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Parallel Inductor and Resistor as
a Transformer Protection Device
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and Marjan Popov™, Fellow, IEEE

Abstract— The energy transition involves integrating numerous
pieces of equipment that undergo frequent switching operations
and face the risk of lightning strikes. Consequently, power
systems are exposed to fast transient switching and lightning
surges, necessitating enhanced protection solutions for power
equipment. Over the past decade, viable solutions have emerged
to mitigate fast transients and safeguard transformers in the
form of a ring-core parallel inductor and resistor circuit (R-PIR).
Although this device effectively protects medium-voltage trans-
formers from fast transients, a precise and comprehensive model
for this component is still lacking, especially considering the
importance of refining the R-PIR for broader applications. This
paper introduces a detailed model of the R-PIR as a protective
device, validated by electromagnetic transient simulations and
finite element methods, which are also confirmed by experiments.
The main goals of the research work are to investigate the
performance and design features of the R-PIR comprehensively
and demonstrate how the designed R-PIR protects transform-
ers against fast transients. The research work is validated by
experiments conducted in a lab environment. It is concluded
that designing the R-PIR within an appropriate frequency range
can considerably suppress transient overvoltages to which the
transformer is exposed.

Index Terms— Fast transients, transformer resonances, protec-
tion, protection device, resonances.

I. INTRODUCTION

AST transient (FT) phenomena in power systems occur

due to lightning strikes or circuit breaker switching [1],
[2]. By integrating more renewable generators, the number
of switching actions and lightning strikes to the towers
increases, and so does the FTs [3]. Even though the power
grid are exposed to different transient waveforms, in this
paper, FT analysis refers to the standard lightning impulse
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(IEC 61000), which is a voltage transient and includes various
harmonic contents [4].

FTs in power systems influence the operation of the power
equipment, in particular, transformers, by causing resonance
and overvoltages [5]. FTs include various harmonic contents,
and therefore, they are the source of resonance and may
damage the transformer insulation [6].

Several devices have been presented to protect high-power
transformers against FTs [6]. These protection devices are the
surge arresters [7], surge capacitors and RC snubbers [8],
ZnO arrester RC (ZORC) [9], pre-insertion resistors (PIRs)
[10], [11], and ring core suppressors [12]. Even though these
protection devices are effective against transient overvoltage
suppression, the ring core parallel inductor and resistor circuit
(R-PIR) is a series-protection device that is tested in the power
grid, offering several benefits like filtering transient signal har-
monic content and they do no need to be grounded [13], [14].
It is a relatively simple structure comprising a ferromagnetic
core, a conductor, and a resistive secondary suppressor [15].
This component is connected in series with the protected
transformer, such as those used in wind farms [16], and is
capable of suppressing the FTs, to which transformers are
exposed, as reported in [17] and [18]. Additionally, ring
magnetic cores are applied to cables or overhead lines and gas
insulated cables to suppress lightning transients as reported
in [12] and [20]. Experience shows that the concept of a
parallel RL circuit connected in series with the overhead line
or cable is a well-known idea to suppress voltage transient
oscillations [21], [22]. Besides, the choke has been presented
as an RL circuit in [23] and [24], however, it has not been
sufficiently studied.

In this paper, a detailed R-PIR model of a choke is
developed by applying finite element method (FEM), and
electromagnetic transient (EMT) simulations; afterward, the
simulation results are validated by experiments. In the last
phase, the high-voltage impulse testing of the R-PIR is con-
ducted to validate its performance for protecting a laboratory
low-power HV transformer and suppressing transient oscilla-
tions. The main contributions of this paper are:

e A comprehensive evaluation of R-PIR, including FEM
and EMTP analysis, frequency domain analysis, and high-
voltage testing,

o Determination of detailed parameters for the design of
different cases,
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Fig. 1. a) R-PIR structure, b) the series connection of an R-PIR with a
transformer.

« Investigation of the R-PIR’s performance by analyzing its
magnetic and electric field distribution,
o Black box frequency sweep circuit modeling and
validation,
o Conducting high-voltage tests to examine the designed
R-PIR effects on transient oscillation suppression
The rest of the paper is organized as follows. Section II deals
with the configuration and operation of the R-PIR. Section III
explains the modeling procedure of R-PIR. Section IV
and Section V elaborates on the FEM and EMT analysis
respectively. Experimental research work is comprehensively
presented in Section VI and finally, meaningful conclusions
are summarized in Section VII.

