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Design of an Input Filter for the Six-Pulse Bridge

Rectifier
S. B. DEWAN, FELLOW, IEEE, AND EBRAHIM B. SHAHRODI, MEMBER, IEEE

Abstract-The design of an input filter for the six-pulse bridge rectifier
is discussed. For industrial applications of mid-range power, two types of
input filter are examined. It is shown that these filters with minimum
number of components can meet most operational requirements if
designed properly. The variation of performance factors with filter type
and parameters are discussed. As the ultimate decision in selecting the
filter components depends on the type of application, the design
guidelines are deseribed. The materials for custom designing of the filter

arl included. The features and advantages of each type of filter are
outlined. For comparison purposes, several design examples are also
included.

I. INTRODUCTION
THE SIX-PULSE bridge rectifier is one of the most widely

used types of solid-state converter. The current distortion
caused by the rectifier is the source of various problems such
as overheating in capacitors, generators, and inductors, and
noise interference with the communication lines. Input filters
are added to mid-range and high-power rectifiers to keep the
line current distortion within allowable limits and to improve
the rectifier power factor. The input filter generally consists of
an inductive series branch and a shunt capacitor (Fig. 1(a))
paralleled with one or more harmonic traps. Despite the
popular use of such filters, their analysis and design have not
been fully studied in the literature. Current methods of filter
design ignore the effects of rectifier input voltage distortion
caused by the series branch of input filter [1], [2].

In this paper, it is shown that the voltage distortion at the
rectifier input terminals modifies the harmonic content of the
circuit variables and the performance factors. The guidelines
for the design of the input filter are therefore presented
considering the effects of voltage distortion. The performance
characteristics of the rectifier are studied in relation to the
filter parameters. This relationship is explicitly shown by an

approximate method of harmonic calculation. The results are
verified by a more accurate method and by experiment. In
cases where analytical calculation of the harmonics is difficult,
simulation results are employed.

In Section II of this paper, three methods for the calculation
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(a)

(b)
Fig. 1. Two types of input filter for three-phase ac/dc converter: (a) LC-

type filter. (b) LCL'-type filter.

of the harmonics are described. The conditions under which
each method is applicable are also given. Section III discusses
the relationship between the rectifier performance factors and
the filter parameters based on an approximate approach. The
conditions for the validity of the approximate results are
described and experimentally verified. Based on the results of
Section III, the design guidelines for the inductance-capaci-
tance (LC) filter (Fig. l(a)) are presented in Section IV
followed by a design example.
The performance factors of the rectifier for the two filters of

Fig. I are compared in Section V where the design guidelines
for LCL'-filter are described. The impact of the harmonic
traps on the performance factors and the method of their
design are also discussed.

II. CALCULATION OF THE HARMONICS

The design of the input filter for the rectifier consists of the
selection of the type of filter and its parameters in order to

meet certain operational requirements. The design factors
commonly employed are defined in the Appendix. As these
factors are given in terms of the harmonic contents of the
circuit variables, the method of harmonic calculation is
initially discussed.

Depending on the conditions, three different methods for
the calculation of the harmonics are employed.

I) Direct Calculation of the Harmonics: This method
is described in [3], 14] and is referred to here as method l.
Both the rectifier input voltage distortion and output ripple are
included in the calculations. Method I is fast, accurate,
systematic, and can be used for the six-pulse bridge rectifier
with any kind of input filter provided that

a) the gating pulses are stable and equidistant;
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b) the three-phase source voltages are balanced and distor-
tionless;

c) the rectifier output current is continuous;
d) the thyristors' forward voltage drop is zero in conducting

state;
e) the commutation overlap angle is negligible.

The conditions for the validity of the first assumption are
discussed in detail in a subsequent paper. The fifth assumption
implies that the input filter includes a shunt capacitor such as
the one shown in Fig. l(a).

2) Rippleless Current Approximation: In this method, the
harmonics are calculated assuming the output ripple has no
effect on the ac side variables. The above five assumptions
must still be valid. Under these conditions, it is shown in the
Appendix that the design factors of the rectifier are obtained in
simple and explicit formulas.

