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Power system inherently consists of capacitance and inductance in its components. Equipment with saturable induc-
tance and circuit capacitance provides circumstances of generating ferroresonance, resulting in overvoltage and overcurrent
in the connected system. The effects of ferroresonance result in insulation failure and hence damage to the equipment is
unavoidable. Though many devices are proposed for mitigating such circumstances, a promising technology of using mem-
ristors may provide better performance than others in the future. A memristor emulator using the N-channel JFET J310 is
used in this work. Unlike other electronic components that replicate memristor properties, the chosen memristor emulator is
a passive device since it does not need any external power supply. Simulation and experimental results verify the design of
a memristor emulator and the characteristics of an ideal memristor. Experimental results prove that the memristor emulator
can suppress the fundamental ferroresonance induced in a prototype single phase transformer. The results of the harmonic
analysis also validate the memristor performance against the conventional technique.

Keywords: ferroresonance, memristor emulator, passive components, single-phase transformer

PACS: 84.30.—r, 84.32.—y, 84.30.Bv, 84.32.Ff

1. Introduction

The requirements for forming a ferroresonance circuit are
saturable inductance, capacitance, source of supply, and low
loss load. The lightly loaded or no-load transformers possess-
ing all these requirements are often susceptible to ferroreso-
nance. The dielectric failure and thermal stress in a trans-
former due to this phenomenon may propagate into the net-
work. The overvoltages and overcurrents are developed due
to the ferroresonance range between 2—4 per unit. Frequent
ferroresonance phenomena degrade the metal oxide varistors
of lightning arresters, causing them to lose their potential per-
formances gradually. Though many mitigation methods have
been discussed so far, many of them did not exist in practice
due to several reasons.

The ferroresonance phenomenon may take place when
the inductive core of the transformer gets saturated and res-
onates with the system capacitance. Many analytical models
and experiments were made to study its occurrence.!! It gen-
erally occurs under asynchronous phase switching conditions.
Underground cables rated above 25 kV experience more fer-
roresonances when switching on lightly loaded transformers.

Arresters employed to protect the cables might fail
fiercely during phase-by-phase switching. Power transform-
ers, reactors, voltage transformers, series-compensated trans-
mission lines, transformer-terminated lines, oversped genera-
tors, series-compensated high-voltage direct current (HVDC)
converters, ungrounded/unbalanced operation of transformers,
etc. resonate with their system capacitance in the nonlinear
(saturation) operation region, generating ferroresonance. !>
Recently, voltage transformers of a microgrid consisting of
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photovoltaic (PV) grids and wind turbines are exposed to fer-
roresonance during switching and pole breakdowns.[®7! The
literature shows that the ferroresonance phenomena will ex-
ist with any kind of technology in power systems. The phe-
nomenon is realized in terms of frequency as fundamental,
subharmonic, quasiperiodic, and chaotic modes. The periodic
and aperiodic ferroresonance mode ferroresonance can be in-
duced in a series LC circuit by varying the circuit capacitance,
supply voltage and switching angle.'3! The classical jump pro-
cess between normal to any of the four modes depends on the
initial conditions of the circuit.”] Many studies have been con-
ducted to identify and suppress the modes of ferroresonance.
The overvoltage or overcurrent due to this nonlinear resonance
can be taken care of by the proper design of the resistance, ar-
rester, Thyristor circuits, guard relays, ete.[10-131 A 1ot of lit-
erature explains that the suppression circuit has its own merits
and demerits. The investigation studies on damping circuits of
ferroresonance imply that a nonlinear system can damp more
effectively than a linear one.

In this paper, the behavior of an upcoming memristor
technology-based emulator is used to suppress the fundamen-
tal ferroresonance. The nonlinear memristive device can be
connected as a load to a transformer. The pinched hysteresis
characteristics of the memristors have proved their nonlinear
performance. They offer good resistance and help to suppress
the ferroresonance as efficiently as the linear resistors. Also,
they can be used to identify abnormal conditions and switch
ON the load circuits. A preliminary work on ferroresonance
mitigation using memristor emulators has been done in a low
power transformer and the same concept has been extended

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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to medium voltage transformers in other papers of the same  parameters.!!’! The nonlinear resonance could induce inten-
authors. tionally by using the Rudenberg graphical approach.!'8! The
approach implies that in a series LC circuit, the intersection

