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SUMMARY 

 

The evolution of electrical power systems demands an increasing reliance on unpredictable renewable 

energy resources (RES). However, integrating these resources poses challenges, as their intermittent 

nature introduces transient events that can significantly impact power transformers. These transient 

phenomena may initiate energy oscillations in the form of weakly-damped resonances between system 

elements, i.e., transmission lines and cables, transformers, and the grounding system. Such conditions 

may impose stresses beyond the tolerance of insulating materials, leading to fast lifetime degradation 

and, eventually, the failure of critical components in the network, such as the costly power transformers. 

The impedance of the grounding system can limit the dissipation of surges, hence, causing severe 

overvoltages upon transient phenomena. By employing detailed transient models of crucial system 

components, this research puts forward a comprehensive analytical study of the transient interactions. 

In this regard, an analytical high-frequency transformer winding model based on lumped elements, and 

wideband frequency-dependent models for cables and the grounding system derived by applying 

electromagnetic theory are presented. These models, integrated into electromagnetic transient software, 

enable the identification of vulnerabilities and examination of case studies involving lightning strikes 

and switching events. Furthermore, the details of a novel protection method applied to safeguard the 

transformer are discussed in this paper. The presented protection method consists of a ring toroid core 

and a resistive suppressor on the secondary side of the core. This protection component is connected in 

series with the transformer to decrease the harmonic content and magnitude of the transient signals. The 

design procedure of the series protection device against voltage transient signals is presented and 

elaborated. 
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INTRODUCTION 
 

The paradigm shift in electrical power systems, driven by the urgent need to combat climate change, has 

steered the focus toward harnessing renewable energy resources (RES). While promising, integrating 

RES introduces complexities, particularly concerning the reliable operation of power transformers. The 

unpredictable nature of these resources leads to frequent system changes due to many switching 

operations. Moreover, along with the expansion and interconnection of electrical power systems, they 

have become more susceptible to external disturbances from phenomena such as lightning strikes. These 

events are associated with the redistribution of electrical and magnetic energies between the components 

of the system, which take place accompanied by the excitation of the system’s natural frequencies [1]. 

The resultant transient events can induce overvoltages with nonlinear distributions in transformer 

windings. Hence, the voltage may exceed the insulation withstand of a single or multiple winding coil(s), 

potentially compromising the transformer integrity and, consequently, the overall system reliability. 

A significant contribution by CIGRE WG A2/C4.39 [1] focuses on this critical area, aiming to clarify 

the reasons behind transformer dielectric failures attributed to transient overvoltages. Their findings 

challenge the adequacy of existing factory-proof tests in standards, suggesting these tests might not 

comprehensively cover diverse transient events. Standard lightning impulse wave shapes may not reflect 

service conditions involving various scenarios such as reactor switching, HVDC converters, capacitor 

banks, GIS switching, and transformer energization via feeder cables. Additionally, the grounding 

system behaves differently across frequencies in real-world conditions compared to controlled lab 

settings [2]. Moreover, authors in [1] highlighted how resonance frequencies impact transformers, 

illustrating that specific network setups could induce oscillatory voltage waves at transformer terminals 

that coincide with their natural frequencies. This resonant voltage buildup can compromise insulation 

withstand capabilities, even at levels lower than their basic insulation level. 

This inadequacy in addressing transient phenomena has led to reported failures [1]. For instance, in the 

United States [1], a single-phase fault caused flashovers in auto-transformers approximately 145 miles 

from the fault location. In Mexico, shell-form 230 kV generator step-up transformers experienced 

failures due to insufficient protection from lightning arresters and resonance excitation by lightning 

impulses [3]. In the United Kingdom [1], dielectric faults were encountered due to remote energization, 

causing internal over-voltages and leading to failures in power transformers. Failures in Brazil [1] also 

raised concerns about abnormal disconnector switching near equipment, causing unexplained dielectric 

failures in autotransformers. In Japan [1], lightning damaged distribution transformers multiple times 

due to internal resonance over-voltages. These failures highlight the necessity for deeper investigation 

into transformer-system interactions during transient events, emphasizing the need to consider both peak 

overvoltages and the frequency content of the transient.  

