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ARTICLE INFO ABSTRACT

Keywords: Large-scale integration of renewable energy sources (RESs) presents significant challenges for modern power
Wind farm grids, particularly with wind farms playing a crucial role in energy generation. However, frequent switching
Transformer operations during the (dis)connection of wind farms and lightning strikes on wind turbines can induce severe
;:f::::;pressor transient overvoltages. These fast transients (FTs) pose a serious risk to wind farm substations, potentially
Overvoltage compromising the reliability of renewable energy generation. In particular, protecting wind farm transformers
Transient from FTs, resonances, and resulting overvoltages is essential for ensuring stable operation. This paper proposes a

modular series transient suppressor (MSTS) designed to enhance the protection of wind farm transformers
against FTs, thereby improving system reliability. The MSTS consists of multiple resonant circuit modules,
including a core, a low-voltage capacitor, and a resistor connected in series with the transformer. Its operational
behavior is analyzed using analytical methods and validated through simulation studies. Furthermore, experi-
mental testing performed on a developed MSTS prototype confirms its effectiveness in mitigating transient
overvoltages for a wind farm transformer model circuit at a 60 kV transient voltage level.

1. Introduction

Lightning strikes in power systems generate fast transients (FTs) that
propagate through the network, posing a significant risk to power
equipment [1]. Additionally, the integration of renewable energy
sources (RESs) such as wind farms, the use of more compact substations,
and switching operations in power grid management contribute to the
frequent occurrence of FTs in modern power systems [2,3]. These
transients can severely impact crucial equipment within wind farms,
particularly transformers, leading to resonance and overvoltage condi-
tions [4], which can be detrimental to both transformer windings and
wind generators. The harmonic content of FTs may resonate with wind
farm transformer windings, compromising insulation integrity and
increasing the risk of damage [5].

Wind farm transformer protection, as an essential component of the
power system, requires the application of effective protection devices
[6]. Various methods have been employed to safeguard wind farm
transformers from FTs, including surge arresters [7], surge capacitors,
RC snubbers [8], ZnO-RC (ZORC) [9], pre-insertion resistors (PIR) [10],
frequency-dependent devices (FDD) [11,12], and chokes [13,14].
However, many of these methods have limitations related to voltage
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level, operational delays, and the inability to filter a wide range of
harmonic frequencies effectively. Most of these solutions do not fully
address internal resonance overvoltage matters, especially for wind farm
transformers [15]. Although wind turbines and other equipment are
often equipped with flashover devices or surge arresters, transient
overvoltages can still propagate due to:

Incomplete dissipation of high-frequency transient energy within the
short suppression time

Device failure when transient energy exceeds rated capability
Residual high-frequency components after voltage clipping by surge
arresters, which can excite transformer resonance

Induced transients from nearby lightning without a direct strike.

Recent research explored new approaches to wind farm transformer
protection, such as adding a series suppressor to the wind farm trans-
former coil model, which has shown promising results [16]. Another
research work examined the use of a tuned choke with a resonance
capacitor connected to the secondary winding of the choke [17]. Further
research introduced the concept of adding multiple toroid cores to the
guard wire of transmission lines, which successfully enhanced
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Fig. 1. MSTS integration with wind farm transformer substation.
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Fig. 2. (a) MSTS structure, (b) configuration in series with a wind farm transformer.

protection [18]. This paper proposes a modular series transient suppressor (MSTS) as

Despite these advancements, there remains a need for a protection an effective solution for protecting wind farm transformers against fast
device that can provide significant impedance over a wide frequency transient signals. The MSTS is designed as a general-purpose resonance
range while withstanding high voltage stresses [19]. suppression device capable of protecting all types of power transformers
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Fig. 4. MSTS High-frequency equivalent model.

from resonance overvoltages. However, wind farm transformers are
more frequently subjected to transient phenomena. The MSTS offers the
following key advantages:

e Operation over a wide frequency range.

e Ability to withstand high voltage stress.

e Modular design to accommodate higher voltage levels.

e Use of resonance frequency shifting in each module.

e Multilayer core design to prevent saturation.

The performance of the MSTS is analyzed using Finite Element
Method (FEM) simulations and Electromagnetic Transients Program
(EMTP) simulations, and is further validated through experimental
testing.

