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A B S T R A C T

Integrating renewable energy resources such as wind farms is an increasingly prominent trend for future power 
grids. However, the wind generator tower is consistently at risk of lightning strikes, putting the wind farms’ 
transformer at risk of damage by lightning transients traveling through the system. Various harmonic contents of 
the lightning transient can excite the transformer’s resonance frequencies, resulting in both terminal and internal 
overvoltages (OVs). To effectively safeguard transformers against resonance OVs, it is imperative to first identify 
the resonance points of the transformer. Following this, a protective method must be implemented to mitigate 
harmonic content magnitudes that contribute to resonance. This paper introduces a series-protection device 
comprising an air core reactor and suppressor resistance designed to protect the transformer. The research aims 
to provide solutions to safeguard wind farm transformers from both terminal and internal resonance OVs caused 
by lightning transients. The effectiveness of the protection device is assessed through analysis, simulation, and 
experiments conducted in a high-voltage laboratory setup.

1. Introduction

Addressing global warming concerns requires a significant shift in 
the energy sector, particularly through the energy transition [1]. This 
transition involves moving away from traditional fuel-based power 
plants towards renewable energy sources (RESs), a trend driven by the 
need to tackle environmental challenges [2]. Among these RESs, wind 
energy generators play a crucial role, as they can supply a substantial 
portion of the energy required by industries [3].

However, the integration of wind energy generators introduces an 
increased risk of lightning strikes due to their tall towers and sharp edges 
[4]. A lightning strike on the tower can cause damage to various parts of 
the power system, including wind generator insulation, converters, ca
bles, and transformers [5]. Lightning-induced overvoltages (OVs) can 
propagate high-frequency currents throughout the power system [6]. 
These high-voltages and high-frequency currents impact transformers, 
and can trigger resonance frequencies within these critical devices [7]. 
As a result, transformers experience terminal and internal OVs, leading 
to potential failures [8]. Therefore, wind farm transformers are at a 
higher risk of resonance OVs and require appropriate protection against 
transient signals [9].

To protect transformers from transient components caused by 
lightning and switching events, several protection devices have been 
proposed [10]. Among these, the surge arrester is the most widely used, 
as it is directly connected to transformer terminals to mitigate OVs and 
reduce their magnitude [11]. However, its limitation lies in only 
providing protection against terminal OVs, allowing high-frequency 
transients to pass through, potentially leaving internal resonance OVs 
unchecked [12]. Other protection devices include surge capacitors, R-C 
snubbers, and zinc-oxide snubbers, all of which utilize shunt capacitor 
filters [13]. However, these solutions face challenges in their design 
suitability for transmission voltage levels above 30 kV [14]. Addition
ally, there are series-connected inductive components [15] work as 
protection devices such as frequency-dependent devices (FDDs) and 
chokes [16]. FDDs typically consist of a coil with a specialized ferro
magnetic covering [17], while chokes feature a toroidal ferromagnetic 
ring core with a resistor in the secondary circuit [18] and [19]. Both 
methods, however, must address the challenge of avoiding saturation of 
the ferromagnetic material [20].

This manuscript presents a method depicting a parallel air-core 
inductor and resistor (PAIR) connected in series with the wind farm 
transformer. The operation of this transformer protection device is 
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thoroughly analysed, and the results are validated through EMTP and 
FEM simulations, followed by testing conducted in a high-voltage lab
oratory. The analysis demonstrates that the proposed protection device 
effectively attenuates harmonic contents that could potentially cause 
resonance in lightning transient signals without the risk of saturation 
issues.

The paper is organized as follows: Section 2 defines the problem and 
outlines the specifications of the protection device. Section 3 introduces 
a protection model for the transformer, while Section 4 examines the 
effects of the protection device. Section 5 details the experimental test 
procedure. Finally, Section 7 concludes the paper.

2. Problem definition and solution

The diagram depicted in Fig. 1 illustrates the system under exami
nation, which includes a wind energy generator, a cable, a circuit 
breaker, a series-protection PAIR device, and a transformer. When 
lightning strikes the wind turbine, the transient signal travels through 
the generator and reaches the power cable. As the transient signal, in the 
form of an electromagnetic wave, moves along the cable, it reaches the 
cable termination, passes through the circuit breaker, and ultimately 
arrives at the transformer. This transient signal typically has two key 
characteristics: a high magnitude and a broad range of harmonic con
tent. As a result, the incoming transient signal can easily cause a reso
nance overvoltage (OV) in the transformer, which may occur between 
the transformer winding disks or at the transformer terminals.