2. Inception of ferroresonance of the saturation characteristics of inductor and capacitor volt-

age curves provides the information about the ferroresonance
The failure results of substation equipment imply the need
14]

modes. !
for ideal modeling and investigation of power systems.! The inception of ferroresonance is expected at the transi-
The ferroresonance phenomenon is realized by modeling  (ion point between normal state and ferroresonance operating
through using software like ATP/EMTP, PSCAD, MATLAB,  tate. The jump-up effect during fundamental ferroresonance
PSPICE, erc. The analytical methods like Bifurcation dia-  jp the transformer gets initiated at the point of core saturation.
grams, Poincare, phase-plane, erc. explicitly show the transi-  The polynomial relation between magnetizing current (imag)
tion from periodic state to chaotic state and vice versa.'>'V 3n4 core flux (@) can be expressed as

Many practical failures due to ferroresonance are examined )

by these methods. The series LC circuit performance is in- mag = C1¢ + G 9", M

fluenced by the coefficient of inductance coupling and circuit ~ Application of Kirchhoff’s law to the system yields

|
de (Rt )d2<p N d¢  Cigi+C9"

Vpcos(@yt +B) = (C1+nCug™ ) FoRAN | = +1 ) G+ o=, c
m m

()]
Here, @y and B denote the frequency and switching angle of the source, respectively. The winding and core loss resistance of the
transformer are represented by R, and Ry, respectively. The number of turns in the transformer winding and the circuit breaker

grading capacitance can be denoted as N and C respectively. The core flux in the transformer will be

@(t) = Qsin(wpt + o), (3)

where Q denotes the amplitude of core flux, and o represents the phase angle between the core flux and source voltage. The
supply voltage at which jump-up occurs can be found by applying the describing function to Eq. (3) and solving the voltage Vj
in Eq. (2) as[?0]

n 2 2
Vg = {N <1§;+ 1) 0w — % 3 CnQCBn} + {(Cla)oQ—I—B,,_lwonCn)Rt—i— A;TCQ} : )
\
where B, = cos”" (@t + o) and B, | =cos" ! (@t + ) areused  annealing (ASA), efc. can be used, besides the solution of
for further simplifications. Eq. (4). As the jump voltage estimation parameters have fixed
The jump up and down value of supply voltage can be de-  limits, the ASA technique is chosen for its advantages over the
termined from the maximum and minimum value of the volt-  PSO. The optimization function Fn is given by
age Vj obtained by using Eq. (4). The parameters Cy, C,, Ry, Vo ) v 2
and Ry, are used to predict the occurrence of ferroresonance Fn= (up"5 — 1) + (down’s — 1) , (®)]
Vup e Vdown.e

as jump voltage value by using Eqgs. (1)—(4). The simulation

values can be validated by using the limits of the estimation where the subscripts *s” and e’ indicate the values of simula-

parameters listed in Table 1. tion and experiment, respectively.

Table 1. Limits of estimation parameters. .
3. Memristor emulator

Parameter Minimum Maximum
C 0 10 A memristor is the fourth fundamental, passive two-
Cu 10715 10° terminal element relating to electric charge and flux link-
R 13 10070 age. In 1971, Chua introduced this element with its non-
Rm 10 10

linear behavior.?!! It exhibited peculiar pinched hysteresis
Applying the parameter values to Eq. (5), the jump-up ~ characteristics and dynamic output. The pinched hysteresis

and down values due to fundamental ferroresonance in a trans- ~ curve will increase or decrease according to the polarity of the
. o 22

former can be predicted. The limits of the transformer param- voltage. (2]

eter will vary according to its power rating and voltage rating. The memductance of the emulator decreases when the

23

For any transformer modeling, an optimization technique ~ supply frequency is increased to kHz.!>3] The memristive ele-

such as particle swarm optimization (PSO), adaptive simulated =~ ment when implemented in a chaotic circuit generates varying

068401-2



Chin. Phys. B Vol. 30, No. 6 (2021) 068401

amplitude and frequency over time. The chaotic memristor
exhibits unique dynamic behavior and homogenous multista-
bility with respect to input change. [>*!