By applying suitable transformer models, the interaction between network components and transformers 

can be studied. The effect of cable–transformer interactions on the currents and resonating voltages 

distributed along the transformer winding due to vacuum circuit breaker (VCB) prestriking transients 

were studied in [4]. An analytical study of cable–transformer interactions, focusing on the resonance 

overvoltages occurring on the secondary side of the transformer, was conducted in [5]. In [6], a detailed 

analysis of this phenomenon was carried out, focusing on the high-frequency interactions between cable 

systems and transformers and the topologies prone to such effects. This study demonstrated that a severe 

oscillating overvoltage condition may prevail when the resonance frequencies of the cable and 

transformer match one another. The impact of the external network on transformer internal voltages was 

studied in [7], where voltages on transformer terminals were mapped on critical points along the 

transformer winding with the help of a sectionized model. In [8], the resonances of cables connected to 

transformers were studied, highlighting the impact of cable terminal impedance.  

Protecting transformers against these overvoltages is important and, as such, has been investigated in 

many scientific and industrial projects [9, 10]. Among various types of protection methods, series 

protection devices offer several advantages in protecting  the transformers against transient signals. Their 

isolated design simplifies insulation requirements, contrasting with concerns faced by parallel protection 

devices for high-voltage systems [11-14].  

The current research endeavors to elucidate the behavior of transformers during transient events and 

develop robust protection schemes. The paper begins by presenting an analytical high-frequency 
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transformer winding model. Subsequently, a comprehensive grounding system model employing full-

wave electromagnetic theory is also presented. Understanding the system vulnerabilities regarding 

mutual interactions between components during transient events calls for a  unified simulation platform, 

taking into account detailed models of transformers, transmission lines/cables, and the grounding 

system.  In this regard, EMT-type software is employed as the simulation platform for vulnerability 

identification analyses. The paper culminates in presenting a detailed analysis of a series protection 

method specifically designed for transformers, leveraging toroid cores' magnetic properties simulated 

by finite element methods (FEMs), as a practical measure against fast transients. 

 

RESEARCH METHODOLOGY 
1. POWER TRANSFORMER MODEL 

Transformer models are categorized into three main types: black-box, white-box, and grey-box models 

[15] . Among these, the white-box modeling approach is particularly well-suited for transient studies 

involving overvoltages inside the transformer, as it provides detailed information about internal behavior 

and interactions with other components. However, for other types of system transients, simpler 

transformer models are typically used. White-box modeling provides analytical representations of 

transformers based on their internal physical characteristics. To obtain these physics-based models, 

transformers can be represented in one of two ways: 1) through basic lumped circuit elements that 

simplify windings down to inductances, resistances, and capacitances, or 2) through distributed 

parameters that capture the transmission line aspects. Studies like [16] demonstrate that lumped 

modeling offers sufficient accuracy for fast transients; this approach is also adopted in this study. 

Implementing lumped-element approach involves subdividing transformer windings into smaller 

sections or units. Fig. 1 illustrates this model with elements Lhv, Llv, Mij, Min, and Mjn, which represent 

the self-inductances of the high voltage (HV) and low voltage (LV) winding sections, the mutual 

impedance between them, and with other components, respectively. Additionally, Rhv and Rlv denote the 

conductor resistances for the HV and LV winding sections, while capacitances Chv, Clv, Chl, Chg, Clg 

account for capacitances of HV and LV sections, between HV/LV-sections, and between sections and 

the transformer tank and core. The procedure of determining the values of these elements is further 

explained in [13, 17].  

 
Fig. 1. An illustration of the transformer model. 

 

Having all the elements, the model can be constructed. To validate the method's accuracy, the frequency 

response of an HV winding consisting of twenty-two disks, each with forty turns, is measured and 

compared with the model. This is shown in Fig. 2. In this model, each disk is considered as one section. 

The details of this winding are according to Table I.  

 

2. GROUNDING SYSTEM MODEL 

The electrical system grounding serves two purposes: ensuring personnel safety near high-voltage 

components and offering a return path for fault currents. The grounding system behaves resistively from 

power frequency up to several tens of kHz. However, for higher frequencies, the response to surge 

currents may be inductive or capacitive [18]. Accurately capturing grounding system response requires  
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(a) 

 
(b) 

Fig. 2. (a) High voltage winding of a transformer and (b) its terminal impedance. 
 