To simplify the power system illustrated in Fig. 1, the section from 
the wind generator to the circuit breaker can be replaced with an 
equivalent circuit. This part of the system is considered the source of 
transient signals that can excite resonances from the perspective of both 
the transformer and the protective device. The simplified electrical 
system is shown in Fig. 2. The equivalent circuit consists of a current 
source representing the lightning (it) and an RLC equivalent impedance 
(Zeq).

Additionally, Fig. 3(a) presents the protection PAIR device. This 
device includes an air-core inductor and a parallel resistor connected in 
series with the transformer. The device is isolated from the ground and 
installed on an isolation stand. The operating principle of the PAIR de
vice is to suppress the magnitude of high-frequency components of the 
transient signal through the resistive branch. As a result, the PAIR device 
operates in two modes: at system frequency and above system 
frequency.

The PAIR device is modelled as a very small inductive impedance in 
parallel with a relatively large resistor within the system. As a result, 
power frequency current components predominantly flow through the 
air-core inductor, causing minimal voltage drop and power loss in that 
branch. This operational aspect is illustrated in Fig. 3(b). 

Vp = Is
(
Rp + jωLp

)
(1) 

Ploss =

(
Is.jωLp

)2

Rp
(2) 

Eq. (1) defines the PAIR voltage drop Vp during normal operation, 
which depends on the line current Is and the air-core inductor imped
ance (Rp+ωLp). Eq. (2) defines the corresponding small power loss Ploss 
during normal operation.

In response to transient signals, the PAIR device behaves as a large 
impedance. In this operational mode, the impedance of the air-core 
inductor increases due to the high-frequency content of the transient 
signal, causing most of the current to flow into the resistor branch, 
effectively suppressing the high-frequency transients.

Additionally, the internal capacitance of the inductor Cp or an 
external tuning capacitance further increases the impedance of the 
inductor near the resonance point. This operation is depicted in Fig. 3(c). 
Based on this figure, and applying Kirchhoff’s Current Law (KCL) to the 
transient signal passing through the PAIR, Eqs. (3) and (4) can be 
derived as follows: 

it(t) = ir(t) + ii(t) (3) 

it(t) =
(
vp(t)

/
Rp

)
+

(

1
/

Lp

∫

vp(t)dt
)

+
(
Cpdvp(t)

/
dt
)

(4) 

In addition, the voltage at the transformer terminals during the 
transient is computed by Eq. (5). 

vTr(t) = vt(t) − vp(t) (5) 

Next, by considering the resonance frequency contents of the tran
sient signal that can potentially cause resonance OVs, the voltage of 
transformer VTr is calculated in resonance frequency as (6) based on 
phasor analysis, where ωr corresponds to the angular frequency of the 
resonance point. 

Fig. 1. Diagram of the studied power system.

Fig. 2. Simplified diagram of the studied power system.
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VTr(ωr) = Vt (ωr) − Vp(ωr)
(6) 

Following (6), the voltage drop of the PAIR, Vp, in the resonance 
point is calculated by (7). 

Vp(ωr)
= Ir(ωr).Rp = Ii(ωr).

(
j
(
Lp
/
Cp

)

1 − ω2LpCp

)

(7) 

3. Transformer protection modeling

The operational principle of the proposed PAIR-based overvoltage 
(OV) protection strategy is to mitigate transient surges entering the 
transformer at its terminals. Achieving this requires a comprehensive 
model that accurately captures the transformer’s frequency-dependent 
behaviour from the PAIR device’s perspective. In this context, a black- 
box model is constructed for an actual power transformer. This model
ling serves two main purposes. First, implementing a high-voltage im
pulse test in the laboratory poses a risk to the real transformer due to 
potential overvoltage and resonances. To mitigate these risks, the ob
tained model is utilized to design a simplified protection laboratory 
circuit for the transformer. Second, accurately tuning the PAIR device to 
provide maximum impedance at the transformer’s resonance point re
quires an accurate transformer model. The specifications of the test 
transformer are provided in Table 1.

To begin, the harmonic impedance characteristic of the transformer 
is measured at its terminal using a vector network analyzer (VNA), as 
illustrated in Fig. 4. In Fig. 4(a), the transformer impedance (Z) is 
measured at the high-voltage (HV) terminal while the remaining ter
minals are left in an open-circuit condition. Fig. 4(b) shows the labo
ratory setup used to measure the transformer’s terminal impedance.

