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Open-Loop Instability of the Bridge Rectifier with
Input Filter

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

Abstract-The instability characteristics of the bridge rectifier with
input filter are described. A stability criterion based on the perturbational
analysis is proposed. According to this criterion, the steady-stale circuit
variables during stable operation are employed to examine the stability of
the rectifier. Thereby, a simple and flexible stability method is developed.
The method is applied to six-pulse and two-pulse bridge circuits with LC
type input filter. The accuracy of the results is verified by experiment. The
effects of converter output ripple, input voltage distortion, and type of
gating circuit on the stability of the converter are examined experimen-
tally and justified theoretically. Finally, the stability condition is
determined explicitly in terms of the circuit parameters.

I. INTRODUCTION

IN MIDRANGE- to high-power applications of power
rectifiers the input filter is an indispensable part of the

circuit. Input filters typically have an inductive series branch
and a capacitive shunt branch in parallel with several harmonic
traps. Fig. 1 shows a six-pulse bridge rectifier with an LC
type input filter. The experimental results on the circuit of Fig.
1 have shown that when the synchronizing signals are taken
from the converter side, the gating pulses become unstable and
sustain oscillations around their operating point. The instabil-
ity occurs in certain ranges of firing angles referred to here as
the instability regions. During instability, the circuit wave-
forms become distorted, causing the following problems:

1) excessive level of ac distortion and dc ripple,
2) commutation failure of the converter when operated in

the inverting mode,
3) large swing of reactive power in high-power installa-

tions,
4) overheating, stalling, and impairment of dc motors in dc

drives,
5) overheating of transformers, inductors, capacitors, and

generators,
6) activation of the converter protective elements.

In most stability studies of the literature, closed-loop con-
verters are considered. The destabilizing effect of the line
inductance has been studied in [1] where the instability is
defined as the unusual magnification of one of the ac
harmonics due to irregularity of the gating pulses. In [2], the
describing function method has been used to derive the
conditions for the sustenance of subharmonic oscillations
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Fig. 1. Two-pulse and six-pulse rectifier circuit with synchronization signal

taken from rectifier side.

raised during instability in a closed-loop converter system
(without the input filter). A review of the stability studies of
the literature is given in [3]. The majority of these methods are
small signal approximate methods based on the following
assumptions:

a) the output current of the converter has no ripple;
b) the converter output current remains unchanged during

the instability;
c) the converter input voltage is distortionless;
d) the converter input voltage has a fixed amplitude and

phase angle.

It is shown, in this paper, that these assumptions are not
always justifiable for the circuit of Fig. 1; the fourth
assumption is not valid at all. Therefore, a stability criterion
suitable for the rectifiers with input filter is developed.

In Section II of this paper, the instability characteristics of
the rectifier with input filter is described based on experimen-
tal results. The effects of the power filter and traps, the type of
gating circuit and its filter, and the converter load parameters
are examined.

In Section III the describing function method is used to
justify qualitatively some of the instability characteristics of
the rectifier with input filter.

The perturbational stability criterion is developed in Section
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IV. It is followed by several illustrative examples justifying
the experimental results of Section II. Employing the criterion,
the instability regions of the bridge rectifier are explicitly
determined in Section VI.

II. INSTABILITY CHARACTERISTICS OF THE BRIDGE RECTIFIER WITH
INPUT FILTER

In this section, experimental results are used to describe the
characteristics of the bridge rectifier with input filter (Fig. 1)
during instability. The effects of circuit parameters and
configuration on the stability are also examined. Initially, the
circuit parameters are held at the values shown in Fig. 1.
The results of experiment on the circuit of Fig. 1 show that

the gating pulses become unstable at certain values of the
firing angle. During the instability, the gating pulses oscillate
around their operating point, thus distorting the waveforms of
the circuit variables (Fig. 2). If the gating circuit is the
individual phase-control, the gating pulses do not remain
equidistant.
The spectrum analysis of the rectifier input voltage (Fig. 3)

shows that, during instability, some components at frequencies
lower than the fundamental frequency emerge. The sustenance
of the subharmonic of order two is seen in Fig. 3. The results
of experiments indicate that the frequency and amplitude of
gating pulse oscillations are closely related to the frequency
and amplitude of the low-frequency signal.

Another notable effect of instability is a sudden shift of the
gating pulses from one stable point to another. This effect is
referred to here as the jump effect.
The major instability characteristics of the bridge rectifier

with input filter can thus be summarized as

1) oscillation of gating pulses,
2) excessive level of the harmonic content of the circuit

variables,
3) emergence of the abnormal harmonics,
4) appearance of low-frequency signals,
5) lack of equidistance in the gating pulses of an individu-

ally phase-controlled gating circuit,
6) appearance of the jump effect.

