
 
 

Delft University of Technology

Effect of cable sheath termination on transient overvoltages due to high-frequency cable-
transformer resonance

Behdani, Behzad; Niasar, Mohamad Ghaffarian; Popov, Marjan

DOI
10.1016/j.epsr.2025.112130
Publication date
2026
Document Version
Final published version
Published in
Electric Power Systems Research

Citation (APA)
Behdani, B., Niasar, M. G., & Popov, M. (2026). Effect of cable sheath termination on transient overvoltages
due to high-frequency cable-transformer resonance. Electric Power Systems Research, 250, Article 112130.
https://doi.org/10.1016/j.epsr.2025.112130

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.epsr.2025.112130
https://doi.org/10.1016/j.epsr.2025.112130


I

Electric Power Systems Research 250 (2026) 112130 

A
0

 

Contents lists available at ScienceDirect

Electric Power Systems Research

journal homepage: www.elsevier.com/locate/epsr  

Effect of cable sheath termination on transient overvoltages due to 

high-frequency cable-transformer resonanceI,II

Behzad Behdani , Mohamad Ghaffarian Niasar , Marjan Popov ∗

Delft University of Technology, Faculty of EEMCS, Mekelweg 4, 2628 CD Delft, The Netherlands

A R T I C L E  I N F O

Keywords:
Cable
High-frequency
Overvoltage
Resonance
Sheath grounding
Transient

 A B S T R A C T

High-frequency resonances in cable-transformer systems can result in excessive overvoltages, increasing the 
probability of insulation failure for critical components such as power transformers. These resonances occur 
due to the interaction between the cable and transformer and are influenced by the cable’s characteristics, 
including the length and wave propagation velocity. In addition, the terminating impedances of the cable’s 
core and sheath conductors affect the resonance characteristic of the cable as well. Applying single-point sheath 
grounding to the high-voltage cable connecting the switchgear to the power transformer is conventional. This 
paper demonstrates that the cable-transformer resonances and resulting overvoltages can vary significantly 
depending on the end at which the sheath conductors are grounded. An in-depth investigation of such effects is 
carried out through rigorous mathematical analysis, followed by experimental validation and simulations in an 
electromagnetic transient (EMT)-based software using models that properly represent the equipment behaviors 
in a wide-frequency range. The results indicate that sheath conductor grounding configuration can profoundly 
affect the system response, influencing the severity of transient overvoltages caused by cable-transformer 
resonances.
1. Introduction

Transient overvoltages (OVs) emerge in power system components 
from internal origins, such as faults and circuit breaker (CB) switching 
operations, and external origins from lightning discharges. Modern 
power systems have become increasingly susceptible to transient OVs 
due to two factors. First, by the growing expansion and interconnection 
of the electrical network to meet the increasing energy demands, they 
have become more exposed to incidents such as faults and lightning 
strikes. Moreover, as the integration of renewable energy sources in-
creases, the stochastic nature of these sources will lead to more frequent 
switching operations [1]. The resultant OVs stress the insulation ma-
terial and shorten the lifetime of crucial components such as power 
transformers [2].

During transient events, electromagnetic energy is redistributed 
among system components. This process does not occur instantly, 
but in an oscillatory way following the system’s natural resonance 
frequencies [3]. The resonance phenomenon is an inherent property 
of electrical circuits, where energy is periodically exchanged between 
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TenneT, DSO Alliander/Qirion, Royal SMIT Transformers B.V., and TSO National Grid, UK, under the project ‘‘Protection of Future Power System Components 
(PRoteuS)’’, No. 18699.

I Paper submitted to the International Conference on Power Systems Transients (IPST2025) in Guadalajara, Mexico, June 8-12, 2025.
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E-mail addresses: B.Behdani-1@tudelft.nl (B. Behdani), M.Ghaffarianniasar@tudelft.nl (M.G. Niasar), M.Popov@tudelft.nl (M. Popov).

the circuit’s capacitances and inductances. Consequently, mutual in-
teractions in cable transformer systems introduce high-frequency (HF) 
resonances to the system, accompanied by OVs [4]. With the increas-
ing application of cable-based power transmission and distribution in 
modern power systems, power transformers become more vulnerable 
to these undesirable effects.