Extensive research has been motivated since 2008 by
which transistors can be replaced by memristors in the future.
Nonvolatile memory, reconfigurable nanoelectronic systems,
stateful logic, and neuromorphic synaptic networks will be at-
tractive applications of memristor.[>>) Though the element is
not yet available commercially, emulators imitating its proper-
ties are evolved by using operational amplifiers, Arduino, mo-
tors, etc.?°2°1 The employment of real memristors will rev-
olutionize electronics, similar to the scenario of the invention

of transistors in earlier days.

3.1. Passive memristor emulator

Controlled sources such as operational amplifiers, IGBTs,
MOSFETs, efc. can be replaced by passive elements that em-
ulate memristive behavior.?”) The main limitation of those
emulators is that they require additional supply to activate
them. Generation of memristor emulators with passive ele-
ments which overcome the mentioned constraint may lead the
emulators to possess various applications. With such emula-
tors, memductors and memcapacitors can also be developed.
The voltage-controlled memristor has its port expressions as
given by

i=g(x,v)v, (6)

% = f(x,v), (7N
where g and f are nonlinear functions of the state variable x
and the voltage v of the memristor emulator. The function g
represents the memductance, which is governed by the state
variable and the voltage. Hence, this dependence of memduc-
tance leads to pinched v—i characteristics. In this work, the
passive memristor emulator proposed in Ref. [28] is used to
identify the suitability as a nonlinear load to a transformer.
The formulations proposed in Ref. [28] as a memristor emula-
tor helps to identify the memristance value required to mitigate
ferroresonance in this study. The JFET-based passive mem-
ristor emulator (PME) shown in Fig. 1 has the advantage of
reduced circuit complexity. The circuit elements Ry, R», C of
the JFET J310 represent the resistance to drain, resistance to
the gate, and capacitance to source connections externally, re-
spectively. The element R; limits the current entering into the
gate terminal. The applied voltage V generates current such
that the current through the element R; is negligible compared
with the current entering into the drain terminal. The combi-
nation of elements R; and C forms an integrator circuit which
integrates the voltage across the drain and source terminal of
the JFET. The lossy integrator generates its output voltage at

the cutoff frequency

1

f:m- (8)

The voltage across the element C is considered as the state
variable controlling the drain current and conductance by its
nonlinear relation with them. If the conductance becomes
completely independent of the applied voltage, the JFET ex-
hibits memristive behavior under the influence of the state
variable.[2028] Thus, the above circuit emulates the memristor
characteristics as it possesses nonlinear transfer characteristics

and lossy integration.

S
Vac
l J310
, 4
ng C ===
Ry

Fig. 1. Passive memristive emulator.

The supply voltage is applied to the drain and source ter-
minals of the JFET, whose equivalent circuit is shown in Fig. 2.
The current through the element R; is the sum of the currents
through the elements R, and C. At node V1,

iR| = iC+iRy, ®
V— V] dV1 Vl - Vgs
=C— — . 10
R dt * ( Ry (10)
If the output voltage of the integrator is considered as Vg, then
it can be obtained as
1
Vos = — [ Vdr. 11
w= ) (an
Then the current through the drain terminal is calculated from
iD = Vgs(gm), (12)

where the value of g, and ry are available in the manufac-
turer’s datasheet. Equation (12) satisfies Eq. (6) as the Vi
and gn, are the representations of the state variable (integra-
tion voltage) and the supply voltage, respectively. Similarly,
equation (11) satisfies Eq. (7) for the same reason.

Vgsg m Eﬂ

Fig. 2. Equivalent circuit of PME.
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3.2. Multisim model of PME

The passive memristor emulator is designed by using
the common-gate amplifier J310 in Multisim software[*! as
shown in Fig. 3. Its ON resistance is enough to provide the
necessary load for the mitigation of ferroresonance.

The voltage applied across the drain and source terminal
supplies the current such that the drain resistance and source
capacitance perform the function of an integrator at the fre-
quency of 50 Hz. The current is measured across the 10-Q
resistor and plotted against the supply voltage. The voltage
and current data at various amplitudes and supply frequencies
are obtained and plotted using Matlab.