The paper is organized as follows: Section 2 describes the operation
and configuration of the MSTS. Section 3 presents the fundamental
formulas that define the MSTS’s operational principles. Section 4 pre-
sents the simulation results, while Section 5 discusses the experimental
evaluation. Section 6 discusses the MSTS benefits based on a comparison
study, and finally, Section 7 provides meaningful conclusions.

2. MSTS configuration, description, and analysis

Modular Series Transient Suppressor (MSTS) is a protection device
connected in series with the wind farm transformer, as shown in Fig. 1,
to mitigate resonance overvoltages. Functioning as a series filter for
transient signals, the MSTS is designed to attenuate critical frequency
components within an acceptable range, reducing the impact of tran-
sient phenomena such as wind generator switching operations or
lightning strikes on wind turbine towers. Although there are variety of
transient phenomena, such as transient recovery voltage or ultra short
impulses, lightning strikes to wind turbine towers or switching events
occurring in wind generators are primary sources of transients con-
taining high-frequency components (several hundred kHz).

The attenuation of these components depends on system
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configuration, cable characteristics, and component impedances. Within
wind farm collector systems, such frequencies can propagate efficiently
over short to medium distances and may excite transformer internal
resonance. This is the primary hazard addressed in our study. The
structure and configuration topology of the MSTS are illustrated in
Fig. 2.

From Fig. 2 (a), it is apparent that MSTS is a modular device for
which each module comprises a toroid core on a power line cable
(considered as one turn), a secondary turn (one turn), a resistor R;, a
capacitor Cs, and an arrester A,. Indeed, the only difference between
each module is the capacitance of the secondary side of the MSTS (Cj),
with the value shifted in a certain range to shift the impedance character
of each module. In this structure, the toroid core is applied around the
main conductor of the power line, where that piece of the conductor is
known as the primary turn of the series protection device. Furthermore,
the secondary turn is connected to the parallel suppressor resistor,
resonance capacitor, and arrester. Fig. 2 (b) illustrates that the overall
MSTS circuit is a series device connected to the wind farm transformer
terminal. The operation of the MSTS is investigated for two scenarios:
nominal frequency operation and operation in response to transient
signals.

2.1. MSTS operation in power grid normal operation

During nominal power grid operation, no transient signals are pre-
sent. Therefore, the low-frequency equivalent of the coupled inductor
can be used to analyze the MSTS operation. An equivalent circuit is
shown in Fig. 3.

The impedance value of the secondary circuit (including the resistor
in the range of kiloohms and the capacitor in the range of nanofarads) is
much larger than the magnetization inductance L. Therefore, the
equivalent circuit is simplified, encompassing the leakage inductance of
a short piece of power cable or line that passes through the cores, the
MSTS module’s magnetization inductance, and the cable section’s
resistance that passes through the cores. By assuming (1), the impedance
of the MSTS in series with a line can be expressed by equation (2), where
n refers to the number of modules.

Jj®Lm << Ry +jwLp + (Rs||1/joC,||Rar) M
Zm =n(Ry + jo(Ly + L)) 2

The impedance Z,, of the MSTS, as obtained by (2), is a small value at
power frequency. Therefore, the voltage drop computed by (3) can be
ignored. The impedance is roughly similar to the cable impedance (here,
the impedance is likely to be the impedance of several meters of the
cable), and the voltage drop is nearly zero.

Vm = Ih-,w.n(R 1 +jw(L11 + Lm)) (3)

In addition, the power loss of the MSTS Py is negligible during normal
operations, as computed by (4).

Ploss =nR 1 (Iline)2 (4)

The calculated power loss in (4) results in a negligible temperature rise,
comparable to that of an overhead line under steady-state conditions.

2.2. Operation during transient oscillations

In this section, it is assumed that the transient signal contains high-
frequency oscillations passing through the MSTS. Therefore, the high-
frequency equivalent circuit of the MSTS is considered. This equiva-
lent circuit is illustrated in Fig. 4.