TABLE I. DETAILS OF THE TEST WINDING. 

Number of Disks 22 

Number of turns per disk 40 

Conductor dimensions 1.8 mm ×× 8 mm 

Conductor insulated dimensions 
3.11 mm ×× 9.31 

mm 

Radial build 125.5 mm 

Inner diameter 750 mm 

Outer diameter 1001 mm 

Vertical distance between disks 4 mm 

Number of disks with three turns of shields 4 

Number of disks with two turns of shields 4 

Number of disks with one turn of shields 4 

Number of disks with no shields 10 

solving Maxwell's equations for conductors, which is challenging given the complexity of 

interconnected bare conductors in contact with the soil medium. This study utilizes electromagnetic 

theory to derive the grounding system response by incorporating the grounding grid's geometrical data, 

soil characteristics, and connection points to the network [19]. In this way, the grounding system's 

response is computed by applying a rigorous electromagnetic field theory, providing a bus impedance 

matrix seen from the grounding terminals [20].  

Fig. 3(a) demonstrates a substation grounding grid, as an 80 m  40 m rectangular network with 5 m  

5 m square meshes. The grounding grid is formed of interconnected copper conductors with a radius of 

5mm, b r e     the 0.5m  epth    s      th a res st   ty    100 Ωm. To incorporate the grounding 

system's response, the impedances seen from the grounding terminals are obtained across the desired 

frequency spectrum. Subsequently, the vector fitting algorithm [21-23] is applied to synthesize the 

frequency-dependent impedances of the grounding system to be implemented in EMT-type programs 

for further analysis of system transients [24]. The response of the simulated grounding system obtained 

from the specified point and its implementation in an EMT-based software is illustrated in Fig. 3(b). 

 

3. TRANSMISSION LINE/CABLE MODEL 

Solving traveling wave equations, with reference to Fig. 4, enables modeling the terminal currents and 

voltages of the line/cable as a two-port network [25]: 

 

[
𝐈k

𝐈m
] = {(𝐔 − 𝐇𝟐)

−𝟏
[𝐇𝟐 + 𝐔 −𝟐𝐇

−𝟐𝐇 𝐇𝟐 + 𝐔
] 𝐘C} [

𝐕k

𝐕m
] (1) 
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(a)  

(b) 

 
Fig. 3. (a) Substation's grounding grid. (b) Grounding system response. 

 

 
Fig. 4. Transmission line/cable segment. 

 

where 𝐔 is the identity matrix and 𝐇 and 𝐘𝑐 correspond to the propagation function and characteristic 

admittance matrices, defined as: 

𝐇(𝜔) = 𝑒−Γ(𝜔)𝑙; Γ(𝜔) = √𝐘𝐙; 𝐘C = √
𝒀

𝐙
 (2) 

where 𝐙 and 𝐘 are the p.u. length series impedance and shunt admittance matrices, respectively.  

The line/cable models, similar to other frequency-dependent responses, are implemented in the EMT-

type programs using the vector fitting technique. In this regard, the propagation functions 𝐇 and the 

characteristic admittances 𝐘𝑐 are approximated by rational functions as: 

 

𝐘𝑐 ≈ 𝒌0 + ∑
𝒌𝑛

𝑠 − 𝑎𝑛
 

𝑁𝑝𝑌

𝑛=1

(3) 

𝐇 ≈ ∑ (∑
�̅�𝒊𝒋

𝑠 − �̅�𝑖

𝑁𝑝𝐻

𝑖=1

) 𝑒−𝑠𝜏𝑗

𝑁𝑚𝑜𝑑

𝑗=1

 (4) 

 

where 𝑁𝑝𝑌 and 𝑁𝑝𝐻  denote the number of poles while 𝒌𝑛 and �̅�𝒊𝒋 denote the matrices of residues 

corresponding to 𝐘𝑐 and 𝐇. It is worth noting that 𝜏𝑗 is the inherent time delay associated with each of 

the total 𝑁𝑚𝑜𝑑 propagation modes. 