3) Simulation: The variables of the rectifier are obtained by
solving the circuit differential equations in a digital computer
[31, [5]. The harmonic contents are then calculated by the
discrete Fourier transform. The main feature of this method is
that the effect of commutation overlap is considered in the
calculations.

III. APPROXIMATE CALCULATION OF THE DESIGN
FACTORS

The LC filter of Fig. l(a) has a minimum number of
components and is suitable for industrial applications. How-
ever, harmonic traps are added in parallel to the shunt
capacitor of the LC filter in order to minimize the line current
distortion [11, [21. Alternatively, an inductor can be added in
series with the shunt capacitor as shown in Fig. l(b). It is
shown that the method of design for any of the above
mentioned filter configurations follows that of the LC filter.
Therefore, the LC filter is discussed initially.

For the calculation of harmonics of the rectifier bridge with
LC filter both method 1 and rippleless current approximation
are used. Since the design is made for the worst condition of
current distortion (minimum firing angle), the output ripple
has its minimum value. It is shown in [3] that the results of
method I and rippleless current approximation are different by
less than ten percent if the current distortion is below 20
percent. Therefore, the rippleless current approximation is
used to calculate the first iteration design figures. The
approximate design figures are then refined by method 1.
The design factors of the circuit of Fig. 1(a) are obtained by

replacing Yand YN in (22)-(38) from the following equations:

YNN- Yc.

/NL 1 /2
Idist = Id ( 1/[N2 (3V2 XL YC 1)2])/

\N- 5, 7/

tan 01=-tan a(+3 Yc

* (1-3 * XL *YC) * Rd/c052 a

I1I= Vdo2/(Rd * COS 41)

pf= cos 4' - [1 + (Idist /1i)2] - 1/2

%Idrip tId6=24Ido/Zd6 .(A2 + B2)1J2,

where

A Rd/6

(3)

(4)

(5)

(6)

ax< 7r/3 (7)

(8)

B=Rd ' tan a-XL.

[tn + 3-2/(1-75 XL -YC) -2.7/(1-147XL -YC)] (9)
Zd6 = [Rd2 + (6LId)21 1/2

NL

tan Camin=XL/Rd 2;
N= 1, 5

(10)

1/(1-3 - N2 . XLYc). (11)

(The bars on top of variables indicate they are in pu. The pu
system is defined in the Appendix.)
From the above equations it is seen that the major effects of

input filter are

1) reduction of the input current distortion;
2) reduction of the output ripple at low firing angles;
3) improvement of the power factor and its regulation;
4) reduction in the control range of rectifier.

A. Current Distortion

With no input filter the input current distortion is found
approximately as follows:

NL 1/2

Idist = Ido ' 1: /]V
N= 5, 7

(12)

Comparing (12) and (3), it is seen that the filter reduces the
distortion. The reduction is higher when the LC product has a
larger value. High LC product means oversizing of the filter
components and low values result in excessive current
distortion. The typical range is

0.4>3 . XL - Yc>0.i. (13)

Selecting L and C in the above range also prevents the
resonance of the filter at the fundamental and normal harmonic
frequencies.

This results in

In1= YC/(1-3 - XL YC)

P'nl= 1/( -3 XL - >

B. Output Current Ripple

(la) By properly selecting the filter components and the operat-
ing firing angle, the term B in (7) is made negligible resulting

(lb) in minimum output ripple:

(2) (%Idrip)min= 4 Cos °3(d64
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Without the input filter, the ripple is found as [3] follows:

% drjp Id6= 24 sin a/Zd16. (15)

A comparison between (14) and (15) shows that the ripple
can be significantly reduced if the circuit parameters are
properly selected. Equation (9) indicates that the ripple is
generally controlled by the filter series inductor XL. The
optimum value of XL for minimum ripple depends on the
rectifier equivalent resistive load Rd and the operating firing
angle aXopri i.e.,

(XL)OPt = Rd tan ctopr/[VnI + 3.2/(l -75 * XL * YC)

-2.7/(1 - 147XLYC)Il (16)

C. Power Factor

Assuming that the maximum current distortion (c = kmin)
does not exceed 20 percent, (6) indicates that the power factor
is almost equal to the fundamental displacement factor cos X,.
From (4) it is seen that the power factor is mainly controlled
by the filter capacitor. The unity power factor operating
condition occurs at ae = a,, where

sin 2cU = 6 - Yc - (1-3 * XL YC) d (17)

D. Control Range

The control range of the rectifier with the input filter is
kXmin irI/2] where am.in is the minimum firing angle at which the
commutation voltage of thyristor Q56 is positive. This subject
has been discussed in detail in a separate paper where it is
shown that the limits on the control range result in similar
limits on the active power delivered to the load [4].

