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Abstract - The determination of ferroresonant
cillations in circuits with voltage transformers is a
highly nonlinear problem due to the possnble core
saturation. Three different methods to study these
oscillations and their stability domains are
this paper. The first method is based on
a time domain numerical integration with
simultaneous calculation of Floquet-multipliers. The

second method uses orthogonal collocation to solve
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the system eguations in the time domain. The third
method is basically a trequency domain method,
based on the harmonic balance principle, with
special precautions taken for the nonlinear circuit
elements. Advantages and drawbacks of
methods are first discussed for periodic oscillations.
Then adapted methods for the study of quasi-
periodic oscillations are presented. The methods can
easily be extended to study the damping effect of a
tertiary registor. Results are shewn for a typical
configuration.

1. - Introduciion

Ferroresonance is due to the interaction between
a nonlinear inductance and a capacitance. The nonlinear
inductance is typically the saturable magnetizing
inductance of a transformer, whereas the capacitance
can be ascribed to distribution cables, transmission
lines, capacitor banks, voltage grading capacitors in HV
circuit breakers or by the coupling between double
circuit lines. The ferroresonant phenomena are initiated
by a switching operation or a disturbance such as a
temporary short circuit. Typically, several oscillation
modes can exist for the same network elements. Most of
these modes involve excessive (ransformer heating due
to high peak currents and insulation failures due to
overvoltages.

An overview of network configurations in which
these phenomena can occur is given in [1]. In this study
our attention will be focused on the three-phase
ferroresonance occurring in networks with ungrounded
neutral as represented on Fig. 1. It consists of a balanced
three-phase  voltage  supply [ugﬁug,ug } with
ungrounded neutral, a feeding cable K with capacitance
Co to ground and three inductive voltage transformers
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VT. This configuration is used in power plant
auxiliaries and distribution networks of large factories.
Public distribution systems can be floating for
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times as well.

Fig.1: Network with ungrounded neutral
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In this configuration each transformer can be
described sep(lrately, since there is no magnetic
coupling between phases. The described methods,
however, are applicable to other types of {erroresonance
as well, provided an accurate description of the

magnetic behavior of the transformer is available.
2. - Oscillation modes

The terroresonance phenomens in this circuit can
be described [2] by applying instzntaneous Clarke-
transform in order to study the zero-sequence behavior
of the circuit. Using this technique the ferroresonance in
Fig.1 can be explained as a resonant oscillation of the
zero-sequence circuit, involving the capacitance to
ground of the feeding cable and the inductance of the
voltage transformer. Energy transfer trom the o- and B-
circuits to the zero-sequence circuit is needed to sustain
the oscillation and is actually obtzined due to the
nonlinear elements. The main oscillation modes and
their predominant components are summarized in Table
1, where fo represents the system frequency.
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Table 1: Oscillation modes

Mode Symbol | Main component
Unbalanced fundamental UF fo -
Harmomu H3 3.1
\{ud\l pe QP” = f()/m'
Quasi-periodic-2 QP2 =20
Unlike the periodic oscillation modes UF and
H3, quasi-periodic oscillations cannot be described as a

sum of integer harmonics of one base frequency. An
exact description of these oscillatione would involve all
linear combinations of two incommensurable base

frequencies.

Subharmonic oscillations of order 2 and 3 have
been reported in (3], These oscillations are only stable
for very limited parameter ranges. The proposed

methods for periodic oscillations
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subharmonic oscillations as well, if' the base period i
correspondingly doubled or tripled.

The zero-sequence behavior of the four
oscillation modes of Table 1 ig represented on the phas
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portraits of Fig. 2a-d. The voltage at the system’s
neutral uy and the zero-sequence component of the flux

linkage q)M are shown on Y- and X- axis respectively.
‘Thf’ Poincard-map (rpnrpuuﬂqun with one noint per
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period of the source) aﬂd the direction on the trajectory
are indicated.

w W

Se

The shape of the irajectories of UF (Fig.2a) and
H3 (Fig.2b) looks very similar. The major di ﬁe_en ce is
the fact that the UF-trajectory performs one loop per

penod whereas the H3-trajectory consists of 3 coin-

oDs per narincd tlaoy Franmddn

iding loops per period of the fundamental frequency.

Fig.2a: Zero-sequence phase portrait of UF
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Fig.2b: Zero-sequence phase portrait of {13
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Fig.2d: Zero-sequence phase portrait of O
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Fig.2c shows the evolution of thic QPla-

oscillation during 10 periods of the source. It can be
. 0

seen that the state variables uy and ¢y are almost
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periodic at a frequency slightly Jower than /2. The
markers representing the Poincaré-map indicate this

Fig.2d shows the evolution of the QP2-

' ' Ity P Y i omiiire TN .
oscillation dd711|5 10 periodas  of tne source. The

trajectory now describes almost two loops per period.
The slip is in this case higher than for the previous
picture.