XSC1
Vi ===
Loy —t I
Rgéc 6 Vrms |5 43it §
+9 50 Hz - |T!| 1
2 0°
Q1 J310

Fig. 3. Multisim model of PME.

The supply voltage is varied from 1 V to 8 V gradually
in steps of 1 V. Figure 4 shows that the area of the hysteresis
lobe increases with the supply voltage. The pinched nature of
hysteresis occurs at non-zero coordinates. It implies that the
zero crossings of the applied voltage and the current does not
occur simultaneously.

1.5

— 8 Vims - 5 Vims = 2 Vims

1.0F

Current (A)
(]

|
o
ot
T

—1.0f

_15 i 1 L i 1
—-15 =10 -5 0 5 10 15

Voltage (V)
Fig. 4. Lissajous pattern of PME.

The pinched nature characteristics also depend on sup-
ply frequency. Figures 5(a) and 5(b) show that the areas of

the hysteresis lobes in the first quadrant and the third quad-
rant are both inversely proportional to the value of supply volt-
age at high frequency. Thus, the curve becomes linear at high
frequencies.?! The supply frequency values are 1 Hz, 10 Hz,
50 Hz, 1 kHz, and 10 kHz, respectively. The obtained curves
are asymmetrical in both quadrants at very low frequencies
and possess nonlinear nature. The hysteresis loses its pinching
nature at 1 kHz and becomes linear at 10 kHz. The frequency
dependency of the memristor emulator determines the shape
of hysteresis characteristics in the first quadrant and the third
quadrant. While varying the frequency, the voltage across the
capacitor decreases from 7.85 V (at 1 Hz) to 0.77 V (at 1 kHz).
While the capacitance of the PME varies from 1 pF to 1 F at
50 Hz, the voltage across the capacitor is found to be minimum
at 1 uF.

(a) 0.10 0.10
=1 Hz — 10 Hz
—~ - 5
f:, 0.05 0.05
g o of
-
=)
© —0.05F —0.05F
—0.10 —0.10 L
—10 0 10 —10 0 10
Voltage (V) Voltage (V)
0.10 10
50 Hz 1kHz  f
_0.05F 51
=z
g or oF
2
5 —0.05F —5F
—~0.10 ' -10 '
—10 0 10 —0.01 0 0.01
Voltage (V) Voltage (V)
(b) 0.6
"
0.5 ~.
g 0.4r .
— N
@ N
2 0.3} .
Q .
— -
0.2 N
0.1t
0
100 10! 102 103
Frequency

Fig. 5. (a) V-I curve and (b) hysteresis area of PME at different fre-
quencies.

4. Experimental validation

The ferroresonance and memristor arouse the interest of
researchers who try to make a circuit to realize them. The
stray capacitance in parallel to saturable inductance may cre-
ate ferroresonance very often. 33! The switching ON and OFF
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operation of circuit breaker capacitance resonating with satu-
rated inductance of the transformer are considered here.

A transformer rated at 3 VA, 230 V/6 V is chosen, as
the accuracy of the transformer is similar to that of the volt-
age transformer. The preliminary transformer data is obtained
from the open circuit test and short circuit test. The solution of
Eq. (4) gives the jump-up and jump-down at the supply voltage
of 85 V and 62 V, respectively.

Similarly, the primary voltage and current of the chosen
transformer experiences 1.6 times the normal values. While
reducing the supply voltage to 0 V gradually, the jump-down
phenomenon is observed in the secondary voltage at a sup-
ply voltage of 60 V. The jump phenomena can be understood
from Fig. 6. The analytical values are then improved by the
optimization technique through using Eq. (5). Using the ASA
technique, the solution of Eq. (5) gives an onset voltage of
ferroresonance as 80 V. Also, the jump-down voltage is ob-
served at a supply voltage of 61 V. The jump phenomena and
the distorted waveform indicate the occurrence of fundamental
ferroresonance.

7

Secondary voltage (V)

—— without C
—— with C

0 50 100 150 200 250 300
Supply voltage (V)

Fig. 6. Transformer secondary voltage with and without ferroresonance.

4.1. Realization of memristor characteristics

The physically developed PME shown in Fig. 7 possesses
the fingerprints of an ideal memristor. According to Chua, 4
the fingerprints are as follows.

(i) The voltage—current characteristic of the circuit has a
pinched °8’ loop.