IV. DESIGN OF LC FILTER

As an illustrative case study, the performance factors of the
rectifier of Fig. l(a) for different selections of LC filter are
summarized in Table I. These results, obtained by method 1
and verified by experiment, are in agreement with Section III
conclusions. In addition it is seen that the LC filter improves
the regulation of the power factor with the firing angle. The
unity power factor occurs at ca = a,u provided that a,, > Cemin.
In this case the power factor at firing angles in the range of
(amin, au) becomes capacitive. When a,, < amin, the best firing
angle occurs at a = amin and, if it is far below unity, an
increase in the shunt capacitor or a reduction in the series
reactor is needed.
The guidelines for the design of an LC-type filter can thus

be summarized as follows.
1) The LC product is selected based on the current

distortion requirement from (3).
2) Initial values for L and C are selected from the

knowledge of LC product and maximum allowable no-
load input current.

3) The power factor, aem,n, and a,, are calculated from (6),
(1 1), and (17). If a,, > ,min, the size of capacitor can be
reduced so as to minimize the cost of filter. If, however,
a,, < am,nin and the power factor is not as desired, an
increase in C and/or a reduction in L is required. In any

TABLE I
PERFORNIANCE FACTORS OF SIX-PULSE BRIDGE CONVERTER WITH LC-
TY'PE INPUT FILTER (FIG. 1(a)) FOR DIFFERENT SELECTIONS OF FILTER

COMPONENTS AT TwO LOADINGS OF THE CONVFRTER*

0. 35 0 15 .25 .3S 0.45 0.3S 0. 35
P.U. Y'_ 12..12 17 .1,7 .17 .17 .25 .33

Input current 16/ 38 17/ 13/ 9 8/5/ 6
distortion in % 17 4 1 11 ' / 5

.9 .92 .99 .99 .9 1. 1 .7Power factor / .90 .89 .87 ___
/99. .71 9iI__ .97 .9

Output current 9/ 25 13 8 8 8 9
ripple in 36 44 40 36 29 33 3

* c = 20°; values on the top left corners; a = 60°; values on the bottom
right corners, Xd = 0.02 pu: Rd = 0.62 pu.

case, the new selections must not cause the distortion and
no-load current to exceed the design limits.

4) The size of dc inductance Ld is selected so as to satisfy
the current ripple requirement. If it turns out that an
oversize Ld is needed, a larger L must be selected and
the calculations are repeated from step 2.

5) The design figures calculated by rippleless current
approximation are refined by method 1.

The design procedure becomes more clear in the following
illustrative example.

Design Example
It is required to design the LC filter and dc inductance for

the bridge circuit of Fig. 1(a) such that, at close to full load
condition, the performance factors have the following values:

pfr1

Idis, 10 percent

Idrip< 14 percent

In,=50 percent.

The load is represented by a resistance of the size 0.62 pu at
Vdo = I pU.

Step 1: The distortion requirement sets the lower limit for
LC product. For

Ido= 1/0.62= 1.6 pu

the current distortion obtained by (3) is less than ten percent
only when the LC product has a minimum value of 0.2, i.e.,

3 L 0 2

Step 2: The no-load current requirement specifies XL and
Yc as

I,,,= 3 *YC/(l-3 * XL YC) = 0.5

YC=0.13 pu

XL=0.5 pu.

Step 3: Since the current distortion is low, the power factor
is almost equal to cos 41. Using (6), (11), and (17), one
obtains

oe,= L.7°
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tfmin = 31

As O,u < aYmin, it is expected that the power factor
requirement is not met. The operating firing angle is found
from the dc voltage level as follows:

Vdo = VnI * COS topr = I

or

aXopr =370

At this operating point, the power factor is

pf=cos X-=0.91.