3. - Calculation methods for periodic oscillatiens

3.1 - Introduction

The next three paragraphs describe three
methods which can be used. both to study the
ferroresonunt oscillations themselves. as well as to

compute thetr stability domains. Theoretical derivations
will be given and applied to a configuration with three

6.6 I I() 110 N

lﬁl\k /—=V/~—V voltage transformators (VT)
J3 NE) 3

e s I

that are connected to the Lul"n)ullt
a cable. The primary resistance R, Jnd inductance L, of
this VT are 700 Q and 2.16 H 1'espect|\.’c])u The iron
losses are modelled with a constant resistance Ry of 2
MCE2 The magnetic characteristic can be approximated
by a filth-order polynomial:

i (@ )= Ky +K5 ’521 (h

The cquivalent circuit is showrn on Fig.3. Only
one phase is shown in detail.

Fig.3: Equivalent circuir
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The system equations can be expressed in the

) ariables 1RSI R8T L,
state variables Wy° " L ip7 T uy
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The first and second method to solve this system

of ODE are time domain methods, whereas the third
method is a frequency domain method.

The classic time domain method consists in a
transient  simulation  using a  numerical  integration
program. A relevant network paramieter A (such as the
capacitance) can be ramped upward and downward to
detect qualitative changes in the solution [4], the so-
called bifurcations. The purameter A is called the
bifurcation narameter

},u.u-upn.n

Bifurcations can be computed directly by
simultaneously solving the system of variational equa-
tions 5. p.256]. This system of equations can easi ly br
derived from the set of equations (2). The sol
these variational equations enable us to investigate the
stubility of periodic solutions of (2) with period T. The

variational system can be written under canonical form:

5 = Df('\i('(/ )‘g (4)
Sy =1

with Df the Jacobian of the vector field {, I the identity
matrix and x,, the periodic solution.
The eigenvalues [ of the state transition matrix

Dty T .
(f»,-(x“l J=e" are  called the characteristic

multipliers or Floquet-multipliers. The stability of the
solution is determined by the position of these
multipliers in the complex plane. All the multipliers
have 1o be inside the complex unit circle to prevent a
small perturbation to grow with time. Change of
stability occurs when one of the Floquet-multipliers
passes through the unit circle with the variation of a
network parameter. Three different contigurations can
be met (Fig.4):
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Fig.d: Unit circle crossings of Floquer-multipliers
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an eigenvalue L crossing the circle at the reai value
+1. Limit (or turning) points, wseritical and
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pitchfork blfulLdtl()ns have this pr(melty
o an eigenvalue W, crossing the circle at the real value
—1. This corresponds to a pexmu doubling
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iginal solution

becomes unstable, and two new :l,l
solutions appear with doubling of the period.

° wo complex-conjugate eigenvalues u; and
crossing the unit circle. The bifurcation is then
called bifurcation

periodic

\3

us. This i3 the
counterpart of a Hopf-bifurcation for periodic
solutions [5, p.274]. At such a bifurcaiion point, the
periodic solution becomes unstable and the new
stable solution is quasi-periodic.

By ﬁeemg a second network pgramg{er the
stability domains can be traced. An algorithm has bee
implemented that controls the change in parameters in
such a way that the time simulation tracks the stability

N o Qe e Tha Sles
limit of a periodic ferroresonant oscillation. The results

for the UF- and H3-modes in the configuration under
study, neglecting L, are represented on Fig.5.

Fig.5: Stability domains of UF and H3 with Floguet-method
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This approach is straightforward but has some
drawbacks. The variation of the network parameters
inherently involves a transient with a decay time which
is strongly dependent on the parameter margin with
regard to the critical value at the bifurcation point.

Consequently, an accurate detection of this critical
parameter values imposes a very slow parameter
change. Furthermore, a complete model  including
leakage inductances increases the stiffness of the
Sys:em of differential equations drastically.  Roth
preceding remarks stress the need for a fime sim n
wilh an exiremely small time step, leading o a very
long simulation ﬁme
A second disadvantage is the fact that unsiable
solutions cannot be simulated. It can seem odd at firs
that this is a disadvantage, since unstable oscillations
do not oceur in the real world but onl y cxist in the
mathematical set of solutions. However, the gap
two stable oscillations can be bridged by a
branch of unstable oscillations. This is sometimes se
as a jump in transient simula-ions, but might as well be
overlooked.