II. R-PIR CONFIGURATION AND OPERATION

As an FT suppressor, the R-PIR, as a two-winding compo-
nent, is connected in series with the transformer to protect
it against overvoltages and resonances that may occur due
to FTs. This device comprises a core, a primary conductor,
secondary turns, and a resistor. Fig. 1 illustrates the structure
of the R-PIR and its connection to the transformer.

As shown in Fig. 1 (a), a part of the line conductor
passes through the core, being the R-PIR’s primary turn, while
the secondary turn is wounded around the core, being the
suppression section. Moreover, the resistor R is connected
to the secondary winding to suppress the transient signal
resulting from a secondary current. Fig. 1 (b) shows the R-PIR
connection to the transformer to protect it against FTs.

The operation modes of the R-PIR can be divided into
two stages. The first operation mode of the R-PIR is active
during the power system frequency when there is no FT signal.
In this stage, the R-PIR’s impedance is negligibly low. The
second operation mode of the R-PIR deals with FTs and their
high-frequency content. In this mode, the magnitude of the
high-frequency content of the FT decreases due to the voltage
drop of the R-PIR, and upon operation, the transformer’s
resonance overvoltage will not occur.

III. R-PIR MODELING

The R-PIR can be considered a series transformer in which
the resistor is in its secondary circuit. However, for higher
frequencies, the modeled circuit will be more comprehensive,
considering the capacitive effects of the conductors. Therefore,
the analysis is first applied considering the power system
frequency operation to investigate the R-PIR low-frequency
model. Next, the analysis of the R-PIR high-frequency model
is carried out considering the interaction of R-PIR and FTs.
The main purpose of this section is to provide equations to
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Fig. 2. Low-frequency equivalent circuit of the R-PIR.

compute all the parameters of R-PIR so that in the next step,
these parameters can be used for the simulation of R-PIR to
demonstrate its performance.

A. R-PIR Power System Frequency Analysis

The ratio of the R-PIR is one and it can be represented by
a transformer equivalent scheme that can correctly define the
behavior of the R-PIR for a power system frequency. In this
scheme, only the resistances and inductances are considered,
whilst the insulation and capacitive behavior can be neglected
(because of their very high impedance at a low frequency).
Fig. 2 shows the power system frequency model of the R-PIR.
This model can be used for power loss analysis of the R-PIR
during steady-state operation.

In the illustrated circuit of Fig. 2, L;; and Ljp are the
leakage inductances of the R-PIR for the primary and the
secondary side, while R; and R; are the primary and sec-
ondary resistance, respectively. L, is the R-PIR’s magnetizing
inductance, and R, is the modeled resistance of the core where
the turns ratio is 1:1. The total impedance of the R-PIR, Z,
and R-PIR voltage drop Vr.pir can be computed by (1) and (2).

Z.
= Ry + joLn + (Rel|joLuyll (R2 + Rs + jwLp)) (D
VR-PIR
= ljine (R1 + joLj1 + (RelljoLy|| (R2 + Ry + jwLp2)))
2

By applying Kirchhoff’s Current Law (KCL), the current in
each branch can be computed as follows:

Liine = I + I (3)
VR-PIR — (iine(R1 + jowLi1)) @
Re.joLm/Re + joLy
I = VR-PIR — (Liine(R1 + joLi1)) 5)

Ry+ Ry + joLp
Here, ljjne, I, Iy are the currents of the power line, core
branch, and secondary side, respectively. Considering the
current of each branch, power loss Pj,ss of R-PIR for a power
system frequency can be determined as follows:

I =

Ploss=Pp+Pc+Ps (6)
PI’ = Il%neRl (7)
(Vepir — (Tiine(R1 + joLi)))?
P = R (8)
c

VR-PIR — (Z1ine(R1 + Jlel))) ©)

P, = (R R
s (2+ s)( R2+Rs+jC<)L12

Authorized licensed use limited to: TU Delft Library. Downloaded on September 10,2024 at 08:09:53 UTC from IEEE Xplore. Restrictions apply.



4300

> =
<

<

line

>
>
>

@

Transformer

<
;;“1

R-PIR

Fig. 3.
analysis).

Simplified equivalent circuit of the R-PIR (for power frequency

The cross-section of the conductors and core should be
increased to decrease the power loss of the R-PIR during
steady-state operation. Moreover, power loss can be decreased
by decreasing resistance Rj.

Reactive power consumption Q of the R-PIR for a power
frequency can be determined as follows:

0= Qp+Qc+Qs (10)
Qp = liipejoLn (11)
— (I i 2
0. = (VR-PIR (Illr'le(Rl + joLp1))) (12)
JoLpy
) VRpIR — (liine(R1 + joLin))\*
. = (oL 13
Qs = (jowLp) ( Rt R+ joLn ) (13)

To decrease the reactive power consumption, the cross-section
of the core should be decreased accordingly, considering
that the leakage inductance value is much smaller than the
magnetizing inductance.