(ii) As the frequency increases, the pinched characteris-
tics vanish and become linear at high frequency.

(iii) The area of the pinched loop increases with the mag-
nitude of the supply voltage.

(iv) The memristance of the device remains ON until it
gets triggered the next time.

The above characteristics are obtained successfully by the
PME circuit shown in Fig. 8. The AC voltage is supplied to

the circuit by using a function generator. The circuit is devel-
oped to work at 50 Hz as it is designed as a load for the trans-
former. The gate resistance ‘R;’, the drain resistance ‘R;’, and
the gate—source capacitance ‘C’ are determined to be 150 kQ,
500 Q, and 5.7 uF, respectively, to meet the load requirements.
With the chosen values, the pinched characteristics obtained
are similar to those from the Multisim.

Fig. 7. Fabricated PME.

4.2. Suppression of ferroresonance with resistor and PME

The fundamental mode and chaotic mode are the frequent
events of ferroresonance in the transformer. A load equal to or
more than 10% of the rated value is enough to suppress the
fundamental mode of ferroresonance.*>! Accordingly, a resis-
tor of 75 Q and a passive emulator are used individually to
suppress the sudden increase in voltage. The retained mag-
nitude and shape of the secondary voltage has evidenced the
suppression of ferroresonance. The mitigation effect similar
to the linear resistor is experienced by using the emulator. The
data obtained from the oscilloscope DPO2022B is processed
in the Matlab software. The drain current is measured as a
voltage across a 10-Q resistor connected in series with the
drain terminal of the JFET. The mitigation performances of the
passive memristor emulator and linear resistor are analyzed by
fast Fourier transform (FFT).

5. Results and discussion

The memristor emulator, mimicking the ideal character-
istics, is discussed in terms of its pinched hysteresis charac-
teristics. The nonlinear resistor is found to have impressive

s.1361 One such an

applications in the protection of transformer
application can be the suppression of ferroresonance in induc-
tive voltage transformers. Though a linear resistor is used as
a ferroresonance suppression device usually, the performance
and lifetime of the transformer degrade over repeated occur-
rence. The proposed nonlinear resistor is compared with the

existing mitigation technique.
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5.1. Hardware development of PME

The developed passive emulator circuit, along with the
practical concerns, has the memristor characteristics as listed
below.

0.06

— 5 Vom
@) v

0.04

;
5

Current (A)

=10 -5 0 5 10
Voltage (V)

Lobe area
\

—0.05

Voltage (V)

Fig. 8. (a) Pinched hysteresis and (b) lobe area at different supply volt-
ages.

(a) (b)
- v‘/——
- —
Piiws ] h! S oww SA¥H Lows voc @ S 000 H
(c) (d)
/""" _—

1 nlux,r»([ o

Fiws [ . WL

0 JED S wdwa Y

Fig. 9. Pinched hysteresis of the passive memristor emulator at frequen-
cies: (a) 50 Hz, (b) 150 Hz, (c¢) 1 kHz, and (d) 50 kHz.
(i) The hysteresis lobe area increases as the supply volt-
age increases from 3 V to 7 V as shown in Fig. 8.
(i) Owing to parasitic effects, the characteristics do not
pass exactly through the origin as shown in Figs. 9(a)-9(c).

(iii) It possesses nonlinearity at a required frequency of
50 Hz.

(iv) The first quadrant lobe area and the third one are sym-
metrical at 50 Hz.

(v) The hysteresis curve loses its pinching nature at
50 kHz as shown in Fig. 9(d).

(vi) The initial resistance of this circuit is found to be
350 Q.

(vii) It does not have a nonvolatile property.

5.2. Onset of ferroresonance

The fundamental mode of ferroresonance can be induced
in a transformer by using the Rudenberg graphical method. A
capacitance, resonating with transformer saturated inductance,
develops jump-up and jump-down phenomena at the supply
voltages of 80 V and 60 V, respectively. The secondary voltage
of the transformer experiences a jump-up from 3.5 Vto 5.6 V
while the primary voltage increases from 125 V to 215 V.