2]
o,

3.3 — Orthogonal collocation method

A second lime domain method disregards the
transients and directly computes the steady  state
solutions of the system (3). The wellknown software
package AUTO [6] uses an orthogenal collocation
method to discretize the s‘ys‘tem cquations and treats the

omputation ¢

problem [7].

transformed into an autonorous sytem by adding a
stable oscillator with the desired pulsation o =27f,

[8].

T per riodical solutions as a U()uﬂ(ldl‘y value
A periodically forced system can be

The software uses a pseudo-arclength

continuation strategy to compute a branch of solutions.
The new solution (Xy.hy) will be sought on a
hyperplane perpendicular to the tangent determined by
(Xp.20),

previous solution (X,

on a prescribed distance As from the

ro) [9].

In order to have variables of comparable
magnitude, scaling of the voltages has been applied,
expressing them in kV. The L2-norm is used as a
characteristic measure of the obtained T-periodic
solution:

Ix] = (5)

If the system solution is continuated with
creasing system voltage for different values of Co,
starting from normal operation with the VT’s working
in the linear part of their characteristic, the bifurcation
diagram of Fig.6 is obtained. It explains the transition
from normal operation (N) to H3-ferroresonance. The
solution surface is characterized by a fold that
disappears at a so-called cusp point around Co =2 nF
and Ug=8kV. The solution between the two
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turning points on Fig.6 corresponds to the stability limit
of the H3-oscillation as shown on Fig.5. Below
Co = 2 nF a continuous transition from stable N to stable
H3 can be observed. However, no transition exists to
UF-ferroresonance. These UF-oscillations form an isola
of solutions, as shown in [8].

Fig.6: Transition to H3 with orthogonal collecaiion imethod

XN e

~—
80 | /' -
H

g4 / .
5 . N
‘\l‘ . \\.
B N

2 N / ™ \

\ "
| \ N
0.l
15 e S
-~ N //\ EG

Us V] . Cy [nF]
Direct calculation of steady state solutions by-
passes the problem of transients. This is a major

improvement with respect to the Floquet-method.

Moreover, branches of both stable as well as unstable
solutions can be continuated, which makes it possible to
explain the connection between different oscillation
modes.

Major drawback of this method is the need to
restrict the system order. Calculation time increases
drasticaily with the dimensions and convergence can
hecome problematic. Besides, the method reguires fairly
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good initial conditions.
3.4 - Harmonic balance method

The system equations (3) can be transformed to
the frequency domain, expressing the flux linkages of
the nonlinear inductances by means of a truncated
Fourier series:

Py =By + Y (D, . costhar)+D, ; sin(kar)) 6)

ke K

where set K of the harmonic components is
selected in accordance with the considered oscillation
mode. However, the nonlinear characteristic (1) of the
VT cannot be evaluated directly in the frequency
domain. Therefore, the Fourier coefficients of the

currents /*7 have to be calculated numerically, using

the time evolution of the {lux linkages.

The linear part of the circuit can be represented
using the generalised Thévenin theorem at all the
frequencies k € K. In this way, the harmonic balance
method can describe the system with one complex
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equation per nonlinear element for each harmonic
component k.
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The efficiency of ¢ s
on the number of harmomcs that are needed (o
approx1mate the steady state with the desired accuracy
{10, p.130]. Ferroresonant oscillations, especially the
periodic ones, can adequately he described with a
limited number of harmonics [11]. Consequently, the
harmonic balance method is very well fit to study
ferroresonance.
The system of nonlinear ar algebraic equations (7)
can easily be solved using a general purpose Newton-
Raptison scheme. In this way the problem is reduced to
3
1

an algebraic bifurcation prohi em of the form
G@(k).A)=0 (8)

s wellknown that the Jacobian J of this system

It
becomes singular at limit (or turning) points and at

transcritical and pitchfork bifurcation points [8]. Thus,
the stablhty domains of the ferroresonant oscillations
can be determined by adding the foll owing cquation

det(J(D(k), A)=0 9

and freeing a second parameter for the continuation.

The major advantage of this wethod is the ease
with which the model of the linear circuit can be
extended. In contrary to both preceding methods this
doesn’t increase the system order. In Fig. 7 the
influence of the leakage inductance Ly on the stability
domains of the UF ferroresonance is shown. For values
of C above 50 nF the calculation with neglect of L,
tums out to be a rough approximation. From a
manufacturer’s point of view, this approximation is on
the safe side, but the design of a damping circuit can
become problematic.