In the next step, the vector-fitting technique [21] is applied to 
calculate a rational approximation of Y(s) = Z-1(s) as the corresponding 
admittance of the terminal under test with respect to the neutral ter
minal, given by: 

Y(s) = d + e⋅s +
∑n+m

i=1

ci

s − pi
(8) 

where d and e are constants ci and pi, respectively, denote residues and 
poles, considering a number of n real- and m complex poles, while s =
j2πf is the Laplace variable at frequency f. It is worth noting that the 
passivity of the approximated rational function is ensured according to 
the method proposed in [22]. Based on the calculated vector-fitting 
coefficients in (8), an equivalent circuit model can be realized, 

Fig. 3. (a) Topology of the series-protection device, (b) circuit model in grid 
frequency, (c) circuit model against transient.

Table 1 
Specifications of the test transformer.

Parameter Value

Ratio 10 kV / 0.4 kV
Vector Group YNyn0
Nominal Power 315 kVA
Nominal Frequency 50 Hz

Fig. 4. Transformer terminal impedance measurement: (a) Schematic repre
sentation of the setup, (b) Laboratory setup.
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according to Fig. 5 [23]. The parameter values of the equivalent circuit 
are obtained by Eqs. (9)–(14).

Constants d and e in (8) are represented by R0 and C0, as: 

R0 = 1 / d,C0 = e (9) 

The real poles are represented by the number of n RL branches with k 
= 1, …,n, as: 

Rk = − pk / ck, Lk = 1 / ck (10) 

Finally, the complex conjugate pairs with poles pʹ
k ± jpʹ́

k and corre
sponding residues ć k ± jcʹ́

k are represented by the number of m RLCG 
branches with k = n+ 1, …,m, yielded by: 

Lk = 1 /2ć k (11) 

Rk = ( − 2pʹ
k +2(ć kpʹ

k + cʹ́
kpʹ́

k)Lk)Lk (12) 

Ck
− 1 =

(
pʹ

k
2
+ pʹ́

k
2
+2(ć kpʹ

k + cʹ́
kpʹ́

k)Rk
)
Lk (13) 

Gk = − 2(ć kpʹ
k + cʹ́

kpʹ́
k)CkLk (14) 

Table 2 summarizes the parameters of the synthesized circuit model 
shown in Fig. 5, derived from the measured characteristics of the 
transformer. This circuit model is implemented in EMTP. Fig. 6 com
pares the measured and simulated transformer terminal impedance 
characteristics. The simulation is performed for two scenarios: (1) 
considering all obtained circuit model parameters (including both pos
itive and negative values) and (2) eliminating unimportant parameters 
to simplify the model. As illustrated, the transformer demonstrates 
susceptibility to series resonance conditions around 11 kHz.

Given that the primary goal of this study is to propose adequate 
protection for the transformer against transient surges at its terminals, 
particular attention is focused on the transformer’s resonance fre
quency. From a surge protection perspective, the equivalent circuit in 
Fig. 5 can be simplified by retaining only the branches that contribute to 
resonance while omitting the others. A laboratory circuit can be con
structed to replicate the transformer’s behaviour around its resonance 
frequency, allowing for experimental testing of the proposed PAIR de
vice. This experimental setup is demonstrated in Fig. 7(a).

To ensure that the behaviour of the implemented circuit closely 
matches that of the studied transformer, a frequency scan is performed 
using a VNA device, with the results illustrated in Fig. 7(b).

From the impedance character of the laboratory model synthesized 
for the transformer, it is evident that the critical resonance of the circuit 
is at approximately 11 kHz, and its impedance is around 1 kΩ. 
Accordingly, the synthesized circuit has almost the same character as the 
studied transformer around the critical resonance point. This circuit will 
be utilized to evaluate the PAIR in the next step.

Implementing a high-voltage impulse test in the laboratory carries 
risks to a real transformer due to potential overvoltages and resonances. 
To mitigate these risks, parameters obtained from the real transformer 
are used to develop a high-voltage laboratory transformer model. This 

Fig. 5. Synthesized equivalent circuit model.

Table 2 
Specifications of the test transformer.

Branch k Rk [Ω] Lk [mH] Ck [nF] 1/Gk [Ω]

0 1 × 106 – – –
1 341.35 11.34 × 103 – –
2 1 × 105 107.7 – –
3 1.6 × 105 210 × 103 2.97 × 10− 1 − 2.63 × 10− 7

4 1.22 × 103 53.5 3.25 − 8.97 × 104

5 − 1.41 × 104 282.88 1.91 × 10− 2 3.63 × 105

6 4.1 × 103 4.5 2.44 × 10− 3 − 1.12 × 106

Fig. 6. Transformer terminal impedance characteristic.