The circuit has several resonance frequencies depending on the value
of the connected capacitor (Cs,) to the secondary side of each module of
MSTS. The equivalent circuit of one module of MSTS is illustrated in
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Fig. 4. The notable feature of the MSTS is its ability to provide significant
overall impedance against critical harmonics of transient signals, where
its impedance is the sum of the module’s impedance around its reso-
nance point. This resonance frequency, which provides exceptionally
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Table 1.P
Arameters and features of the simulated msts.
Module Ly, L Lz R; Rz Rs Con Gy
1,2 72 0.25 0.2 4 8 98 15 18
uH uH uH mQ mQ Q nF pF
3,4,5 72 0.25 0.2 4 8 98 22 18
uH uH uH mQ mQ Q nF pF
6,7,8 72 0.25 0.2 4 8 98 33 18
uH nH uH mQ mQ Q nF pF
9,10 72 0.25 0.2 4 8 98 50 18
uH uH uH mQ mQ Q nF pF
Table 2
Parameters of the unified core MSTS module.
Parameter description Value
I Length of the core 25 mm
[ Length of the core side 110 mm
Lai The inner diameter of the core 20 mm
Lao The outer diameter of the core 130 mm
D The outer radius of the core 65 mm
d The inner radius of the core 10 mm
Ay Primary wire cross-section 2 mm?
As Secondary wire cross-section 1 mm?
He Magnetic permeability 4000
B, Maximum magnetic flux density 12T
ZC
«—>

Core

A A
,,,,, — |d
Ly AI)I Line VoY Lo
A
A,
>« 4,
Secondary side

Fig. 7. MSTS module geometry.

high impedance in series with the wind farm transformer, is due to the
resonance occurring between the magnetizing inductance L, of each
module and the capacitances (Cs,) of the secondary side of each module
of the MSTS. This resonance frequency is tuneable by changing the value
of the external capacitance in the secondary circuit. The impedance of
the MSTS is computed as presented in (5), where m refers to the number
of modules needed to develop the MSTS.

n

Zn=7_ (1/0G)|(Ry +joLy + (joLu||(Rz + joLy + (1/@ CalRs))))

m=1

()

By carrying out the frequency sweep analysis for @ = 2zf within the
nominal frequency (f = 50 Hz) and the maximum studied frequency in
(5), the frequency response of MSTS can be obtained during the fre-
quency sweep domain. Furthermore, the power loss of the connected
resistors at the secondary side of MSTS modules can be computed by (6),
and the total dissipated energy Wy, in the resistor by (7).
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Pros = n((vs (t)?/R, ) ©) 1n}pedance of the MSTS .for this frequency range is comparable with the
wind farm transformer impedance, to be able to suppress the voltage
. magnitude at the wind farm transformer terminal. The algorithm of the
W, —n / (.02 /R, )t (7)  MSTS is illustrated in Fig. 5.
0

where t refers to the duration of the transient signal and v is the
secondary-side voltage, which is the sum of the secondary voltage of
each mode as shown in (8). Since this energy is distributed among the
modules, the temperature rise during the short transient period remains
small and is easily controlled.

Vs =Vm1 +Vm2 + ... +Vn ®

2.3. Parameter calculation of MSTS

The most critical data for parameter determination of the MSTS is the
wind farm transformer’s critical resonance frequency range and its
impedance around the resonance frequency. It is crucial that the

In this algorithm, the first step is to perform a wind farm transformer
impedance sweep measurement starting from the grid frequency. This
sweep identifies the resonance point and the wind farm transformer
impedance (Z) at the critical resonance frequency. The character of the
wind farm transformer model is illustrated in Fig. 5. This simplified
model reflects the wind farm transformer’s critical resonance based on
the wind farm transformer RLC disk model, which is elaborated on in
[16]. Then, by considering the resonance capacitor (Cs,) specifications
based on the constraints of sizing and voltage, the core cross-section is
computed to satisfy the requirement Z;, > Z. In the next step, the core
cross-section is recalculated based on the nominal current of the power
line to ensure that it operates well below the core saturation region.
Ultimately, the secondary-connected resistor Ry, acting as a damper, is
selected by considering the maximum possible power dissipation pigss
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Fig. 11. Applied FEM meshes for module geometry a) unified core, b) multi-
layer core.

(max)- The arrester in the secondary circuit does not engage during
normal operation; its primary function is to protect the resonance
capacitor from overvoltage, with its operating voltage set equal to the
capacitor’s maximum voltage Fig. 6.

On the other hand, optimization techniques such as genetic algo-
rithms or particle swarm optimization could further refine these pa-
rameters. However, in the MSTS parameter calculation, the objective
was to demonstrate the fundamental design approach. The calculated
fundamental RLC parameters satisfy the constraints, though they could
be further improved through optimization algorithms in future stages of
this research.