Fig.7: bfluence of L, on stubility domain of UP
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It’s noteworthy that period doubling bifurcations
(PDB) can be computed by including in (8) the
cquations and the flux linkage components relative to
the harmonics which appear in the oscillation after the
PDRB. It’s proven in [ 2} that a PDB of the system (7)

. P s p
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In order to apply the presented methods to
determine the stability domains of quasi-periodic
oscillation  modes

, approximations have to  be

mtroduced since periodicity was assumed in the
derivations.
First an approximation to the time domain

equations will be considered, leading to an extended
use of the methods described in 3.2 and 3.3. Then the

applicability of an approximation to the frequency
domain equations is discussed. Features and results of
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A time domain approximation has been
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presented in [2]. It consists in neglecting the series
impedance in the B-circuit {or as an alternate in the g-

i a

circuit). It is proven that the low beat frequency is then
shifted to a DC component, which makes the solution
periodic and at the same tlme preaerves a good

correspondance with the real qua

The approach could be regarded as a snapshot taken on
the slow varying envelope of the oscillation.

The adapted system equations can be solved
with both time domain methods. Relative advantages
and drawbacks are similar as for periodic oscillations.

4.3 — Approximated frequency domain equations
(AFD)

The frequency domain model can restrict the
neglect of the series impedance to the DC cicuit
equations. All harmonic equations can use the correct
Thévenin-impedance at the frequency considered. This
implies that the losses at the various frequency
components are better represented in this model.

4.4 — Comparison

Stability domains of QPY% (Fig.8) and QP2
(Fig.9) with both approximations will now be
compared, using very accurate simulation results as
reference.

The upper border of the QP% stability domain
can very accurately be computed with both models. For
the lower border, the agreement is good for low Cg-

values but gets worse above 500 nF. The reasor
difference is the fact that the low frequency increases
with Cy, thus the shift from f to DC involves a coarser
approximation.
The results with th
above the ATD-model
losses in the AFD-model

I AFLS e

¢ AFD-model are situated
resul's because of the higher

Fig 8: Approximated stability domains of QP
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Fig.9: Approximated stability domains of QP2
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Similar conclusions can be drawn for the QP2-
oscillation. The difference with the accurate
simulations again increases with fi, and thus with Cq. In
contrary to Fig.8, the results from the two models are
now situated on both sides of the reference solution,
and accuracy for both models is about the same.

During simulations it was observed that
components at about a quarter of the system frequency
appear in the oscillation for certain parameter values
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within the QPla-stability domain. This phenomenon
shows a 11\'<*c~‘csf§ behaviour: the voltage where these
compo appear is d fruren from thf’ vohaoe where

_.3,
5 B

mmnomnts suddex Vv

Bot b the methods can be uxcd
stabll ty domains. However, the
losses in the ATD-model ca

& big diffe-rence whsn the results are compared wi'm

accurate simu-lations. The AFD-model on the other

hand is very well suited to compute these domains, as is

~

shown on Fig. 10,

Fig.10: Approximated inner stability domains of OPY%
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5. - Damping

The three computational tools can easily be
xtended to take a damping resistor RD into account.
This resistor is usually placed in the delta connected
tertiary windings. Its effect is clearly seen on Fig.11.
The stability domain of the ferroresonant oscillation (in
this case QP% which is the most critical one to damp)
is shifted with lower resistor values to higher Co- and
Usg-values. The resistor to be inserted is the one that
shifts the stability domain some 10% above nominal
voltage over the Ce-range of interest in order to be
certain that ferroresonance cannot occur in the studied
configuration. The results in Fig. 11 were calculated
with the harmonic balance method using the AFD-
equations.

Fig.1i: Damping of QP
‘ } 3 ]
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6. - Conclusions

In this paper, time and frequenc
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methods to study ferroreboname were compared., Txme
domain methods suffer from the drawback that the

ystern order increases with the number of mductw
n

o P Ta o
d capacitive elements in the linear part of the

et
[«
¢
:
o
s
jou

W

“uit.
This restricts their use to fairly simple networks that

can be expressed as a limited number of ordinary

differential equatmns The collonatlon based method is
preferred over the Floquet-method since transients do

not interfere with the automatic computation of the
stability domains.

The harmonic balance methed is very well
sutted to determine ferroresonant oscillations and their
stability domains. The system order is reduced using
Thévenin-equivalents and the AFD-equations prove to
produce good approximations for quasi-periodic
oscillations.

In the near future nonlinear protective devices
will be studied with this method. These devices may be
needed in those cases where the thermal dissipation of
the VT's due to the damping resistor becomes
inadmissible.  Alternates for the approximated
frequency domain equations will be studied as well.
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