By applying the following condition to the equivalent circuit
of the R-PIR, its equivalent circuit is simplified.

Ry + joLp < Ry
R+ joLj < joLy||R:||Rs

(14)
(15)

According to (14) and (15), L1, Ry, Lj»,and Ry can be ignored
from the equivalent circuit, and the final R-PIR model for
power frequency analysis can be represented by an R-L shunt
circuit, as illustrated in Fig.3.

B. R-PIR High-Frequency Analysis

Various harmonic contents are generated during FT state,
and the R-PIR will protect the transformer by suppress-
ing these harmonic contents. Therefore, the R-PIR’s high-
frequency model is essential for the design of a practical
protection device. Each electrical element of the R-PIR should
be considered to provide an accurate high-frequency model of
the R-PIR.

Concerning the high-frequency model, the capacitive terms
of the R-PIR are the capacitances of primary terminal Cj,
secondary terminal C,, and primary to secondary conductor
C12. These capacitances are shown in Fig. 4.

This model assumes that the capacitances of the conductors
to the ground are very low because of the large distance
between the conductors and the ground.

The resistances of the primary and secondary conductors
are also essential for the high-frequency model. These resis-
tances include two terms, DC resistances R;.1 and R .2, and
frequency-dependent resistances Ri(f) and R>(f). Besides,
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Fig. 4. Considered capacitance in R-PIR structure.

Fig. 5.

High-frequency equivalent circuit of R-PIR.

the resistance of the core is also a function of the fre-
quency. The high-frequency model of the R-PIR is depicted in
Fig. 5. Furthermore, regarding the operation frequency range
of R-PIR (mostly around 10 kHz to 1 MHz) and the length of
R-PIR (around 200 mm), the wavelength is much larger than
the R-PIR length. Consequently, the amount of magnetic field
emission is negligible, and therefore, the lumped-parameter
representation of R-PIR is suitable.

The impedance of the R-PIR and its voltage drop depending
on the frequency according to the equivalent circuit shown in
Fig. 5 can be determined by the following expressions:

Z1 = Ryc1 + Ri(f) + joLp (16)
Zy = Rac2 + Ro(f) + joLpp (17)
Zeore = Rel|joLy (18)
Zap = Z1.Zyr+ Z2. Zcore + Zeore-Z1 (19)
Zcore
Zpc = Z1.2> + Z2-ZZcTre + Zeore-Z1 (20)
Zea = Z1.22+ Z2. Zeore + Zeore-Z1 (21)
Zy
Ze =\ Zcall : | Zasll 1
c = CA jQ)C] AB ja)C12
Z 22
—i—( BCHja)Cz)) (22)
Vi =1 Zcall : | Zasll 1
R-PIR = {line CA ](,()C] AB j(l)C12
1
+ (ZBCII . ))) (23)
JjoCo

To calculate the R-PIR’s impedance, Zi, Z,, and Z., . are
first computed to simplify the circuit components, and then
ZaB, Zpc, and Zc, are applied to compute star-connected
impedances to delta impedances. By taking into account (22),
the R-PIR can provide a remarkable impedance against the
high-frequency content of the FTs. Consequently, the magni-
tude of the high-frequency signal can be suppressed by its

Authorized licensed use limited to: TU Delft Library. Downloaded on September 10,2024 at 08:09:53 UTC from IEEE Xplore. Restrictions apply.
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voltage drop, as shown in (23), and the transformer will be
protected against FT accordingly.

C. R-PIR R-L-C Elements Calculation

1) Coke Resistance and Secondary Energy Calculation: In
the R-PIR design, the DC resistances of the primary and sec-
ondary conductors (frequency-independent resistance) depend
on the conductors’ conductance, length, and cross-section.
Therefore, the expression for DC resistance computation can
be written as follows:

l
Rye1 = —4- (24)
oSy
Is
Raicr = 25
dez = o (25)

In this equation, the conductance of both primary and sec-
ondary o are considered the same. [, and [ refer to the lengths
of the primary and secondary conductors passing through the
core, respectively. They take into account the fringing field
effect at the edges of the R-PIR (as per the FEM model); this
includes an additional length of b/4, where b is the core radius.
Sp and S are the cross-sections of the primary and secondary
conductors.