3. The MSTS simulation in EMTP software

The model of the designed MSTS, as shown in Fig. 4, is implemented
in EMTP for further evaluation. The simulated MSTS consists of 10
modules, with the characteristics of each module group as shown in
Table 1. The main parameters are calculated based on the algorithm
depicted in Fig. 5. The wind farm transformer’s resonance frequency
spans from 100 to 120 kHz, with a resonance impedance (Z;) of
approximately 500 Q. The selected resonance capacitor of the MSTS
secondary side (Cs,) varies from 10 to 60 nF at 5 kV. The magnetization
inductance (L,,) and secondary resistor (R;) can be determined based on
the equivalent circuit to satisfy the constraint, which is Z,, > Z. The
remaining parameters are functions of the module geometry, calculated
using the method described in [18].

As shown in Table 1, the studied MSTS consists of ten different
modules, with some modules sharing identical parameters to enhance
the overall impedance of the MSTS near the resonance frequencies of the

International Journal of Electrical Power and Energy Systems 172 (2025) 111090

modules.
The geometry data of the MSTS is presented in Table 2, and the
associated parameters are provided in Fig. 7.

3.1. Frequency sweep simulation of MSTS

The simulation is carried out for the frequency response of the MSTS
over the studied frequency range. This simulation aims to extract the
characteristics of the MSTS across a wide range of frequencies (50 Hz to
10 MHz) to assess its impact on the wind farm transformer’s critical
resonance frequency (100—120 kHz). The resulting impedance sweep
curves are presented in Fig. 8.

The MSTS terminal frequency sweep (FS) shows that the impedance
of the MSTS exceeds 500 Q within the 80-180 kHz range, peaking at
nearly 800 Q (black curve, Fig. 8). This peak results from the combined
effects of each module within the MSTS. The system’s overall resonance
occurs around 110 kHz, while the individual resonance frequencies of
modules 1, 2, 3, and 4 are 85 kHz, 101 kHz, 120 kHz, and 150 kHz,
respectively. At these resonance points, the impedance of each module
ranges between 70 and 100 Q. Based on the MSTS design specifications,
the second resonance point, where the impedance is minimized, occurs
above 1 MHz. This frequency is far from the resonance point of the wind
farm transformer and does not affect its operational frequency range.
The designed MSTS matches well the resonance frequency of the wind
farm transformer.

3.2. Impulse time domain simulation of MSTS

The simulation test setup consists of an MSTS connected in series to a
wind farm transformer represented by a simplified model with a reso-
nance frequency of 105 kHz, and a resonance impedance of 500 Q, as
shown in Fig. 2(b). The simulation evaluates the MSTS’s performance in
limiting the transient voltage’s frequency content at the operating fre-
quency and suppressing the overall magnitude of the transient signal.
The excitation source is a lightning transient signal, with its specifica-
tions shown in Fig. 9 as the blue curve. Following the excitation, the
black curve illustrates the voltage drop across the MSTS, while the red
curve shows the voltage at the wind farm transformer terminal.

As shown in Fig. 9, the MSTS demonstrates a significant voltage drop
in response to the impulse transient. The effects are evident in the
reduced peak voltage and RMS voltage at the wind farm transformer
terminal, as well as in the rate of rise of the voltage (RRV). Specifically,
the peak voltage at the wind farm transformer terminal is 45 kV, which
is 5 kV lower than the 50 kV peak of the impulse source, while the RRV is
reduced to 42 kV/us from the original value, which is 50 kV/us. The
peak voltage across the MSTS, acting as a suppressor, also reaches 19 kV.
This simulation confirms that the designed MSTS effectively reduces the
magnitude and RRV of the transient signal at the wind farm transformer
terminal, thereby eliminating the harmonic content’s magnitude.

4. The MSTS magnetic flux field study

In this section, the distribution of the magnetic flux density in the
MSTS core is discussed and the effect of saturation is addressed, which is
a critical concern for series-connected inductors [20]. The primary
challenge lies in the non-uniform distribution of the magnetic flux
density in the toroidal core, causing saturation in areas near the primary
winding; as such, the performance of the MSTS core is reduced. A new
solution to mitigate this phenomenon is utilizing a multilayer core
instead of a unified toroid core. This multilayer design constrains the
magnetic flux distribution, ensuring uniformity and preventing core
saturation.