Cable-transformer transient resonances attract considerable atten-
tion. The research work in [5] deals with resonances between the 
transformer and supplying cable, where severe OVs occurred on the 
transformer’s secondary side during energization. Through detailed 
experimental and theoretical investigation, the study in [6] analyzed 
the contribution of the supplying cable to the amplification of tran-
sient surges distributed along transformer windings and internal reso-
nant overvoltages during transformer energization by a vacuum circuit 
breaker (VCB). In [7], a transformer with accessible internal nodes was 
used to analyze the distribution of transient voltages along the windings 
for various supply cable lengths and secondary side terminations. HF 
cable-transformer resonances were studied in [8], highlighting several 
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topologies prone to resonances, such as ground faults and switch-
ing operations. In [9], a detailed analysis was carried out on cable-
transformer resonances generated by VCB prestrike transients. A theo-
retical study conducted in [10] demonstrated that quarter-wavelength 
standing waves formed in the cable were the reason for mutual cable-
transformer resonances, which led to excessive OVs at the transformer 
low-voltage (LV) side.

In high voltage (HV) cables, sheath conductors are usually grounded 
to provide a fault current return path, confine the electric fields within 
the insulation, and clamp the capacitive sheath voltage build-up during 
normal operation and transient phenomena [11]. While sheath conduc-
tors in long HV cables are often properly connected to the ground with 
solid- and cross-bonding arrangements, short cables connecting the 
switchgear to the power transformer are usually provided with a single-
point sheath grounding. When the sheath is grounded at both ends, 
circulating currents are formed under normal operating conditions, 
leading to sheath losses and limitation of the cable’s ampacity. By 
employing single-point sheath grounding, these circulating currents are 
eliminated, preventing such losses and ampacity limitations [12]. Other 
analyses performed on wave propagation and transient behavior of 
cable systems solely consider the response of coaxial modes, while the 
effect of sheath modes on cable’s resonance frequencies is addressed 
in only a few studies [13–15]. Nevertheless, these studies have only 
focused on cross-bonded cables, neglecting the effect of single-point 
grounding arrangements.

This paper addresses the effect of sheath conductor termination on 
the transient response of HV cables. Initially, the sheath conductor 
termination effect on the cable’s impedance response is assessed by 
using distributed-parameter cable equations. Subsequently, simulations 
are performed on a test system in EMTP to study the sheath conductor 
termination effect on cable-transformer resonances. To this end, proper 
models are applied to represent the behavior of system components 
in a wide frequency range; namely cables, power transformers, and 
grounding grids. Eventually, an experimental analysis is carried out to 
verify the effect of the end at which the metallic sheath is grounded 
on cable-transformer resonances. The results indicate that the end at 
which the sheath conductor is grounded significantly impacts cable-
transformer resonances and, hence, the severity of prevailed transient 
OVs. It is shown that applying a single-point grounding of the cable’s 
sheath at the transformer side results in the suppression of resonant 
OVs.

It is worth mentioning that the objective of this study is not to 
predict the OVs affecting specific installations in a particular power 
system but rather to demonstrate the effect of cable sheath terminations 
on the mutual cable-transformer resonant interactions in a general 
context. As it is supported by the theoretical analysis, the results of 
this study are not limited to the examined simulation and experimental 
setups but can be generally extended to any typical cable-transformer 
system.

The article is organized as follows. The sheath termination effect on 
cable resonances is analyzed in Section 2. The implemented test system 
is described in Section 3. In Section 4, resonances occurring between 
the cable and transformer are investigated considering different cable 
sheath terminations through EMTP simulations. In Section 5, the analy-
sis is validated by measurements using an experimental test setup. The 
presented analysis is concluded in Section 6.