Expressions [16] and [17] represent the R-PIR’s frequency-
dependent resistance related to the skin effect depth and
proximity effect. The resistances Ri(f) and Rp(f) can be
computed according to (26):

Ri2(f)

Re [ \/ jon fuoo"'t—»z\/?d coth(d)]

+Re Iz /jznfuoo";—-z\/?d tanh(d/Z)]
(26)

=Ryc1,2

where f is the transient oscillation frequency, wo is the
magnetic permeability of the conductor, dj > is the diameter
of the primary or secondary conductor, and ¢ is the distance
between the conductors’ centers. Moreover, in this equation,
“Re” refers to the real part of the complex expression pro-
vided in the brackets. Wp is the transferred energy to the
R-PIR’s secondary resistor and is computed by (27). This
energy must be dissipated by the appropriate design of the
secondary resistor’s size and material. Here, the transient
voltage oscillation v is assumed to be linear and consists
of two regions (rising and falling). 7y is the time when the
transient oscillation occurs, and #; is the end of the rising
trend of the transient oscillation. #; is also the time when
the transient oscillation starts decreasing, and 7, is the end
of the transient oscillation. Furthermore, m, and m; are the
rates of the rising and decreasing of the transient oscillation,
respectively, and Rj is the resistor of the secondary winding.

t1 12

2 2
mrv(l) /mfv(t)
Wp = —dt —2dt
D / A

t0 t1

27)
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Fig. 6. The R-PIR magnetic equivalent circuit.

2) R-PIR Inductance Calculation: Considering the R-PIR
as a linear device, the component’s leakage and magnetizing
inductance can be computed by (28)-(30). By taking into
account that the number of primary and secondary turns (N
and N;) of the R-PIR is one, the inductances Ly, Lip, and
L, are only functions of associated reluctances.

L N _ ] (28)
n=—-=—
Rin Rp
Ni.N; 1
Lpy=—2"2_- — 29
m R, R (29)
Ny 1
Lp=—"*=— (30)
Rp  Rp

These equations are derived by using the equivalent magnetic
circuit of the R-PIR shown in Fig. 6, where R;;, R, are the
leakage air and core reluctances, respectively.

In this circuit, the reluctance of the only core R,
is frequency-dependent. However, ferrite cores are par-
ticularly affected at a frequency higher than 100 kHz.
This means that the R-PIR inductances can be considered
frequency-independent for a frequency range between 10-
100 kHz, which are the main operating frequencies of the
R-PIR. These reluctances can be computed as follows:

lal

R = (3D
Aal-MO
I
Ry =— (32)
Ac. e
la2
Rp = —— (33)
Ag2.10o

Here, [,1 and [, are the average lengths of the leakage flux
paths in the air, and A, and A, are the average cross-sections
of the leakage flux direction. /. is the average length of
the core, and, po and p. are the air and core permeability,
respectively.

3) R-PIR Capacitances Calculation: In the R-PIR struc-
ture, it is possible to model various capacitances between
conductors. However, regarding the value of the capacitors,
the largest one in each section can provide the model of the
R-PIR. Regarding this assumption, the capacitance between
the primary and secondary conductor, the primary terminal
and the secondary terminal can be calculated.

D. The Capacitance Calculation Between Primary and
Secondary Conductors

This subsection deals with the determination of the capaci-
tances of the primary and secondary conductors of the R-PIR.
The assumption here is that the core as an equipotential
surface is ignored because of its distance from the conductors

Authorized licensed use limited to: TU Delft Library. Downloaded on September 10,2024 at 08:09:53 UTC from IEEE Xplore. Restrictions apply.
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Fig. 7.  Geometry of primary and secondary conductor inside the core.
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2 Primary Terminal voltage » V]
Fig. 8. The R-PIR magnetic equivalent circuit.

(b > d-(a; + ay)). To calculate the capacitance between the
primary and secondary conductor the geometry shown in Fig. 7
is used. These two conductors are considered parallel cylinders
inside the core, and the capacitance can be calculated by (34),
where a; and a, are the radii of the primary and secondary
conductors, and d is the distance between their centers.

Ciz =2n80d/(lna1/d—lna2/d) (34)

Here, g9 is the permittivity of the conductor, which is roughly
equal to the permittivity of the air. Cj is obtained in F/m.

E. The Capacitance Calculation of the Primary Terminal

The next step is to determine the terminal capacitance of
the primary and secondary turn of the R-PIR. The capacitance
of the primary terminal is calculated according to Fig. 8.

To calculate the capacitance of the primary terminal, it is
assumed that the core is an equipotential surface where the
voltage V. to ground is half of the R-PIR primary conductor
voltage drop Vi, and the secondary conductor has a negligible
impact. V is the voltage distribution along the primary con-
ductor, which varies from V; to 0.