The effectiveness of this solution is demonstrated through simula-
tions by using finite element method (FEM) analysis. The redesigned
MSTS’s inductance is also evaluated to confirm the improvements. In the
first step, the geometry of the MSTS module is modelled by FEM, with
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Fig. 12. A) magnetic flux density in unified core, b) magnetic flux density in multilayer core.

Table 3

Magnetic and geometric parameters of the multilayer core MSTS module.
Parameter description Value
I Length of the core 25 mm
d; The inner radius of the core 1 10 mm
dy The outer radius of the core 1 25 mm
ds The outer radius of the core 2 50 mm
dy The outer radius of the core 3 65 mm
He1 Magnetic permeability (core 1) 2500
Hez Magnetic permeability (core 2) 4000
Hes Magnetic permeability (core 3) 5000
Bn Maximum magnetic flux density 1.2T

meshing applied accordingly. Next, the mathematical constraints gov-
erning each core layer’s characteristics are discussed. Finally, the
magnetic flux distribution and saturation status are analysed, as illus-
trated in Fig. 10.

4.1. Geometry design and constraints of MSTS

The maximum flux density of the core is a key constraint for ensuring
the proper operation of the designed MSTS. Typically, commercially
available cores operate within a range of 0.1 T to over 2 T. For the MSTS

International Journal of Electrical Power and Energy Systems 172 (2025) 111090

Unified core j

Saturated region}

Core 3 ]
Core 2 ]
)

Core 1

Saturated region]

design, the maximum magnetic flux density of the cores is set at 1.2 T.
Additionally, the required magnetization inductance for each module,
with one turn as the primary winding, is 72 uH, as shown in Table 1.
Consequently, the overall core cross-section can be determined based on
the magnetic permeability. The core specification in the linear state is
calculated as follows (where L, represents the inductance of the module
when the core is uniform).

_Hule (D—d
ok (229)

In (9), . represents the magnetic permeability of the unified core,
and other geometrical parameters are defined in Fig. 5 and Table 2. To
improve the magnetic distribution in the unified core module, the
inductance of the multilayer scheme module should match that of the
unified core module. However, the geometry, number of layers, and
magnetic permeability of the cores should be adjusted. The next
constraint is presented in (10), which shows that the inductance of the
unified core module is equal to the sum of inductances generated by
each core layer (L.j, Lz, and L.3). Here, the number of layers is
considered to be three.

Luc = Lcl +Lc3 + Lc3 (10)

The geometry of the multilayer modules is depicted in Fig. 10.
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Fig. 13. Impedance frequency response measurement setup of MSTS.

By considering the geometry parameters, the inductance of each core

is calculated by (11), (12), and (13), ensuring that all three inductances Lo = @ (L — :112) (12)
are equal, as shown by (14). 7 \ds +d,
Hale (d2 —da Uesle (dy —ds

= Ls= 13

b =" <d2 +d an - Le == 4 74, (13)

Lcl = Lc2 = Lc3 (14)
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To satisfy equation (14), condition (15) must be met, while for the ge-
ometry, the constraint expressed by (16) should hold where the length of
each module core is (1) the same.

Ha < Hea < Hes (15)

Impulse tower
Measurement 1

Measurement 1
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(dz - dl) - (dz - d1) - (dz - dl)
dy + dy dy +dy dy, +d;

With constraints (9), (14), and (15), these two geometries are designed
and meshed in a FEM model, as illustrated in Fig. 11 (a) and (b). The
primary objective is to compare the unified core and the multilayer core

modules in terms of magnetic flux density distribution and saturation
behaviour.

(16)

4.2. Magnetic flux study in the modules’ core

In this subsection, the magnetic flux analysis focuses on the two
described configurations: the unified core and the multilayer core. Both
concepts for magnetic flux density are plotted and presented in Fig. 12
(a) and (b). The features of the unified core concept are presented in
Table 2, and the multilayer simulated concept data are represented in
Table 3.

As shown in Fig. 12(a), when the primary conductor of the unified
core module is excited with 100 A current (consistent with the designed
scale of the prototype), a significant portion of the toroidal core near the
wire becomes saturated. This saturation affects approximately 25 mm of
the core, significantly reducing each module’s performance in the MSTS
system. The inductance of the module before being saturated is
approximately 72 uH, and it drops to 42 pH after saturation.