In the following sections, the foregoing characteristics are
examined in connection with the power and gating circuit
structures.

a) LC Filter Parameters: The reduction of the series
inductance L causes the instability regions to diminish, and if
L is small enough, the circuit remains stable over the entire
range of firing angles. In contrast, the filter capacitor has little
effect on the stability; the variation of the filter capacitance
shifts the instability regions with no substantial reduction in
the regions of instability (Fig. 4(a)).

b) Equidistant Gating Circuit: The operation of a micro-
processor-based equidistant gating circuit is described in [4].
The circuit requires one synchronizing zero-crossing every
cycle. Employment of this gating circuit during the stability
study of the circuit of Fig. 1 shows that no substantial
improvement in the stability is made except for some reduction
in the harmonic content of the variables.

c) Low-Pass Filter for the Gating Circuit: In order to

vdt

vab

Fig. 2. Waveforms of input and output voltages of rectifier during instability
of gating pulses.
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Fig. 3. Frequency spectrum of rectifier input voltage during instability

condition. Circuit parameters in pu: L = 0.35, C = 0.17, Ld = 0.41, Rd
= 0.31, and a = 300.
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Fig. 4. Instability regions (shaded areas) of six-pulse bridge converter of

Fig. l(a). (a) Effects of filter capacitor on instability regions. (b) Effect of
low-pass filter of Fig. 5(a) on instability regions.

eliminate the effects of distortion on the zero-crossing of the
synchronizing voltages (rectifier input voltage), generally a
low-pass RC filter with 600 phase shift is added to the gating
circuit input. To eliminate the distortion further, the low-pass
filter of Fig. 5(a) designed for unity gain and zero phase shift
at the line frequency and high attenuation at harmonic
frequencies is cascaded to the RC filter. The experimental
results (Fig. 4(b)) show a substantial increase in the instability
regions when the low-pass filter is employed.

d) Modification of the Power Filter: Addition of a low-
pass filter to the gating circuit prevents the voltage distortion
from affecting the reference zero-crossing. However, the
distortion can still influence the instability characteristics by
affecting the output voltage and current. The inclusion of
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Fig. 5. Active filters added to gating circuit input. (a) Low-pass filter. (b) Bandpass filter.

power traps eliminates those harmonics to which the traps are

tuned. Although the experiments show minor improvements in
the stability when using harmonic traps, instability is not

prevented by such traps.
e) Bandpass Filter for the Gating Circuit: The results of

the experiments show that, with the employment of the
bandpass filter of Fig. 5(b) tuned to the line frequency at the
synchronizing input of the gating circuit, the oscillations of the
gating pulses are prevented.
Summing up the results of the experiments in items a)-e), it

is concluded that the main cause of instability is the emergence
of low-frequency signals. This explains why the low-pass filter
deteriorates the stability because of its high gain at low
frequencies. In contrast, the bandpass filter prevents the
instability.

III. APPLICATION OF THE DESCRIBING FUNCTION METHOD

As described in the previous section, the instability of a

bridge rectifier with input filter is accompanied by the
emergence of self-excited signals whose frequency, in some

cases, is an integer divisor of the line frequency, in which case

they are referred to as subharmonics. A classical method of
determining the potential subharmonics is the describing
function method. This method has been used for the stability
study of a closed-loop rectifier without input filter [2].
However, in this section, it is applied to the bridge circuit of
Fig. 1 which has no control loop.

In applying the describing function method the following
assumptions are made.

1) The synchronizing voltage of the gating circuit consists
only of the fundamental component and a subharmonic
of order N.

2) The amplitude of the subharmonic is less than ten
percent of the fundamental.

3) The phase angle of the fundamental voltage remains
constant during instability.

4) The converter output current is continuous, rippleless,
and remains unchanged during the instability.