As illustrated in Fig. 8, the capacitance value between the
piece of conductor covered by the core C,. is larger than
the edge capacitances C,. This assumption is shown by (35)

and (36).
> D C

(35)
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Capacitors series connection

v
o} rI c./oL —LT:C(_/6 tLIC

Equivalent circuit for R-PIR primary capacitance calculation.

Fig. 9.

V.=V1/2 (36)

Voltage differences between the core and each point of the
conductor are defined as AV and expressed by (37). The
voltage distribution V (x) along the conductor to the ground is
a function of distance x (which varies between 0 and d) and
is represented by (38).

AVx)=Vx)—V,
Vix) =V —x

(37
(38)

In the first step, the capacitance of the primary terminal
is calculated to determine the capacitance of the cylindrical
conductor and the core which shields the conductor. This
capacitance is calculated by (39) assuming a unified electric
field in space between the conductor and core.

C. = 2n80d/ln (b/a) 39)

In (39), it is assumed that the voltage differences between the
conductor and core AV are equal at each point, which shows
that the electric field between the inner and outer cylinders
is homogenous. However, in the R-PIR, this is not the case,
and the voltage is distributed between the conductor and core.
This condition is considered for the calculation of the terminal
capacitance by using the stored electrical energy equation as
expressed by (40).

d
W, = %/CC (AV (x))*dx
0

(40)

By solving (40), considering that d is the length of the core,
the stored energy in the capacitances of the R-PIR will be
calculated by the presented equation in(41).

2W, =C./3 (41)

In the next step, by focusing on the polarity of the voltage
between the primary conductor and core, it is clear that the
capacitance of half of the horizontal length of the R-PIR
(d/2) is connected in series with another half of the R-PIR.
Therefore, the capacitance of the R-PIR for the primary
terminal can be expressed by (42).

Cy=meod/61In (b/a) + C. /2 (42)

This equation can be derived by taking into account the
equivalent circuit, which is illustrated in Fig. 9.

F. The Capacitance Calculation of the Secondary Terminal

The capacitance of the secondary terminal of the R-PIR is
calculated by taking into account that the distance between the
primary and secondary conductor is shorter than the distance

Authorized licensed use limited to: TU Delft Library. Downloaded on September 10,2024 at 08:09:53 UTC from IEEE Xplore. Restrictions apply.
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TABLE I
PARAMETERS OF SIMULATED R-PIR

Parameter value
Core length 200 mm
Core radius 34 mm
Core thickness 10 mm
Primary conductor radius 1 mm
Secondary conductor radius 0.2 mm
Core permeability 2000
Core material VITROPERM
Core Electrical conductivity 0.4 m/Qmm?
Secondary turn resistance 3kQ
Core material Ferrite
Conductor material Copper
Core maximum saturation flux density 1200 mT
Applied voltage to the primary 1 p.u.
Applied current to primary (normal state) 100 A
Applied current to primary (transient oscillation state) 100 A

Resistive
secondary

Fig. 10. a) 3D geometric design of R-PIR, b) mesh plot of R-PIR.

between the secondary conductor and core. The capacitance
between the primary and secondary conductor is calculated
by (39), and then the energy method with a series connection
of the capacitors along the conductor is applied. The secondary
terminal capacitance can be determined as:

Cg:nsod/6(lna1/d—lna2/d)+Ce/2 (43)

IV. FEM ANALYSIS OF R-PIR
A. Design of Studied R-PIR in the FEM Platform

In this section, to evaluate R-PIR’s specifications, the geom-
etry of the R-PIR is programmed in an FEM environment.
The geometric size of the R-PIR is based on the analytical
studies reported in Section II. Two constraints should be
taken into account when designing R-PIR. First, there is a
minimal impact in steady-state operation (very low voltage
drop), and second, there is an acceptable impedance during
transient oscillation to suppress its magnitude. Accordingly,
Table I presents the parameters of the R-PIR used for the FEM
analysis, including geometric data and material properties.

The FEM analysis confirms the following performances of
R-PIR:

o Magnetic flux density in the core and core saturation

aspects

« R-PIR’s inductance and resistance

« Voltage distribution in the R-PIR structure and critical

insulation regions

o The capacitance between the primary and secondary

conductor of the R-PIR
Fig. 10 demonstrates the 3D model design of the R-PIR and
the mesh plot of the geometry.