Fig. 7. (a) Laboratory implemented transformer model, (b) the transformer 
modeled circuit impedance sweep.
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model is designed to closely replicate the behavior of the actual trans
former. As can be seen in Table 2, using the vector fitting method, 
several circuit parameters have been obtained with negative values. 
Auxiliary optimization algorithms have been proposed in the literature 
to ensure the physical correctness of the equivalent circuit models by 
calculating non-negative parameters [24]. However, to prevent over
complicating the analysis, a trial-and-error approach was used in this 
paper. It was determined that adequate model accuracy around the 
resonance frequency can be achieved by simply eliminating certain el
ements from the parameters in Table 2. The eliminated elements include 
all elements in Branch 3, series resistance R5 in Branch 5, and parallel 
conductance G6 in Branch 6. By comparing the responses of the 
simplified model with the actual measurements in Fig. 6, it is evident 
that the corrected model accurately replicates the resonance behavior of 
the power transformer under study.

To further elaborate on resonance frequency detection and modeling 
for the development of a protection PAIR, cable-transformer combina
tion presents another critical concern in modern power systems [25]. 
Similar to standalone transformers, the resonance frequency of a 
cable-transformer system can be identified through a frequency scan of 
the cable-integrated transformer. Once the resonance frequency is 
identified, an air-core reactor with two tuning capacitors can be 
designed to counteract both critical resonance frequencies. The main 
steps for both cases follow a similar approach.

4. Protection device evaluation

In this section, the performance of the proposed PAIR is evaluated in 
three stages. Firstly, the impedance characteristics of the PAIR are 
analysed using frequency sweep measurements conducted with a VNA 
device to understand its behaviour in the frequency domain. Next, the 
configuration shown in Fig. 2 is modelled in EMTP software to deter
mine the transformer’s voltage response to a lightning impulse at its 
terminal. Finally, the PAIR’s performance is validated in a high-voltage 
laboratory setup, where its effectiveness in protecting the transformer 
circuit is assessed. The results of the EMTP simulations and high-voltage 
laboratory tests are then compared to ensure robust validation. The 
laboratory PAIR data are presented in Table 3.

The parameters of the proposed PAIR device are presented in 
Table 3. These specifications ensure that the PAIR introduces significant 
series impedance at the transformer’s resonance point, effectively 
increasing the transformer’s minimal impedance at this frequency to 
prevent resonance overvoltages (OVs). The designed PAIR, depicted in 
Fig. 8(a), is based on this strategy.

In the initial test, a frequency scan of the PAIR is performed to 
confirm its impedance behaviour at the transformer resonance point (11 
kHz in this case). As shown in Fig. 8(b), the PAIR exhibits an impedance 
of approximately 1.1 kΩ at 11 kHz, which slightly exceeds the trans
former’s impedance at its resonance frequency. According to (7), the 
PAIR will suppress more than half of the transformer voltage at this 
frequency.

Subsequently, the transformer model connected in series with the 
PAIR is simulated using the EMTP to assess the transformer’s voltage 
response during impulse testing. The time-domain test, illustrated in 
Fig. 9, along with experimental results, validates the PAIR’s effective
ness against impulse signals. The simulation results indicate that nearly 
1 % of the impulse voltage magnitude is mitigated at the transformer 
terminal, primarily due to the suppression of the frequency content 

around 11 kHz. Consequently, the transformer experiences no over
voltage during impulse excitation, confirming the PAIR’s effectiveness.

5. Experimental validation

This section elaborates on the high-voltage laboratory setup used to 
test the proposed PAIR device. The test circuit configuration is illus
trated in Fig. 9(a). In this setup, the output terminal of the impulse 
generator is connected to one terminal of the PAIR, with the other ter
minal linked to the protection-modelled circuit of the transformer. The 
remaining terminal of the transformer is grounded. Additionally, 
voltage divider measurement devices are connected to the terminals of 
both the impulse generator and the transformer.

For the test run, the impulse generator is charged to 33 kV, a level 
considered safe given the insulation’s withstand voltage. The impulse is 
then applied to the test setup, and the resulting voltages, shown in Fig. 9
(b), are recorded using a high-speed oscilloscope. These recorded results 
are presented in Fig. 10, together with the results from EMTP 
simulations.

As shown in Fig. 10, the voltage at the transformer terminal is lower 
than that of the impulse generator. Specifically, Fig. 10(a) illustrates that 
during the high-voltage laboratory test, while the impulse generator 
reaches a peak magnitude of 33 kV, the peak voltage at the transformer 
terminal remains at 31.5 kV. This observation closely aligns with the 
results from the EMTP simulations shown in Fig. 10(b), confirming the 
accuracy of the transformer terminal voltage prediction.