For calculation of the describing function D(jf), a subhar-
monic of order N is initially assumed superimposed on the
synchronizing voltage. The subsequent perturbation of the
firing angle of the gating pulse produces a similar subharmonic
at the output of the rectifier. The output subharmonic is
reflected on the input current and produces a similar subhar-
monic on the converter input voltage due to the existence of
the input filter. Therefore, a feedback loop is established
referred to here as the subharmonic loop. In order to sustain
the subharmonic oscillations, the feedback loop gain must
exceed or equal unity [21. The details of the calculations of the
describing function D(jw) are given in [4]. The results are
shown in Fig. 6 for the circuits of Fig. 1. The instability is
indicated in this figure as the enclosure of the point (- 1 + jO)
by the closed contours corresponding to the different subhar-
monics. The radii of the contours correspond to the amplitude
of the describing function ID(jf)l which is proportional to
circuit parameters as [41

jD(jco)IocL - cos a * H(jo)/[Rd(N2-LC)] (1)

where a is the firing angle and H(jc) is the transfer function
of the gating circuit filter at the subharmonic frequency w.
From this relationship and the diagrams of Fig. 6, the
following conclusions are drawn.

1) The instability occurs at low firing angles. The circuit
tends to become stable as the firing angle is increased. The
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Fig. 6. Describing function diagrams at different firing angles correspond-

ing to circuit of Fig. l(b) with Rd = 0.03 pu.

lobes of the diagrams correspond to isolated instability
regions.

2) The possibility of sustenance of a subharmonic dimin-
ishes with the increase in the order of subharmonic N.

3) A low-pass filter for the gating circuit extends the
instability regions by increasing the radii of the contours.

4) A bandpass filter for the gating circuit eliminates the
instability problem provided that the filter gain at the second
subharmonic frequency is sufficiently smaller than the gain at
fundamental frequency.

It is noted, however, that the diagrams of Fig. 6 are for Rd
= 0.03 pu, whereas in practice the instability occurs even for
Rd up to 1 pu. Therefore, the describing function method,
due to its approximate nature, underestimates the problem of
instability. In addition, the simplifying assumptions made for
its calculations contribute to the inaccuracy of the method. In
the next section a stability criterion is introduced which
requires almost no simplifying assumption and yet is simple
enough to be used for the determination of the instability
regions of a bridge rectifier with input filter.

IV. PERTURBATION STABILITY CRITERION

This section presents a method for the quick and accurate
determination of instability regions of a rectifier with input
filter. The method is based on the perturbational stability
criterion and is static in nature, i.e., the steady-state circuit
variables are used to obtain the stability condition.

Fig. 7 shows the signals corresponding to the bridge circuit
of Fig. 1. The source voltage Vab is assumed fixed and
distortionless, whereas the rectifier input voltage vab' is
subjected to distortion caused by the input current i4'. When
the voltage sensing for the gating circuit is taken from the
rectifier side, vab' is fed to the gating circuit input filter. The
filtered voltage vy, is used for the zero-crossing sensing. The
firing angle set by the input potentiometer of the gating circuit
a' remains fixed during instability, whereas the firing angle a
defined with respect to the source voltage is variable as

(b)

(c)

/
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Fig. 7. Typical waveforms of variable of circuits of Fig. 1. (a) Filter,
rectifier and gating circuit voltages (vab, Vab', and vf', respectively). (b)
Rectifier input currents for two-pulse rectifier. (c) For six-pulse rectifier.
Negligible output current ripple assumed.

where {f is the zero-crossing of vf'. The minimum value of ae
occurs at a' = O as

Ornin = (f I,' = ° (3)

Due to the switching action of the bridge, the gating pulse
oscillations during instability can be described as a sequence of
events. Let Au0 and Act,- I represent the perturbations of the
firing angle in two successive intervals. Based on the discrete
system theory, the instability condition is [5], [6]

<1.
Aa0

(4)

The foregoing criterion has been successfully used in
several studies to obtain the stability condition of closed-loop
rectifier systems without input filter or source reactance. In
such studies, the quantity on the left of the inequality is either
obtained directly from the solution of the system dynamic
equations [5] or translated into the characteristic poles of the
linearized circuit model [61. Both of these approaches result in
complexity in the case of the circuits of Fig. 1. Therefore, a
new approach is employed.

Implementation of the Stability Criterion
Referring to Fig. 7 andrecalling that a' is fixed, it is seen

that

However, any perturbation in (f does not affect a until the
next zero-crossing. Therefore,

(5)

Replacing Au, from (5) into (4), one gets

(00fn - I IAsXn I < 1a=a ' + f
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or

AIf/Aal < 1. (6)
At the onset of instability the perturbations are assumed

infinitesimally small (denoted by dtf and da) by virtue of
which the steady-state circuit variables during stable operation
are used to calculate dtf/da. In addition, it has been
experimentally found that the stability is ensured if the
successive perturbations of a act in opposite directions. This is
heuristically justified by the fact that only when this condition
is met the gating pulses do not drift away from their operating
point (Fig. 8). Therefore, the stability criterion is stated as
follows: the sufficient condition for the gating pulses of the
rectifier to remain locally stable is that the following inequality
is satisfied at the operating point f/O and its neighborhood:

-1<dSf/da<O for Jif-(f°l<6. (7)
6 is the maximum possible disturbance in (f as a result of
noise or gating pulse imperfection.
The derivative dtf/da is referred to here as the stability

index. The zero-crossing point (f is found from the zero-
crossing equation of the filtered synchronizing voltage vf':

, |H(jK - co)I sin (K * f±+K+vK)=O (8)
K

where VK' Z {K is the harmonic of order K of the rectifier
input voltage and IH(jK - W)j L VK is the gating circuit filter
transfer function in polar form at the frequency ofK - wo(wo is
the line frequency). Calculation of the harmonics of the input
voltage is made using the fast and accurate method described
in [41, [7].

V. ILLUSTRATIVE EXAMPLES

In this section, the perturbational stability criterion is used
to justify theoretically the experimental results regarding the
instability regions of the rectifier bridge with input filter. For
this purpose, the curve of (f versus a is plotted. The segments
of the curve with positive slope or negative slope greater than
- 1 show the possible instability regions.

1) Effect of Gating Circuit Filter: Generally, the synchro-
nizing input of the gating circuit has a low-pass input filter
such as an RC filter (Fig. 5(b), first stage). For the rectifier of
Fig. 1 where the synchronizing voltages are distorted, the
implementation of the low-pass synchronizing filter is impera-
tive. It is found, experimentally, that without the RC filter
virtually no stable operating point exists, whereas when the
RC filter is added, the instability regions are significantly
reduced and limited to low firing angles (ae < 300). These
results are verified by the perturbational stability criterion
shown in Fig. 9 (note that the curves start at a = cxmin).

2) Effects ofHarmonic Traps: The results of experiments
show that the problem of instability is not solved by the use of
harmonic traps, although in some cases they may reduce the
instability regions. Fig. 10 shows the (f - oa diagrams of a
six-pulse bridge with and without the fifth-, seventh-, and
eleventh-harmonic traps. As is seen, the instability regions are
almost the same (note too the increase of almin in the case of
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0_ 4.X
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f f f f f
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Fig. 8. Schematic representation of sequential changes in firing angle a after
initial perturbation in zero-crossing reference tf. As seen, firing angle can
drift away from its operating point a,, when stability condition (7) is not
satisfied in (a) and (c).
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Fig. 9. 4 - a curves for six-pulse rectifier of Fig. l(a) showing effect of

RC control filter on instability regions. Circuit parameters in pu: L =
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Fig. 10. a- a curves for six-pulse rectifier of Fig. 1(a) showing effect of

harmonic traps on instability regions. Circuit parameters in pu. L = 0.35,
C = 0.17, Ld = 0.41, and Rd = 0.25. (a) With no trap. (b) With fifth-,
seventh-, and eleventh-order harmonic traps.

harmonic traps). This is expected, as it has been shown that
[4], [7]

00

tan aYmin=L/Rd E 1/(-3 -K2 * L C). (9)
K= 1, 5, 7

(The bar on top of variables indicate they are in pu. The base
values are defined in Appendix II.)

3) Effects of DC Choke: The size of dc choke has been
experimentally found to be relatively immaterial in the
instability of the gating pulses. This is in agreement with the (f
- a diagrams shown in Fig. 11 for three different values of
Ld.

VI. EXPLICIT DETERMINATION OF INSTABILTIY REGIONS

In the previous section, both the experimental and theoreti-
cal results showed that the elimination of the ripple and
distortion do not solve the instability problem of the rectifier
with input filter. Therefore, in this section, assuming that the
ripple and distortion are zero, the inequality (7) is solved to
determine explicitly the instability regions. It is shown in
Appendix I that, under the aforementioned conditions, the
instability regions of an m-pulse rectifier with an LC filter
(Fig. 1) correspond to the firing angles satisfying the following
inequality:

(2 - 2-k2)/k,< tan a < (2 + 2-kx2)/kx (10)

where

kX= Rd/Xeq

Xeq=L/(1-3 -L - C).
(In pu notation, impedance and inductance are interchange-
able, as are admittance and capacitance. Therefore, XL = L
and YF = C.)

(X) xd = co

(+) Xd =0.2 p.u.

(A) Xd -0.02 p.u.

0 10 20 30 40 50 60 70 80 90
a IN DEGREES

Fig. 1 1 . - a curve for six-pulse rectifier of Fig. 1(a) showing effect of dc
inductance on instability regions. Circuit parameters in pu: L = 0.35, C
= 0.17, and Rd = 0.25.