In this section, firstly, the performance of the core (consid-
ering magnetic flux density) is studied by exciting the primary

4303
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Fig. 11. a) B-I curve of the studied core, b) R-PIR magnetic flux density
for a power frequency (50 Hz).

side with a steady-state and high-frequency current. Here,
magnetic flux density distribution in the core presents the
flux density value for each core section. Secondly, the voltage
distribution of the R-PIR is presented to evaluate the capacitive
model of the R-PIR and the critical points considering the
insulation effects.

B. Magnetic Flux Density and R-PIR’s Inductance for
Steady-State and Transient Oscillation Operation

For the steady-state case, a 10 kV source, including its
equivalent impedance, is connected in series to the primary
terminal of the R-PIR. This case demonstrates that the R-PIR
is connected to the power line where the steady-state peak
current is 100 A. Hence, the performance of the R-PIR can be
evaluated in a steady state. All FEM simulations are carried
out by the transient solver supported by the FEM software
tool.

Fig. 11 (a) shows the magnetic behavior of the studied core,
and Fig. 11 (b) depicts the magnetic maximum flux density
of the core for both 2D vector and magnitude plots. This
simulation shows that the maximum magnetic flux density
during steady-state in the R-PIR reaches 650 mT whilst the
average magnetic flux density is 600 mT. The critical result is
that during steady-state, the core is far from being saturated
and is capable of suppressing fast transient oscillations during
the faulty period. In the next case, a high-frequency source
is applied with a crest voltage, which is twice as high as the
steady-state system voltage at a frequency of 100 kHz. This
simulation case demonstrates the core magnetic flux density
in the R-PIR as the transient oscillation passes through it. This
high-frequency source excites the primary turn of the R-PIR
by 100 A. Fig. 12(a) shows the core’s maximum magnetic flux
density distribution. It can be observed that the magnetic flux
density in the layer of the core closest to the primary conductor
is 230 mT, while the outer layer’s magnetic flux density is
20 mT. The huge difference in magnetic flux density in the
core layers is because of the induced eddy currents during the
high-frequency period. The average magnetic flux density in
this state is 125 mT.
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(b)

Fig. 12. R-PIR magnetic flux density for a frequency of 100 kHz.

Fig. 12(b) shows the distribution of the maximum magnetic
flux density in the core, which shows the effects of the
transient oscillation and steady-state line current on the R-PIR
core, considering the current peak magnitude. It is found that
the maximum magnetic flux density reaches 880 mT in the
layer closest to the conductor, while the average magnetic flux
density in the core cross-section is 725 mT.

Based on the FEM analysis, the R-PIR inductance of the
primary terminal is 280 wH for the steady-state case and
259 wH for the transient oscillation case (excited at 100 kHz).
Additionally, for the steady-state analysis, the conductor’s
leakage inductances for both the primary and secondary sides
are 0.8 uH, and the resistances are 14 m€2 and 66 mg2,
respectively. When DC excitation is applied, the resistances are
12 mS2 and 65 m<2. For a frequency of 100 kHz, the resistances
of the primary and secondary sides increase to 27 mS2 and
98 mS2, respectively. Moreover, by superimposing the values
of the average flux density for the two frequencies (50 Hz
and 100 kHz), the maximum average flux density is 725 mT,
which is in the linear region of the saturation characteristic.

C. Voltage Distribution in the R-PIR

This study case considers the effect of the primary and
secondary conductor, for which the voltage is (approximately)
1 V. Fig. 13 shows the voltage distribution in the R-PIR.
By using the energy calculation method, the primary terminal
capacitance of the R-PIR is determined as 60 pF.

The other obtained result from the simulation is that the
external edge of the core and conductors experiences the
highest electric potential, which should be taken into account
for the insulation design. Moreover, the secondary terminal
capacitance and the capacitance between the primary and
secondary conductor are 80 pF and 68 pF, respectively.

V. EMTP SIMULATION OF R-PIR

This section deals with the R-PIR’s characteristics simulated
by EMTP. Here, the presented equivalent circuit of the R-PIR,
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which is shown in Fig. 5, is used, and the parameters of the
circuit elements are determined by applying the FEM analysis.

By using this equivalent circuit, the primary terminal
frequency-dependent impedance of the R-PIR is obtained.
Fig. 14 shows that the R-PIR impedance for low frequencies
is very low, and it increases with the frequency increase,
reaching approximately 1.3 kQ around the first resonance
frequency (220 kHz). It decreases to its minimum (12 €2) at
the next resonance point (30 MHz). This frequency-dependent
characteristic shows that the R-PIR can provide an acceptable
impedance within the range of 0.1MHz to 2MHz to success-
fully protect the transformer against resonances. Moreover,
this resonance frequency can be changed based on the design
of the R-PIR (considering the value of the capacitances and
inductances).