 

4. TRANSIENT SIMULATION 

This section adopts a fictitious setup for studying transformer resonances during transients. In this 

regard, a single-phase transformer model is developed, with the details shown in Table II. As previously 

discussed, the vector fitting algorithm is applied to the transformer's admittance matrix. The resulting 

constants are then implemented into EMT-based software.  
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Table II. Details of the fictitious transformer. 

Number of HV Disks 22 

Number of turns per HV disk 40 

HV Conductor dimensions 1.8 mm × 8 mm 

HV Insulated conductor dimensions 
3.11 mm × 9.31 

mm 

HV inner diameter 750 mm 

HV outer diameter 1001 mm 

HV Nominal voltage 115 kV  

Number of LV turns 50 

LV Conductor dimensions 5 mm × 20 mm 

LV Insulated conductor dimensions 6 mm × 21 mm 

LV inner diameter 600 mm 

LV outer diameter 720 mm 

LV Nominal voltage 3.45 kV  

Turn ratio 0.03 

 

The transformer is connected to a cable of 442.6 m in length which is solidly bonded, with a core 

diameter of 30 mm, a   a t ta    ameter    55 mm. Th s cab e has a character st c  mpe a ce    103 Ω 

and a propagation delay of 2.235 µs. It is important to mention that cable resonance frequencies depend 

on the length of the cable as well as its per-length capacitance and inductance. Equation (5) represents 

the fundamental resonance frequency of the cable, 𝑓𝑟𝑒𝑠, as a function of cable length, l, and wave 

propagation speed in cable, v, [7]: 

𝑓𝑟𝑒𝑠 =
𝑣

4𝑙
(5) 

 

The cable-transformer compound is connected to the network through a circuit breaker (CB), as 

demonstrated in Fig. 5. In this study, prestriking transients due to transformer energization are analysed. 

To such an aim, the CB is modelled considering the gap withstand characteristic corresponding to the 

distance between its contacts and the high-frequency current chopping according to the following 

equations [26]: 

 

𝑈𝐵 = 𝐴(𝑡 − 𝑡0) (6) 
𝑑𝑖

𝑑𝑡
= 𝐵 (7) 

 

where the contact withstand voltage of the CB is denoted by 𝑈𝐵, and its high-frequency current chopping 

capability is characterized by the critical current derivative 𝑑𝑖 𝑑𝑡⁄ . The contact closing instant is 𝑡0, and 

the gap withstand characteristic corresponding to the decrease of contact distance is considered by A = 

−0.1 k /µs. The cr t ca  c rre t  er  at  e   r h  h-frequency current chopping is considered to be 

constant with B = 350 A/µs [24]. 

In the following, the transformer energization prestriking transients are analysed in two conditions: 

with and without cable. 

A. Tra s  rmer e er  zat    tra s e ts   th  t cab e 

Fig. 6 shows the terminal impedance of the HV winding of the transformer with the LV side open, as 

well as its secondary-to-primary voltage ratio. As can be seen in Fig. 6, the transformer has a major 

resonance at around 111.5 kHz. Therefore, this resonance frequency can be expected to be excited upon 

transients. Fig. 6(b) sh  s the tra s  rmer’s rat   as a     s       the    ta e at the            t  the 

voltage at the HV winding terminals over the frequency spectrum. Notably, while the nominal ratio of  

 

 
Fig. 5. Single-line diagram of the test system. 
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(a) (b) 
Fig. 6. Frequency response of test transformer: (a) HV terminal impedance, (b) Voltage ratio. 

 

the transformer around the nominal frequency of 50 Hz has a relatively low value, it rises sharply around 

the resonance frequency. It is also observed that the impedance phase angle at the resonance frequency 

is zero, and the voltage components at the resonance frequency are perpendicular, thus characterizing a 

phase difference of ±90° in the voltage transfer ratio. 