MSTS

Measurement 2

Transformer RLC model

Measurement 1

Fig. 15. Impulse HV test setup of MSTS.
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Fig. 17. Harmonic content of wind farm transformer voltage with and without
the MSTS operation.

A multilayer scheme was implemented to address this issue, utilizing
three layers to distribute the magnetic flux density. The data for each
layer is presented in Table 3. As shown in Fig. 12 (b), the thickness of the
saturation region near the wire is reduced to approximately 1 mm. The
inductance of each module before being saturated remains around 72
uH, and after saturation, it decreases slightly to 71 uH. Therefore, the
multilayer design of the MSTS modules significantly improves the de-
vice’s performance and effectively manages saturation concerns in this
protection device.

Table 4
Comparison of MSTS features.

International Journal of Electrical Power and Energy Systems 172 (2025) 111090
5. The MSTS experimental validation

This section aims to comprehensively evaluate the technical perfor-
mance of the MSTS device for the frequency and time domains. The
results of the designed MSTS closely align with those of the simulated
model, with data used from Tables 1 and 3, respectively. The laboratory
test results are divided into two scenarios, as follows.

5.1. Frequency sweep evaluation

In the first test scenario, the impedance of the designed MSTS is
measured using the frequency sweep method. A vector network analyzer
(VNA), model Omicron Bode 100, is employed for the measurements,
covering a frequency range from 50 Hz to 10 MHz. The test setup,
illustrated in Fig. 13, is designed to take into account the frequency
response impedance of the MSTS.

In the laboratory test, the impedance of each module and the MSTS
terminal is measured, with the results shown in Fig. 14. It can be seen
that the maximum impedance of the MSTS reaches 700 Q near the
resonance frequency of 110 kHz. Additionally, the first resonance of
each module occurs between 85 and 150 kHz, with peak impedance
values ranging from 70 to 100 Q. It is proven from this test that the total
impedance of the MSTS is almost the sum of the impedances of the
modules.

The main outcome of this test is the measurement of the MSTS
impedance near the resonance frequency of the studied transformer. The
experimental results are consistent with the simulated results obtained
from the EMTP-based MSTS model, as shown in Fig. 8.

5.2. High voltage impulse test evaluation

The MSTS impulse evaluation test setup is presented in Fig. 15. The
designed MSTS is connected in series to the wind farm transformer
terminal (which is represented by an RLC circuit) and an impulse
generator. The resonance frequency of the wind farm transformer model
is considered 110 kHz. Furthermore, the maximum voltage of the im-
pulse tower is 60 kV, while reaching this maximum magnitude within
1.2 ps declines to 50 % of the maximum magnitude of the transient
magnitude in 50 pS. This setup consists of two fast measurement high
voltage probes, which work based on the RC voltage division. The first
probe is connected to an impulse generator terminal, and the next probe
is connected to the wind farm transformer terminal. Hence, by sub-
tracting the measured voltages, the voltage drop of the MSTS can be
determined.

The results of the laboratory test setup are shown in Fig. 16. This plot
includes the impulse generator voltage (blue curve), wind farm trans-
former terminal voltage (red curve), and the voltage drop across the
MSTS (black curve). Based on the obtained results, the peak voltage at
the wind farm transformer decreases from 60 kV to 42 kV, with a voltage
decline rate of 40 kV/ps. This reduction is due to the voltage drop across
the MSTS, which reaches a peak value of 20 kV. The experimental results

Features MSTS Choke [13]-[14] Tuneable choke Arrester [21]
Connection type Series Series Series Parallel
Operation frequency range Tuneable in a wide range Above 1 MHz Tuneable for narrow No frequency dependency

Provided impedance This can be adjusted by the number of
modules
This can be avoided by the multilayer

design of the core

Saturation possibility

Voltage level Both the distribution and transmission
system
Wind farm transformer internal Yes
resonance protection
Need for grounding No

Less than 1 kQ

frequency band
Less than 1 kQ Low shunt impedance only in the case

of overvoltage

Mostly possible Mostly possible No ferromagnetic component
Distribution Distribution system Both distribution and transmission
system system

Yes Yes No

No No Yes
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are validated by EMTP simulation, as shown in Fig. 9.