VI. EXPERIMENTAL EVALUATION OF R-PIR

According to the performed analysis, an experimental test
setup, shown in Fig. 15, is designed to study the R-PIR. The
analysis is conducted by applying three types of tests. For
the first test, the secondary R-PIR is open. The second test is
carried out by having the secondary side of the R-PIR short-
circuited, and the third test is carried out when R-PIR operates
for an actual case.

The frequency sweep (FS) terminal impedance measurement
is performed by using a Vector network analyzer (VNA)
Bode 100 with a frequency range of up to 40 MHz. This
device measures the R-PIR’s frequency response by applying
a current that is in the range of milliamperes. Therefore,
its measurement is more valid when R-PIR works in linear
regions.
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The geometric data of the R-PIR for the laboratory test
setup are presented in Table I. Impedance measurements are
conducted using the VNA device to measure the impedance,
resistance, inductance, and capacitance of the R-PIR within the
frequency range of 1 Hz to 40 MHz. By selecting appropriate
frequencies for each test, the values of the circuit parameters
can be obtained. The obtained results are presented in Fig. 16
and Fig. 17.

A. R-PIR Open-Circuit Test

For the open-circuit test, the secondary of the R-PIR
(suppressor resistor circuit) is open. The impedance of the
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TABLE II
R-PIR PARAMETERS FOR THE OPEN-CIRCUIT TEST
Open-circuit FS measurement
Measured | L,+L; Rier Ry Ry C Z
parameter (10kHz) | (100kHz) (max)
parameter 250 70 0.2 10 56 1.5
value pH mQ Q Q pF kQ
TABLE IIT

R-PIR PARAMETERS FOR THE SHORT-CIRCUIT TEST

Short-circuit FS measurement
Measured Li+Liz Raci+Rac2 R Ry Ci Zc
parameter (10kHz) (100kHz) (max)
parameter 1.8 85 0.095 0.1 55 1
value nH mQ Q Q pE kQ

primary terminal is measured in an FS mode. The effect of
the secondary RLC circuit is negligible, and therefore, the
remaining elements are the leakage and magnetizing induc-
tance (L1 + L), resistances (Rgc1 and R ), and capacitance
(C1) of the R-PIR primary side. Fig. 16 (a), (b), (c), and (d)
shows the impedance, resistance, inductance, and capacitance
of the primary R-PIR circuit. Overall, its impedance rises from
70 mS2 to 1500 2 within the range of 20 Hz to 1 MHz (as a
resonance point). Afterward, its impedance decreases till the
next resonance point. The obtained data from this test are
summarized in Table II.

As shown in Fig. 16 and Table II, by applying the
open-circuit test, one can obtain the leakage and magnetiz-
ing inductance of the R-PIR primary side, DC resistance,
frequency-dependent resistance, capacitance of the R-PIR pri-
mary terminal, and the maximum impedance values of R-PIR’s
primary terminal. Fig. 17 presents the FS measurement of
the R-PIR’s capacitance between the primary and secondary
terminal for the open-circuit state.

B. R-PIR Short-Circuit Test

For this test scenario, the secondary of the R-PIR is short-
circuited. This configuration removes the magnetization and
secondary capacitance of the R-PIR; the remaining elements
are the leakage inductances (L;; + L;2), resistances (Rgz.1 and
Rac2), and primary capacitance (Cp).

As can be seen in Fig. 18, the resonance point is shifted
to almost 20 MHz because of the decreased value of R-PIR
inductance. The results of this test are presented in Table III.
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TABLE IV
R-PIR PARAMETERS FOR THE OPERATING MODE TEST
Operating mode FS measurement
Measured L C C R R Ze
parameter (100 kHz) (max)
parameter 250 pH 56pF 78pF 100 mQ 20Q 2kQ
value

Considering the measured data, it can be concluded that the
frequency-dependent resistor does not grow significantly in the
high-frequency region.

C. R-PIR Operating Mode Test

For the final experimental test defined as R-PIR operating
mode, frequency sweep (FS) measurements of the primary
terminal are performed with the secondary side connected to a
resistor.. The measured results are shown in Fig. 19. According
to Fig. 19(a), the operating range of the R-PIR is from 50 kHz
to 1.8 MHz, where its total impedance remains above 100 .
The measured data are also summarized in Table IV.