The primary current is raised from 4.5 mA to 16 mA. The
jump-up event and the distorted waveform of the secondary
voltage prove the occurrence of fundamental ferroresonance.
Similarly, the jump-down phenomenon is realized as the sec-
ondary voltage decreases from 5.4 V to 2.7 V. As the primary
voltage decreases from 205 V to 110 V, the primary current
also drops down from 13.6 mA to 4 mA.

5.3. Mitigation of ferroresonance using passive memristor
emulator

The memristor emulator developed is validated against
the Multisim software. The memristor emulator is designed
to draw the current necessary to suppress the ferroresonance
of the transformer. The developed emulator is connected as a
load to the transformer. During ferroresonance, the emulator
draws a current around 30 mA, such that the secondary voltage
decreases from 5.6 V to 2.93 V. Figures 10 and 11 show the
suppression performance of the memristor when connected as
a load to the transformer. The pinched point slides down to
the third quadrant. The hysteresis lobe areas are asymmetri-
cal. Though the linear resistor mitigates the ferroresonance,
the passive emulator proves better in performance. While the
resistor recovers the secondary voltage by 80.86%, the pro-
posed PME recovers the secondary voltage by 83.71%.

The mitigation performance of PME is compared with
those of memristor emulators developed by using the cur-
rent conveyor integrated circuit and saturated solution of
CuS04.P738] The grounding memristor emulator (GME) built
by using an analog multiplier AD633 and current conveyor IC
emulates memristor properties and the requirements for an ad-
ditional direct current power supply for excitation. The liquid
memristor emulator (LME) consists of saturated CuSOj, elec-
trolyte with asymmetrical copper electrodes.>! All the devel-
oped three memristor emulators are connected individually as

068401-6
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a load during ferroresonance. The nonlinear resistance con-
tributed by the emulator circuits dampens the ferroresonance
oscillations effectively and prevents retriggering. The recov-
ery performance of the proposed PME is better than the others.

10 T

z 5t

o

50

@

=

o

70

>

—

<

o

2

3

® —5

15}

75 Q =— FR —— memristor
— 0 L
—0.05 0 0.05
Time (s)

Fig. 10. Mitigation of ferroresonance with resistor and passive emulator.

Fig. 11. Pinched characteristics of PME during mitigation of ferroreso-
nance.

The secondary voltage and current of the transformer dur-
ing mitigation hold periodicity and the FFT analysis indicates
the presence of harmonics in addition to 50 Hz. The con-
ventional technique is designed to damp only a certain fre-
quency mode. The fundamental ferroresonance and its mitiga-
tion voltage possess the fundamental frequency (50 Hz) along
with 150-Hz, 250-Hz, and 350-Hz components. While the
transient signal has a significant magnitude of frequency com-
ponent, the mitigated voltage shows the controlled harmonics.
Table 2 shows the FFT coefficient values of secondary voltage
in all cases. Apart from the damping effect, the proposed PME
proves that the %THD (total harmonic distortion), fundamen-
tal, third harmonic, and fifth harmonic components are better
controlled than the linear resistor.

The nonlinear resistance of the memristor emulator
also damps subharmonic ferroresonance oscillations effecti-

(401 Thus, the memristor emulator could be a mitigation

vely.
device for periodic as well as non-periodic modes of ferrores-

onance in the near future.

Table 2. Recovery performances of resistor and memristor.

% reduction in 3rd % reduction in 5th

Signal order harmonic order harmonic % THD
component component
Linear resistor 90.12 83.61 4.07
PME 93.83 90.06 3.20
GME 93.80 82.22 2.56
LME 93.83 90.06 4.143

6. Conclusions

The upcoming memristor technology is found to possess a
lot of applications in emulating electronic circuits. An attempt
is made to use a memristor emulator circuit for mitigating the
fundamental ferroresonance in a low power transformer proto-

type.

(i) A memristor emulator circuit using JFET is chosen ac-
cording to the requirements of transformer.

(i) The simulation and hardware results of the passive
emulator ascertain the memristor characteristics.

(iii) The mitigation of fundamental ferroresonance is val-
idated in terms of secondary voltage and its harmonic compo-
nents.

(iv) The experimental results prove the better mitigation
performance of the memristor emulator than that of the linear
resistor.

The memristor emulator can be refined further to handle
chaos too. The same effort has also been made to implement
the medium tension transformers by the authors.
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