The transformer is energized by a sinusoidal source at the line-to-line RMS voltage of 115 kV. In this 

regard, the contact closing time is set at the peak of the excitation voltage. The voltages upon transformer 

energization are demonstrated in Fig. 7. The voltage across the CB is shown in Fig. 7(a), where dashed 

   es represe t the c  tact   thsta      ta e. The    ta e at the tra s  rmer’s    a      term  a s 

have been illustrated in Figs. 7(b) and 7(c), respectively. CB prestrikes shown in Fig. 7(a) have imposed 

steep tra s e ts    the tra s  rmer’s    term  a , represe te     F  . 7(b). These transients have, in 

return, excited high-frequency resonance modes of the transformer, causing the oscillating overvoltages 

observed at the LV terminal, as shown in Fig. 7(c). As expecte   r m the tra s  rmer’s c  p     rat  , 
the high- req e cy tra s e ts ha e bee  tra s erre   r m the tra s  rmer’s    s  e t   ts    s  e   th 

high amplitudes. 

B. Tra s  rmer e er  zat    tra s e ts   th cab e 

In this subsection, transformer energization transients have been analysed considering the presence of 

 

(a)  

  
(b) (c) 

Fig. 7. Energization transients for transformer without cable: (a) Voltage across CB, (b) Voltage on transformer 

HV terminal, (c) Voltage on transformer LV terminal. 
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the   tr   ce  cab e bet ee  the s  tch ear a   the tra s  rmer’s    term  a . The harm   c 

impedance of the transformer at the HV terminal, the short circuit impedance of the cable, and the total 

impedance of the cable–transformer compound have been demonstrated in Fig. 8(a). As can be seen, the 

cable's first resonance frequency coincides with the transformer's major resonance frequency at 111.5 

kHz. In this condition, due to the mutual interactions between the cable and the transformer, the 

resonance point is split into two resonance frequencies of 103.3 kHz and 115.9 kHz. Fig. 8(b) illustrates 

the voltage ratio between the tra s  rmer’s    term  a   and the cable. As shown in Fig. 8(b), the 

presence of the cable has led to a drastic increase in voltage ratio to the secondary side of the transformer. 

It is worth mentioning that the voltage components at the two resonance frequencies of 103.3 kHz and 

115.9 kHz are perpendicular, corresponding to phase shifts of +90° and -90°, as shown in Fig. 8(b). 

Similar to the previous subsection, the CB energizes the cable–transformer compound with a contact 

closing time of 10 ms. Fig. 9 illustrates the transients upon CB closing, considering the energization of 

the transformer through the cable. Fig. 9(a) shows multiple prestrikes as the withstand voltage between 

CB contacts decays. Compared to the case without the cable, the observed prestrikes characterize higher 

variations and are spread along the total interval until the CB is fully closed. This condition indicates 

the recurrence of high transient recovery voltages (TRVs) upon arc extinguishment in the CB. The 

presence of the cable has led to excessive voltage build-up on the transformer HV terminal, as 

demonstrated in Fig. 9(b). These increased voltages, on the one hand, and the high voltage ratio around 

the resonance frequency, on the other hand, have led to severe resonating overvoltages on the 

transformer's LV terminal up to around 170 kV, as shown in Fig. 9(c). It is worth noting that the beating 

voltage waveform in Fig. 9(c) is formed due to the simultaneous excitation of two nearby resonance 

frequencies at 103.3 kHz and 115.9 kHz. 

 

  
(a) (b) 

Fig. 8. Frequency response of test transformer with cable connected to HV terminal: (a) Impedance responses, (b) 

Voltage ratio. 

 

 

 
(a) 
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(b) 

 
(c) 

Fig. 9 Energization transients for transformer with cable: (a) Voltage across CB, (b) Voltage on transformer HV 

terminal, (c) Voltage on transformer LV terminal. 