D. Validation of the R-PIR Parameters

Based on the measurements performed in Section VI, all
the parameters of the R-PIR can be accurately determined and
compared to those obtained by FEM analysis and analytical
formulas derived in Section III. Table V summarizes these
results.

E. Impulse Test of the R-PIR Prototype

To validate the operation of the R-PIR and its performance
in reducing the magnitude of the transient voltage oscillation,
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TABLE V
VALIDATION OF THE R-PIR PARAMETERS
Parameter L Lu L Ci C Ci2 Racr Rac2 Ry
Measurement 255 09 | 09 | 56 78 60 70 15 30
uH pH uH | pF pF pF mQ mQ mQ
FEM 259 0.8 0.8 | 56 80 68 65 12 27
uH pH uH | pF pF pF mQ mQ mQ
Calculation 260 0.8 08 | 55 79 67 65 14 28

pH pH pH | pF pF pF mQ mQ mQ

an impulse test is carried out where the R-PIR is connected
in series with a 10 kV, 200 VA transformer. The peak value
of the impulse voltage is 10 kV. Fig. 20 shows the test
setup, which is configured similarly to Fig. 1b. Fig. 21 shows
the applied impulse voltage (blue curve), the voltage on the
transformer terminal (red curve), and the voltage drop across
the R-PIR(purple curve). It is clearly shown that the R-PIR
contributes to a considerable decrease in the transformer
voltage.

It can also be seen that the peak value of the transformer
terminal voltage decreases by 20% (from 10 kV to 8 kV), and
its rate of rise drops from 25 kV/us to 20 kV/us. Moreover,
considering the R-PIR voltage drop during the impulse test, the
R-PIR suppresses almost 40% of the average voltage, which
is measured by the oscilloscope.

The performed analysis of the R-PIR shows the main
advantages of the R-PIR compared to the mature state-of-the-
art solutions, such as the surge arrester [7], the snubber [8], and
the serial ring core [16]. Apart from transient overvoltage sup-
pression, other advantages are in terms of power consumption
during steady-state operation (PCSS), the effects on transient
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TABLE VI
R-PIR ADVANTAGES COMPARED TO OTHER SOLUTIONS

Features Arrester [7] Surge Series rings R-PIR
capacitor [8] [19]

PCSS High active High reactive High reactive | Low active and
power loss in power power reactive power
transmission consumption in consumption consumption
voltage level transmission in high

voltage level current line

EOTO Chopping Filtering Filtering Filtering
overvoltages transient transient transient

oscillations oscillations oscillation

VLSS Grid voltage Grid voltage Almost zero Almost zero

GR Required Required Does not Does not
grounding grounding require require

grounding grounding

TFR No tunning No tunning No tunning Tuning
possibility possibility possibility possibility

oscillation (EOTO), the voltage level during the steady-state
operation (VLSS), grounding requirement (GR), and tunable
frequency response (TFR). These advantages are summarized
in TABLE VL

Comparative analysis presented in Table VI shows the good
performance of R-PIR, as a new protection device against fast
transient oscillations. The effect during steady-state operation
is negligible, and during fast transient oscillations, R-PIR
behaves as a filter that successfully suppresses a large amount
of the transient signal without specific grounding requirements.
Another advantage is the possibility of R-PIR being tuned and
designed for different system configurations and voltage levels.

VII. CONCLUSION

This paper deals with the design of an R-PIR, a device to
protect transformers against transient and resonance overvolt-
ages. Firstly, parametric equations derived from the equivalent
circuit of the R-PIR are presented. Subsequently, the R-PIR
is modeled by applying FEM analysis, and its parameters are
accurately calculated to evaluate the performance of the R-PIR.
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Considering the calculated parameters and the equivalent cir-
cuit of the R-PIR, an FS simulation is performed in EMTP
to demonstrate the frequency-dependent impedance behavior
of the R-PIR. The R-PIR parameters are measured using a
laboratory test setup based on the FS analysis. These mea-
surements validate the analysis conducted by FEM and EMTP.
Obtained results show that R-PIR can provide a maximum of
1.3 k2 in series against transient oscillation to suppress it.
Furthermore, a high-voltage laboratory test circuit consisting
of a transformer connected to the designed R-PIR is built. The
performance of the R-PIR is tested by applying a standard
lightning impulse of 10 kV, 1.2/50 us.

The investigation shows that the designed R-PIR success-
fully suppresses transient overvoltage peak magnitude from
10 kV to 8 kV, protects the transformers accordingly, and
declines 40% of the transient oscillation average magnitude.
Finally, the main outcome of this research work is how to build
an R-PIR accurately to ensure robust transformer overvoltage
protection against FT.
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