In summary, the use of the PAIR reduces the voltage at the trans
former terminal during impulse testing by 4.5 % and effectively prevents 
overvoltage occurrences due to the transformer’s critical resonance 
point.

Considering the impedance characteristics of the studied trans
former, as shown in Fig. 7(b), the critical resonance frequency is 11 kHz, 
which results in a resonance within the transformer. At this frequency, 
the transformer impedance is minimal (less than 1 kΩ), indicating that 
harmonics around this frequency can be detrimental. The PAIR is 
designed to mitigate this by providing high impedance against these 
harmful harmonics. Consequently, the experimental test focuses on the 
harmonics received by the transformer within the 9–12 kHz range, both 
with and without the operation of the PAIR. The results, presented in 
Fig. 11, provide a clear comparison.

As shown in Fig. 11, the magnitude of the frequency content in the 
transformer voltage is significantly suppressed, indicating that the PAIR 
effectively limits resonance and overvoltage. Specifically, the frequency 
content at 11 kHz is reduced by half, demonstrating successful mitiga
tion of resonance at this critical frequency. Additionally, the frequency 
content in the range close to 11 kHz is also suppressed, further con
firming the PAIR’s effectiveness in managing harmful harmonics.

6. Comparison study of PAIR

Table 4 presents the most significant criteria to highlight the speci
fication of the PAIR over the closest protection concept (choke). These 
criteria refer to: (i) the operation frequency range of each device, (ii) the 
provided impedance against the main frequency of the transient signal 
in the resonance point, magnetic saturation possibility, and (iii) the 
voltage level.

The reasoning behind this claim is that the design of the air-core 
reactor is applicable across all voltage levels, as presented in Table 4. 
Therefore, this method is viable for protecting transmission-level 
transformers that are susceptible to damage from transient phenom
ena. Additionally, the tuning parallel capacitor and resistor in this 
method have relatively small values, making them practically 
implementable.

Based on the data in Table 4, the operating frequency of PAIR is 
tuneable to align with the resonance frequency of the protected trans
former, whereas the choke is not tuneable, as its operating frequency is 

Table 3 
Specifications of the designed PAIR.

Inductance Lp 

(mH)
Resistor 
Rp (Ω)

Coil 
capacitance Cp 

(nF)

Tunning 
capacitance Ct 

(nF)

Voltage test 
level Vt (kV)

2 1400 2 8 35
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determined by the fixed R-L circuit components.
Moreover, PAIR’s air-core design eliminates concerns about core 

saturation, a significant issue for core-based series reactors like the 
choke. In terms of operating voltage levels, PAIR also has an advantage. 
Its air-core design allows for greater adaptability at higher voltage 
levels, while the choke, with its compact magnetic core, is typically 
limited to distribution transformers.

In summary, this comparison demonstrates that PAIR offers several 
advantages over the traditional choke as a protection method. PAIR not 
only improves resilience at higher voltage levels but also provides reli
able protection against resonance overvoltages in transformers.

7. Conclusion

This paper focuses on developing a protective device designed to 
shield wind farm transformers from transient signals that can trigger 
resonance overvoltages (OVs). The proposed protection device, referred 
to as PAIR (Parallel Air-core Inductor Resistor), consists of an air-core 
inductor and a parallel resistor connected in series with the trans
former. A comprehensive analysis, including PAIR design, EMTP simu
lations, frequency sweep measurements, and high-voltage impulse tests, 
demonstrates that the PAIR effectively safeguards transformers against 
resonance overvoltages without encountering saturation issues in its 
inductor. The simulated results and high-voltage impulse tests reveal 
that not only does the transformer coil avoid reaching overvoltage 
levels, but its voltage magnitude also decreases by 4.5 % during impulse 
testing. Furthermore, the measurements of the harmonic content around 
the transformer’s resonance point (11 kHz) show a 50 % reduction in the 
magnitude of these harmonics. This successful operation of the PAIR 
mitigates overvoltage risks and ensures the stable performance of 
transformer systems in wind farms. Furthermore, this protection method 
is applicable to all types of transformers, with the only variation being 

Fig. 8. (a) Transformer protection model circuit, (b) the transformer modelled circuit impedance sweep.

Fig. 9. (a) Transformer protection model circuit, (b) the transformer modelled 
circuit impedance sweep.
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the critical resonance frequency, which determines the specific tuning of 
the PAIR device.
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