From the perspective of the voltage drop across the MSTS structure,
this equipment provides adequate wind farm transformer protection at
transmission voltage levels. Despite the MSTS being a prototype design,
it can withstand a voltage drop of 60 kV, considering its modular design.
This voltage is distributed across the ten modules of the MSTS, and by
assuming a nearly linear distribution, each module experiences
approximately 6 kV. For this, if the voltage level is suitable, it is
straightforward to design the necessary insulation. Additionally, it is
possible to increase the number of modules for higher voltage levels,
which is convenient for tuning the MSTS for different protection levels.

By applying a fast Fourier transform (FFT) for the impulse generator
signal and the wind farm transformer voltage for a wind farm trans-
former’s resonance frequency, it can be seen that the MSTS effectively
suppresses the transient signal around the critical wind farm transformer
resonance frequency. The result of this analysis is shown in Fig. 17,
where it is clearly illustrated that the amount of frequency content near
the wind farm transformer’s resonance frequency (which is within the
operating range of the MSTS) is reduced by approximately 70 %.

Additionally, this is the frequency at which the MSTS provides its
highest impedance. This frequency-based evaluation highlights the
MSTS’s successful performance as a protection device, effectively miti-
gating harmful transient effects at the wind farm transformer’s critical
resonance frequency.

6. The MSTS advantages discussion based on comparison

To briefly discuss the overall features provided by the MSTS, the
following points should be highlighted:

e The MSTS is a viable solution for protecting wind farm transformers
against transient voltage signals. This issue is resolved because of its
modular design, which makes it straightforward to withstand higher
voltage by distributing it across the series modules.

The MSTS can be tuned within a wide frequency range to protect the
wind farm transformer around the critical resonance frequency. This
feature is provided by using a frequency shift for each MSTS module
by using secondary resonance capacitors.

The other highlighted specification of the MSTS is the core design.
Considering the multilayer design of the MSTS core, the magnetic
flux is distributed and unified on the core, resulting in better per-
formance of the MSTS, which is far from the saturation condition on
the core.

The discussed features have been proven throughout this study. To
clarify the advantages of the designed MSTS, Table 4 compares the
features provided by the MSTS and the well-known protective choke
[13,14] and surge arrester specifications [21], which is used as a wind
farm transformer series protection device against the transient signal.

As highlighted in Table 4, the MSTS operates over a broader fre-
quency range and can withstand higher voltage levels compared to
traditional protective chokes. Furthermore, the MSTS features adjust-
able impedance and avoids saturation due to its modular design and
multilayer core capabilities, which are not typically incorporated into
conventional choke designs. This gives the MSTS a significant opera-
tional advantage.

Compared to surge arresters, the MSTS provides critical resonance
frequency filtering, protecting the wind farm transformer from both
terminal and internal resonance, which can lead to overvoltage condi-
tions. In contrast, surge arresters allow the wind farm transformer to
experience resonance-induced overvoltage before mitigating it by
diverting a large current to the ground. In summary of this comparison
study the main advantages of the MSTS over the state of the are briefly as
follows:

e Tuneable impedance over a wide frequency range,
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e Applicability to both distribution and transmission systems,
e Internal resonance suppression without grounding requirements,
e A multilayer core design to prevent saturation.

As additional explanation about the designed MSTS and its coordi-
nation with the available control system in the wind energy system, the
MSTS operates within microseconds as a passive protection device,
making real-time coordination with supervisory systems (For example,
SCADA or WAMS) impractical during fault events. However, the inte-
gration of condition monitoring or post-event reporting features could
be explored in future designs to enhance system-level awareness and
maintenance planning.

7. Conclusion

This paper introduces a Modular Series Transient Suppressor (MSTS)
as an advanced protection device for wind farm transformers in modern
power grids. The MSTS incorporates a modular design, adjustable
resonance-shifting capacitors, and multilayer cores, significantly
enhancing its capability to mitigate transient phenomena.

Simulation and experimental results demonstrate that the MSTS re-
duces peak transient signals by 30 %, decreases the voltage rise rate by
34 %, and suppresses harmonic content at critical resonance frequencies
by 70 %. Its modular architecture ensures high-voltage endurance and
facilitates maintenance, while the multilayer core effectively prevents
magnetic saturation.
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