 

5. PROTECTION METHOD 

This section discusses the main features and effects of the series-type protection device consisting of a 

ring core and a resistive suppressor as a secondary circuit of the ring core. The existing well-known 

shunt protection devices, such as surge capacitors, RC snubbers, and ZORCs, are indeed very practical 

for suppressing transient signals at low and medium-voltage levels. However, these devices typically 

exhibit high reactive power consumption, which makes them less suitable for application in high-voltage 

power transmission systems. Unlike the conventional shunt protection devices, this proposed solution 

consumes almost negligible reactive power during the system's normal operation. This is an important 

advantage, as it allows the protection device to be effectively deployed in high-voltage transmission 

networks without significantly impacting the overall reactive power balance of the system. The principle 

of the series-type protection methods against voltage transient signals is based on reducing the 

magnitude of specific frequency content of the transient waveform as well as decreasing the voltage 

variation rate. Fig. 10 illustrates the configuration of the proposed series protection device integrated 

with a transformer and cable. This figure shows that the protection device (blue box) is connected in 

series between the transformer and cable, where its voltage drop 𝑣𝑝(𝑡) decreases the transient voltage 

of the transformer 𝑣𝑡𝑟(𝑡). The operation principle is defined by (8): 

 

𝑣𝑡𝑟(𝑡) = 𝑣𝑛(𝑡) − 𝑣𝑝(𝑡) (8) 

 

Here, 𝑣𝑛(𝑡)  s a tra s e t    ta e at    e “ ”. F  . 11  ep cts the ser es pr tect     e  ce str ct re    

configuration with a cable and transformer.  

The design procedure of the series protection device is prepared by considering the critical resonance 

point of the transformer and features of the voltage transient signal. In the first stage, the required 

 

 
Fig. 10. Protection device configuration with the transformer and cable. 

 

 
Fig. 11. Protection device configuration with the transformer and cable. 
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impedance imposed by the series protection is determined by obtaining the impedance of the transformer 

in resonance conditions. In the subsequent stage, the protection device core size is computed to ensure 

acceptable impedance, effectively suppressing the magnitude of transient signals while operating out of 

the saturation region. In the final phase of the design process, the selection of the resistor on the 

secondary side of the ring core is paramount. This decision is based on evaluating both the assumed 

magnitude of the transient signal and the power loss in the resistor. If the initially calculated power loss 

excee s the res st r’s capac ty, its specification should be recalculated to bring it within an acceptable 

threshold of power loss. Regarding the energy dissipation in the resistor, the peak current can reach 

several kiloamperes during transient conditions. However, considering a typical transient signal duration 

of 50 microseconds, the maximum energy dissipation in the resistor would not be significant. The level 

of energy dissipation is not excessively large and can be effectively managed through regular geometric 

design of the resistor and the use of a heat sink.   Fig. 12 shows the design procedure of series protection 

of the transformer against transient voltage in a flowchart diagram.  

Regarding vn (the transient voltage at the terminal of the protection device) in Fig. 10, this voltage can 

be divided into the voltage drop over the protection device and transformer during the transient 

phenomenon. Indeed, at the resonance frequency of the transformer, which causes transformer 

  er   ta e, the tra s  rmer’s re at  e y      mpe a ce a   the ch ke’s h  h  mpe a ce res  t    a 

drastic decrease of the transient signal magnitude at the transformer resonance frequency. Accordingly, 

the vital conditional equations to safeguard the transformer are presented in (9)-(12). 

 
𝑉𝑡𝑟 ≤ 𝑉𝑠𝑔 (9) 

𝑉𝑡𝑟 =
𝑉𝑛. 𝑍𝑡𝑟

𝑍𝑡𝑟 + 𝑍𝑝
 (10) 

𝑉𝑛. 𝑍𝑡𝑟

𝑍𝑡𝑟 + 𝑍𝑝
≤ 𝑉𝑠𝑔 (11) 

 

 

 

 
Fig. 12. Series protection design procedure. 
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(
𝑉𝑛. 𝑍𝑡𝑟

𝑉𝑠𝑔
) − 𝑍𝑡𝑟 ≤ 𝑍𝑝 (12) 

 
Here, 𝑉𝑡𝑟, 𝑉𝑛, and 𝑉𝑠𝑔 are the tra s  rmer’s    ta e,    e “ ”    ta e, a   the sa e  ar        ta e  e e , 

respectively. In (9), it is assumed that the voltage of the transformer must be equal to or less than a 

safeguarding voltage. Also, 𝑍𝑡𝑟 and 𝑍𝑝 are the transformer and protection device impedance. 