In order to improve the power factor, a larger capacitor is
selected. As this results in the increase of the no-load current,
a trade-off is made between the two factors. A compromising
selection is

Yc=0.2 pu

XL=O.33 pu,

In =0.75 pu

(3 - XL * Yc=0.2)

xL
a i

a.c. input

xLb i L

1~ ~~~

c C

Fig. 2. LC filter with fifth and seventh order harmonic traps.

components. In addition to the increase in cost and space, the
no-load current becomes excessive in the oversized filter.

A. LC Filter with Harmonic Traps
One method for keeping the distortion low without oversiz-

ing the LC filter parameters is to add harmonic traps to the
filter. For instance, if a fifth and/or a seventh harmonic trap is
paralleled with the filter capacitor (Fig. 2), the performance
factors are calculated from (26)-(38) by replacing YN from the
following equation:

YN=N (37c+5 -Yc+ 147 - Yc )

pf 0.96.

Step 4: For the above selection, the output current ripple
requirement specifies the size of Ld. The result is

Ld= 0.05.

To reduce Ld, a larger XL is selected with subsequent
reduction in the power factor. The new selected values are

XL=O.36 pu

YC=0.19 pu, (3 * XL * Yc=0.2)
I= 0.7 pu

Idist =8.5 percent

pf= 0.95.

For this selection, the dc inductance should be

Ld=0.02 pu.

This example shows that satisfying all the design require-
ments can lead to oversizing of the fllter components. To avoid
this, a trade-off must be made among the design factors.
Another option is to modify the filter structure. This is
discussed in the next section.

V. THE TYPE OF INPUT FILTER
In this section, major characteristics of different types of

input filter are discussed. The goal is to select a filter with
minimum number of components of minimum size to meet the
design requirements. The LC filter discussed in Section IV
was shown to be satisfactory for applications with less strict
distortion requirements. As Table I shows, low levels of
current distortion can only be reached by oversizing the filter

where Yc' and Yc" are the admittance of the fifth and seventh
harmonic traps' capacitors, respectively.
A major consideration in the design of the filter of Fig. 2

concerns the locations of the resonance frequencies. The
parallel resonance condition in YN causes the harmonic current
of the resonance frequency to be channeled into the line. On
the other hand, the parallel resonance condition in YN and the
line inductance results in an excessive level of voltage
distortion at the resonance frequency. The resonance frequen-
cies under the latter condition are the zeros of YT where YT is
the parallel admittance of YN plus the line admittance and is
obtained as (refer to Fig. 2)

YT= YN-1/(N - XL). (19)

Therefore, in designing the filter, the zeros of YN and YT must
be selected as far away from the normal harmonic frequencies
as possible.
The design guidelines for the LC filter with harmonic traps

can thus be summarized as follows.

1) Select the initial values of an LC filter based on the
design guidelines of Section IV (excluding step 5).
Avoid oversizing the filter capacitor even if it results in
an oversized inductor.

2) Add the fifth and/or seventh harmonic trap. Design the
traps such that the zeros of YT and YN are within a
reasonable distance from the normal harmonics. When
both traps are included, the first zero of YT can be
located within 100 to 200 Hz, the second zero between
300 and 400 Hz, and the third zero between 480 and 550
Hz. The position of the first zero of YT affects the
overvoltage at the fundamental frequency. The third
zero's location is critical as it may cause resonance at
normal harmonic frequencies (eleventh, thirteenth, etc.).

3) Calculate the design factors from (26)-(38). Reduce the

1 171

-+ ia
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filter series inductance step by step until it is minimized.
Each time check the performance factors and the
resonance frequencies.

4) Refine the filter parameters using method 1.

A Design Example: Repeat the design problem of Section
IV first for an LC filter with fifth harmonic trap and then for
the filter of Fig. 2. Following the design guidelines of this
section, the results are as follows.

LC filter with fifth harmonic trap:

XL-0.2, YC 0.17

YC 0.26, XL'=O.15.