2. Theoretical analysis of cable resonances

An 𝑛-conductor cable system can be represented by the nodal ad-
mittance matrix 𝐘n in the frequency domain as [16]: 
[

𝐈s
]

=
[

𝐘e 𝐘m
]

×
[

𝐕s
]

(1)
𝐈r 𝐕m 𝐘e 𝐕r

2 
Fig. 1. Finite-length distributed-parameter cable section.

where 𝐈 and 𝐕 are 𝑛×1 current and voltage vectors at the sending- and 
receiving end, indicated by subscripts ‘‘s’’ and ‘‘r’’, respectively. The 𝑛×𝑛
matrices 𝐘e and 𝐘m are given by: 

𝐘e = 𝐘0 coth (Γ𝑙) (2)

𝐘m = −𝐘0 csch (Γ𝑙) (3)

where 𝐘0 and Γ denote the characteristic admittance and propagation 
function matrices, and 𝑙 is the line/cable length.

For the analysis, the cable section shown in Fig.  1 is considered. The 
relation between currents and voltages in the cable section is expressed 
by rewriting Eq. (1) in the following form: 
⎡
⎢
⎢
⎢
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⎥
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(4)

where the elements of the nodal admittance matrix in (4) can be 
calculated according to the Appendix as: 
𝐴ij = 𝑎ij coth (𝛾𝑙)

𝐵ij = −𝑏ij csch (𝛾𝑙) ; 𝑖, 𝑗 = 1,… , 𝑛
(5)

As it is expressed in (5), all elements of the nodal admittance matrix 
𝐘n, including those corresponding to the core and sheath, have the 
same propagation function 𝛾. The propagation function 𝛾 is a complex 
number in the form of 𝛾 = 𝛼 + 𝑗𝛽, where 𝛼 is the attenuation- and 𝛽 is 
the phase coefficient, expressed in terms of the excitation frequency 𝑓
and wave propagation velocity 𝑣′ by 𝛽 = 2𝜋𝑓∕𝑣′ [16]. Now, as it was 
shown that all conductors are characterized by the same propagation 
function 𝛾, they will have the same phase coefficient 𝛽, and thus, it 
can be concluded that the wave propagates with the same velocity 
𝑣′ = 2𝜋𝑓∕𝛽 in all the conductors.

Resonance in electrical circuits occurs when electric and magnetic 
energies are balanced, that is, when the capacitive and inductive effects 
cancel each other [3]. This means that resonance conditions solely 
depend on the reactive elements of the circuit. In this regard, it is 
important to note that considering or disregarding the losses does not 
influence the conditions for resonance occurrence or the frequencies at 
which the resonance occurs. The resonance behavior of the cable under 
different sheath grounding configurations is analyzed by evaluating its 
short circuit (SC) impedance 𝑍cable,SC for each case, as explained further 
in the text.

2.1. Solid grounding at both ends

Assuming that the sheath conductor is solidly grounded at both 
ends, 𝑍cable,SC can be obtained by yielding 𝑉c2 = 𝑉s1 = 𝑉s2 = 0, as: 

𝑍cable,SC = 1
𝐴

= 𝑎11
−1 tanh (𝛾𝑙) (6)
11



B. Behdani et al. Electric Power Systems Research 250 (2026) 112130 
For frequencies, 𝑓k = 𝑘𝑣′∕4𝑙, with 𝑘 as an integer number, the phase 
coefficient becomes 𝛽 = 𝑗𝑘𝜋∕2𝑙, and since 𝛾 = 𝛼+𝑗𝛽, cable’s impedance 
becomes purely resistive, as: 

𝑍cable,SC
(

𝑓k
)

= 𝑎11
−1 tanh

(

𝛼𝑙 + 𝑗𝑘𝜋
2

)

=

{

𝑎11−1 coth (𝛼𝑙) for odd (𝑘)
𝑎11−1 tanh (𝛼𝑙) for even (𝑘)

(7)

The coefficient 𝛼 represents the cable losses, including the con-
ductor and dielectric losses. According to (7), 𝑍cable,SC varies between 
minima (for even values of 𝑘) and maxima (for odd values of 𝑘) over the 
frequency spectrum. This can be better understood assuming lossless 
cable where (𝛼 → 0). For this condition, 𝑍cable,SC is obtained as: 

lim
𝛼→0

𝑍cable,SC
(

𝑓k
)

=

{

∞ for odd (𝑘)
0 for even (𝑘) (8)