Considering that the studied frequency is a resonance frequency of the transformer 𝑓𝑟, the value of the 

resistance 𝑅𝑠 and inductance of the protection device 𝐿𝑠 can be computed according to the equation 

(13): 

(
𝑉𝑛(𝑓𝑟). 𝑍𝑡𝑟(𝑓𝑟)

𝑉𝑠𝑔
) − 𝑍𝑡𝑟(𝑓𝑟) ≤

𝑅𝑠. 𝑗2𝜋𝑓𝑟𝐿𝑝

𝑅𝑠 + 𝑗2𝜋𝑓𝑟𝐿𝑝
 (13) 

 

Fig. 13 presents the impedance response of an example series protection device, demonstrating that its 

impedance is just a few milliohms at the power system frequency. As seen in the illustration, the 

impedance of series protection changes linearly with frequency. The choke operates in a frequency 

  ma   bet ee  70 k z a   1   z,  here the  mp se   mpe a ce  a  e  ar es bet ee  100 Ω a   1.5 

kΩ. It is worth noting that the protection device appears to be effective, even in the face of modeling 

uncertainties. These uncertainties could lead to resonance shifts, deviating from reality. However, the 

characteristic impedance of the device offers the necessary flexibility to manage these challenges, 

facilitating more effective parameter selection. 

 

 
Fig. 13. An instance frequency response of series protection device. 

 

Through the integration of the series protection device with the cable and the transformer model, focus 

is put on the system's impedance around the resonance point, as illustrated in Fig. 14. The red curve in 

the figure represents the system impedance near the resonance point, showing a significant decline of 

only several ohms. This notable reduction in impedance is mainly attributed to overvoltage in the 

transformer.  

Connecting the series protection to the transformer compensates the system impedance by imposing the 

impedance of the series protection device, effectively suppressing overvoltage. The blue graph in the 

    re sh  s a s      ca t  mpr  eme t    the system’s resp  se a ter app y    the pr tect     e  ce. 

As it is observable, dangerous conditions around the resonance frequencies are well alleviated, 

especially around the targeted frequency of matched cable and transformer resonances. The increase in 

impedance at these resonance points provides protection for the transformer against overvoltage, 

ensuring its safeguarding. Furthermore, this increase in impedance around resonance points can suppress 

other resonance around the main resonance frequency and also ensure suppression of shifted resonance 

frequency. 

In order to evaluate the performance of the protection device in time domain, similar to previous 

sections, EMT simulations of transformer energization have been carried out, with the protection device 

present in the circuit. Simulation results have been represented in Fig. 15. Comparing the results 

demonstrated in Fig. 9 (without protection) and Fig. 15 (with protection), one can observe the excellent 

performance of the protection device in mitigating the severe resonating overvoltages excited in the 

cable-transformer system. It is notable that the terminal voltages have been alleviated from  
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Fig. 14. System impedance response with and without series protection device. 

 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 15. Energization transients for cable and transformer after applying protection: (a) Voltage across CB, (b) 

Voltage on transformer HV terminal, (c) Voltage on transformer LV terminal. 

 

around 215 kV to around 125 kV at the HV side and from around 160 kV to around 22 kV at the LV 

side. 

 

CONCLUSION 

 
The paper presents physics-based analytical models and analysis approaches to study transformer 

vulnerabilities and develop a protection solution for emerging grid transient threats. A transformer 

winding model has been developed to calculate voltage distribution in the windings and determine its 

resonant frequencies. The model has been validated through comparison with experimental 

measurements. Examining transformer energization transients with and without a connected cable 

underscores the critical impact of resonances and coupling ratios on system behaviors. This analysis 

shows the risk for resonating overvoltages and transient recovery voltages under different system 

configurations. Utilizing the data obtained through simulations, a protection device against transients 

has been developed. This scheme aims to provide an impedance that dominates the transformer's 
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impedance at resonance frequencies, suppressing any overvoltages that may occur. The series 

connection avoids issues like high-frequency grounding impedances in shunt mitigation solutions. The 

protection device's design procedure is presented, and its impedance response demonstrates the 

effectiveness of the protection device against the critical resonance point of the transformer by 

increasing the system impedance around the resonance points.  
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