The resonance frequencies are located as follows:

Nr1-8; YN

N1, = 1.9; Nr2 = 8.4; YT

where the ratio of the resonance frequency to the line
frequency is denoted by Nr.
The performance factors for this filter are

idist= 6.5 percent

pf=0.98 capacitive at a0pr=420
d =10 percent at aopr=420.Idrip
LC filter with fifth and seventh harmonic traps:

XL-0. l, YC-0. 19

YC= 0.06, XL -0.66

YEC =0.04, XL =0.51.

The resonance frequencies and the performance factors are

Nr = 5.5, Nr2- YN

Nrj = 1.74, Nr2-5.55, Nr3= 8.06; YT

Ids,=4 percent

pf= 0.96 capacitive at aopr =250
-~~~~~~~~~~~Id,jp=5 percent at aopr=25

It is noted that in both cases aXopr is selected for I pu average
output voltage. Comparing the above results with those of
Section IV, it is seen that the addition of harmonic traps
reduces the line current distortion with even smaller values of
the line inductance. In addition, by properly selecting the filter
parameters a reduction in the output ripple is also obtained.
The main disadvantage of harmonic traps other than the
additional cost and space is the problem of keeping them in
tune. In the following section, it is shown that the advantages
of the fifth harmonic trap are partially preserved by using the
LCL'-type filter of Fig. l(b) for which the problem of tuning
is not critical and the filter structure is much simpler.

B. LCL - Type Filter

It is shown in this section that by adding a small inductor in
series with the shunt capacitor of the LC filter, low levels of
distortion are obtained without seriously affecting the other
performance factors of the rectifier. The presence of the series
inductance L' prevents the instantaneous transfer of current
between the bridge branches, resulting in commutation over-
lap. The overlap angle depends on the size of LU and the
rectifier loading; it has a larger value at higher loadings. Since
method I is applicable when the overlap angle is negligible,
simulation results are used to calculate the harmonics of the
rectifier [31, [5]. The overlap angle can increase the output
ripple. In addition, the fundamental displacement factor is
reduced. However, it is shown in the following section, that
the reduction in displacement factor and increase of ripple are
outweighted by the substantial reduction in the input current
distortion.
Design of the LCL' Filter: The design of the LCL' filter

follows that of the LC filter discussed in Section IV excluding
step 5. Initially the LC filter is designed such that all the
design requirements are met except for the current distortion.
The size of L' is then adjusted to meet the distortion
requirement. If in the illustrative example of Section IV an
LCL' filter is to be used, the design is as follows.

1) The first four steps of LC filter design are followed
disregarding the current distortion requirement. The
selected LC filter and the resultant design factors are

XL= 0.25 pu,

'dist =17 percent

Yc-0.17 pu

Idrip= 13 percent at aopr= 2O0

I,=0.57 pu

Pf= 0.99.

2) Employing the simulation method of [31, [51, Table II is
arranged. From this table the final design figures are (at
aopr = 200)

XL=0.25 pu,

ldist = 9 percent

YC-0.17 pu, X1 t=0.09 pu

Idrip = 14 percent

Inl=0.58 pu

Pf= 0.99.

One of the advantages of using the LCL' filter is clearly seen
in 1) and 2): all the desired design factors are obtained with
smaller sizes of the filter components. Table II shows that
more rigorous distortion requirements can be met by the
LCL' filter. The minimum distortion occurs when L' is close
to fifth harmonic resonance with C. Fig. 3 shows the
frequency spectrum of the rectifier input voltage obtained
experimentally under the aforementioned condition. The
virtual elimination of the fifth harmonic and partial attenuation

I1 72
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TABLE II
PERFORMANCE FACTORS OF THE CIRCUIT OF FIG. l(b) FOR DIFFERENT SIZES OF SHUNT REACTOR L' AT TWo DIFFERENT

LOADINGS*

XLin p.u.