1.0 *2 N x

Fig. 12. 'Instability regions (shaded areas) of bridge rectifier with input filter
under conditions of negligible distortion and ripple. Rectifier control range
[ ir/21 is also shown.

The variation of the instability regions as a function of k. is
shown in Fig. 12. Referring to this figure the following
conclusions are drawn.

a) The stability condition principally depends on the ratio
Rd/Xeq. If this ratio is large enough (kx > v'_), the instability
does not occur. On the other hand, for smaller values of kx, a
possibility of instability exists: the instability region occupies a
greater portion of the rectifier control range as kx gets smaller.

b) For a purely inductive load, the rectifier is stable as there
is virtually no control over the output variables, and the
changes in the zero-crossing are not affecting the firing angle.

c) For the same reason as stated in b), the rectifier is always
stable at the firing angles in the range of (0, atin)
The conclusions are in agreement with the experimental

results under the specified conditions (zero distortion and
ripple). Paragraph a) implies that as Rd is increased or L is
reduced a point is reached beyond which there is no chance of
instability.

VII. CONCLUSION
The instability problem of the bridge rectifier with input

filter has been discussed in this paper. It has been shown that,
when the synchronizing signals are taken from the converter
side, the gating pulses can become unstable. The chance of
instability depends on the size of filter series inductance, the
load resistance, and the firing angle. According to the
experimental results justified by the describing function
method, during the instability, the gating pulses oscillate
around their operating point at frequencies lower than the
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fundamental frequency. Experimental results show that nei-
ther the reduction of ripple and distortion nor the employment
of equidistant gating circuit solve the instability problem.
However, a bandpass filter, tuned to the line frequency, at the
synchronizing input of the gating circuit avoids the formation
of the "subharmonic loop" responsible for the instability. To
justify the experimental results and to recognize a potential
unstable condition, a simple and fast stability criterion has
been introduced in this paper. The accuracy of the method in
determining the instability regions has been experimentally
verified. Using this method, the instability regions of the
rectifier have been explicitly determined.

APPENDIX I

The assumption of zero ripple allows the ac harmonics to be
determined in explicit forms as [41 (bars on top of variables
indicate they are in pu)

I -I

where I1' is the fundamental component of the rectifier input
current and id, is the average output current given by

Id,, Vd0/Rd (12)

VdO= VI * cos (a+ {1). (13)

VP' and 11' are also related through the network equation as

V1 ' I = (1 -LI1,' ir/2-ax)/(1-3 * L - C) (14)

where the source voltage is taken as 1 pu.
Since the distortion is assumed zero (17K' = 0, K * 1), (8)

is solved as

(f= -i - i.

v1 is a constant, thus

dtf/da= - dAtI /da. (15)

Solving (14) for 01 with the aid of (12) and (13) results in

tan l1= - 1/(k, tan2 a - tan a + k5) (ii

where

kx=1fd/Xeq (1'

X.eqL/(1-3 * L * C). (11

Differentiating (16) with respect to a gives

dtf/da = - (2k/ * a - 1)

( + tan2 ca)/[(k, tan2 ca-tan CZ + kx)2+ 1].

According to (7), the potential instability regions corres-
pond to a's satisfying the following inequalities:

dif/da>0

dtf/da< -

(11)

which are solved for a as
tan CY< 1/2k,

(2 - V2 - k.-2)/k.v <tan a < (2 +i N2 - k, 2)/kk..

(22)

(23)

However, the firing angle a cannot go below its minimum
value an1i1 (if it goes, the actual firing angle remains at a =

an in). anin is found from (9) as

tan Xniin = I lkx. (24)

Therefore, regarding (24), the inequality (22) is invalidated,
and the instability regions are given by (23) only.

APPENDIX II

In order for one pu value of the dc voltage and current to
represent one pu of the ac voltage and current, respectively,
the base values are chosen as

laceb IIR

Vacb VIR

Vdcb3 2 * VIR7

where VIR and IIR are the rated voltage and current on the line
side. The foregoing definition of the base values results in
equal VA bases on both sides of the rectifier, as

(PVA)acb= '3* VIR IIR

(VA)dcb= Vdcb *Idcb = 1V3VIR IIR.

Subsequently, the impedance base values are found as

Zacb= VIR/(J3 IIR)

Zdcb= Vd6/Idcb6=6 3/7r2- V,,I
or

Zdbl/Zacb = 18/71r2.
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