmg) 0587 Inc 0400 Inc 0579 Ip: 0576 Inc 0.409 Ipc
Curr. form factor — JrymeyFran 1.78 245 1.74 1.73 245
Form factor — FF 1.0165 1.0009 1.0009 1.00005 1.00005
Rectification ratio — 17 0968 0098 0008 1.00 1.00
Rupple factor — RF 0.182 0.042 0.042 0.01 0.01
Transf. rating primary F4 1.23 Py 1.28 Pp¢ 1.05 Pz 1.01 Ppc 1.01 Pp
Transf. rating secondary 174 1.51 Ppe 1.81 Ppc 1.05 Ppe  1.05 Ppc 1.05 Ppe
Transf Utilization Factor — TUF 0.73 0.647 0952 0971 0971
DI.'ITpIJI Iipplf ﬁeQ-fR -)’fmnjns 6fm.ﬂ.|.‘l‘ls 6fll:.!.ill.i 1 2f:mu'.'us 1 2.,fmau'.'us
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Symmetry Condition Required Fourier Coefficients
Even f(=t) = f(t) =2 [ f( t)cos (nwt)d(wt) b, =0
Odd fl=t)=—f(t) =0 by==% fo f(t)sin(nwt) d(wt)
Half-wave flt)=—f(t+ %T) =y =10 for even n

Even quarter-wave

Odd quarter-wave

a,. =2 f f (t)cos(nwt) d(wt) for odd n
t)sm nwt) d(wt) for odd n

77.

Even and half-wave

||
f_A_\

=0f or all n
0Odd and half-wave =0 for all n

II
——’H

f(t)cos(nwt)d(wt) for odd n
for even n

(t)sin(nwt) d(wt) for odd n
for even n
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