Input current
distortion in %

Power factor

fOutput current

ripple in %

0. 0.03 1 .06 .09

X 9

'99/ 99/ 99 .99

/.87 .87 /.88 /.89

.12

7

.99
9.89

13 13 14 14 14/
40 / 40 /40 /38

.15 .18 .21 .24

5
/ 4

.99/
/.89

13/

/37

.99/
/.89

13/

.989
/.89
13/

.98 .98
.89 /.89
12/, 12/

* a = 20'; values on the top left corners; a = 60'; values on the bottom right corners; XL = 0.25 pu; Yc= 0.17 pu; Xfd = 0.02

pu; Rd = 0.62 pu.

t APPENDIX

v1

is

I1
12,

6

_ 1 3
9

57 11 13 171923 n

3(a)

5 7 13 17 19 23 Order of harmonics,N

(b)
Fig. 3. The frequency spectrum of the input voltage of the converters of

Fig. I showing a substantial reduction in the fifth harmonic due to the use

of LCL' filter. The filter parameters in pu areXL = 0.35, Yc = 0.17,Xd
= 0.41, Rd = 0.62, XL' = 0.21, a = 30'. (a) LCL' filter. (b) LC
filter.

of the seventh harmonic are seen in this figure. However,
higher order harmonics are slightly amplified as compared
with the case of the LC filter.

VI. CONCLUSION

The guidelines for the design of the input filter of a six-pulse
bridge rectifier have been described including the effects of
rectifier input voltage distortion. Employing both approximate
and accurate Fourier transform calculations, the dependence
of the filter design factors on the type and parameters of the
input filter has been discussed. The design of the LC filter
with or without harmonic traps has been examined in detail. It
has been shown that in the applications with strict distortion
requirement, the LCL'-type filter can be used with the shunt
branch tuned close to fifth harmonic resonance. When higher
distortion levels are tolerable, the employment of the LC-type
filter is satisfactory. However, the addition of a small inductor
in series with the filter capacitor allows a reduction in the size
of the main filter components (L and C). In addition, a small
inductor in series with the shunt capacitor provides the
condition for a fuseless operation described in reference [31,
[N.

The approximate formulas for the design factors of the six-
pulse bridge rectifier with input filter (Fig. 4) are presented
here. The results are based on rippleless output current
approximation as shown in Fig. 5. The load is represented by
Rd in series with Ld. The effect of any back electromotive
force Vc is assumed equivalent to that of a resistance of the
size Vc/Ido included in Rd. The input filter consists of a series
inductance XL and a shunt admittance Y where Y can be any
form of reactance (capacitive at fundamental frequency).

Fig. 6 shows the models used for the rectifier at fundamen-
tal and harmonic frequencies. Referring to these models and
Fig. 5, the fundamental and harmonics of the rectifier input
current i,' and iN' have the phasor values of

1I Ido / a-7/6

N' gN= I/N /- N( + 7r/6)

(20)

(21)

where N = 5, 7, 11 and Ido is the average output current.
The bar on top of variables indicates they are in pu of the

following base values:

Vdcb=3 . \2 VR/ ir

where IR and VR are the rated current and voltage on the ac

side.

Writing the network equations for the circuits of Fig. 6 and
replacing for II' and IN' their values from (20) and (21)
results in the following equations for the rectifier input voltage
harmonics NN'

VI = (1-XL ' do -a)/(I -3 * * Y) (22)

VN N= -jXL *do-N /(l1-3 N- XL YN)

(23)

where YN is the filter admittance Y at the harmonic frequency

.27

4 Si
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where Vfj is the rectifier input voltage at no-load condition:

(27)

Fig. 4. Six-pulse bridge rectifier with a general type of input filter.

Using (20)-(27) the rectifier performance factors are obtained.

Fundamental Displacement Factor

If the fundamental filter input current is denoted by I, z 01,
the following equation is written for the circuit of Fig. 6(a):

pi ,' 41=jxL '1I} 0f

for which and with the aid of (22), one gets

tan ¢1=-tan a +3 Y (1-3 X Y) Rd/cos2 ca

(28)

where use has been made from the average dc current equation

Ido = Vdo/Rd- (29)

Fig. 5. Typical waveforms of the variables of the circuit of Fig. 4. The input
current is plotted assuming the output ripple is negligible.

Following the calculation of 41 from (28), the fundamental
displacement factor (cos '1) is readily obtained.

Input Current Distortion and Power Factor

The root mean square (rms) value of the line current
distortion is obtained in terms of the line harmonics IN, where

IN=IN /(1 -3 * N XL YN), N=5, 7,

(a) (b)

Fig. 6. The models of the circuit of Fig. 4 at (a) the fundamental frequency
and (b) the harmonic frequency of order N.

of order N. The sign of YN is positive if it is capacitive and is
negative if it is inductive.

It is shown in [31 that the average output voltage 1tdo and the
harmonics of output voltage Vd, /v are related to the rectifier
input voltage according to the following equations:

(24)
00

V= VNI/N - cos (4N+ Ncx)
N=1, 5

00

nc±+Pn j 2 E VN [N * cos (Nu + AN) +jn
N=1, 5

N' =Ido/N.

Therefore,

'disV 4 / NL -3 N2
Iist = Ido - E U/[NI(I -3 * N XL * YIN) 21

N=5, 7

(30)

(NL is the maximum order of harmonics for which the series
is calculated.)
The power factor is thus found as

pf=cos C li II/(I12+IdiSt) I/2

or

pf=cos 45 I * [I + (Id.,It/I1)2] 1/2. (31)

Output Current Ripple
The output voltage harmonics are obtained from (25) in

which VN' and t/N are replaced using (22) and (23). The result
is

* sin (Na +tN)I/(N2- n2)

where

nz=6, 12, 18, - @.

From (25) and using (22) and (23) it is found that

Vdo = Vnl * COS a (26)

Vdn i.'n + na = Vdo V (XL/id

NIL
* E n/[(1-3 * N *XL * Y,NL)(N2-n2)1
N= I, 5

- n * tan a/(l - n2) +j/(l - n2)). (32)

(25)

I1,174

V.,, = 1/(l 3 - XL - Y).
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In the infinite series of the foregoing equation, harmonics of
order higher than ten can be neglected. In addition the output
current ripple is approximated by only the sixth order
harmonic Id6. This is justified by the fact that even if the rms
value of the rest of harmonics is up to 50 percent of the sixth
harmonic, the error in the calculations is about ten percent.
Thus the assumption is well justified at low firing angles:

%Idrp -24IdO/Zd6 * (A + B2)
where

A = Rd/6

(33)

(34)

B = Rd * tan at-XL

* [V + 3.2/(l-15 * XL * 15)
-2.7/(1-21XL Y7)]

Zd6= iRd2 + (6 * Ld)2] 1/2.

YN Admittance of the filter shunt branch at harmonic
frequency of order N.

Yc Admittance of the LC filter shunt capacitor.
Zdn Load impedance at the harmonic frequency of order n.
a Firing angle defined with respect to the source voltage.
a' Firing angle defined with respect to the rectifier input

voltage.
camin Minimum firing angle.
iopr Operating firing angle.
al, Firing angle for unity power factor operation.
X, Phase angle between fundamental voltage and current at

the filter terminals.
t Zero crossing point of the rectifier input voltage with

respect to the source voltage.

(35)

(36)

Minimum Firing Angle
The minimum firing angle °min occurs at the point where the

commutation voltage of the thyristor Q5(Vac') starts to become
positive. Since

NL

Vac' = VN * sin [N(wt-,r/3) + NI,
N= 1, 5

then

E VN * sin (Nemin + AN) = O (37)
N

Using (22) and (23), (37) is solved for C°min as

NL
tan cemin=XL/RD * E 1/(1-3 * N * XL * YN). (38)

N=1, 5

NOMENCLATURE
C Filter shunt capacitance.
I, Fundamental component of the filter input current.
Ido Average output current of the rectifier.
Idist RMS value of line current distortion.
Id,ip RMS value of the output current ripple.
Id, RMS value of the nth harmonic of the output current.
In, Filter input current during no-load condition.
L Filter series inductance.
Ld Rectifier load inductance.
N Order of ac-side harmonics.
NL Maximum order of ac-side harmonics.
n Order of dc-side harmonics.
pf Power factor seen at the filter terminals.
Rd Load equivalent resistance.
Vdo Average output voltage.
Vw Rectifier voltage during no-load condition.
XL Impedance of the filter series inductance L.
Y Admittance of the filter shunt branch.
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