As outlined above, frequencies 𝑓k denote the cable’s natural fre-
quencies. For these frequencies, the cable length matches an integer 
multiple of a quarter (for odd 𝑘) or half (for even 𝑘) of the wave-
length 𝜆, expressed as 𝑙 = 𝑘𝜆∕4. As mentioned earlier, mutual cable-
transformer resonances are created due to quarter-wavelength standing 
waves formed in the cable [10]. According to Eq.  (8), these quarter-
wavelength resonances are characterized by 𝑍cable,SC → ∞. In order to 
determine whether the cable exhibits quarter-wave resonances under 
single-point sheath grounding configurations, in the following cases, 
it is evaluated whether 𝑍cable,SC tends to infinity at the corresponding 
frequencies.

2.2. Single-point grounding at receiving end

Considering that the sheath conductor of the cable section in Fig. 
1 is grounded only at the receiving end, 𝑍cable,SC can be calculated by 
holding 𝑉c2 = 𝑉s2 = 0, while 𝑉s1 ≠ 0 and 𝐼s1 = 0 in (4), as: 

𝑍cable,SC =
𝐴22

𝐴11𝐴22 − 𝐴12𝐴21

=
𝑎22

𝑎11𝑎22 − 𝑎12𝑎21
tanh (𝛾𝑙)

(9)

Similar to above, neglecting losses (𝛼 → 0) for tractability, 𝑍cable,SC
can be obtained at resonance frequencies 𝑓𝑘 as: 

𝑍cable,SC
(

𝑓k
)

|

|

|𝛼→0
=

𝑎22
𝑎11𝑎22 − 𝑎12𝑎21

tanh
(

𝑗𝑘𝜋
2

)

=

{

∞ for odd (𝑘)
0 for even (𝑘)

(10)

As it can be seen from (10), since 𝑍cable,SC tends to infinity at 
resonance frequencies 𝑓k corresponding to odd values of 𝑘, it is con-
cluded that the quarter-wavelength resonances are present in the cable 
response for single-point sheath grounding at the receiving end.

2.3. Single-point grounding at sending end

The effect of single-point sheath grounding at the sending end can 
be analyzed by applying these constraints 𝑉c2 = 𝑉s1 = 0, while 𝑉s2 ≠ 0
and 𝐼s2 = 0 in (4), as: 

𝑍cable,SC =
𝐴22

𝐴11𝐴22 − 𝐵12𝐵21

=
𝑎22 sinh (2𝛾𝑙)

2𝑎11𝑎22 cosh
2 (𝛾𝑙) − 2𝑏12𝑏21

(11)

Following the same approach as before, by considering a lossless 
cable (𝛼 → 0) to preserve tractability, 𝑍cable,SC at resonance frequencies 
𝑓𝑘 is calculated as: 

𝑍cable,SC
(

𝑓k
)

|

|

|𝛼→0
=

1
2𝑎22 sinh (𝑗𝑘𝜋)

𝑎 𝑎 cosh2
(

𝑗𝑘 𝜋
)

−𝑏 𝑏
= 0 (12)
11 22 2 12 21

3 
Fig. 2. The implemented test system: (a) network schematic, (b) power 
transformer, (c) cable, (d) grounding grid, (e) surge arrester.

According to Eq.  (12), the value of sinh (𝑗𝑘𝜋) is equal to zero for 
all integer multiples of 𝑘. Therefore, it is shown that the quarter-
wavelength resonances are suppressed in the case of single-point sheath 
grounding at the sending end.

Next, the cable response under different sheath grounding configu-
rations is studied through simulations.

3. Implemented simulation setup

To investigate the sheath conductor termination effect on cable-
transformer resonances, a test setup, as shown in Fig.  2a, is simulated 
in EMTP. The system is supplied by a 150 kV grid with Thevenin 
equivalent parameters of 𝐿th = 100mH, 𝑅th−s = 4 Ω, 𝑅th−p = 398 Ω, 
and 𝐶th = 2 μF. This section presents the components of the adopted 
test system in detail.

3.1. Power transformer

The power transformer model is shown in Fig.  2b. The simula-
tions are carried out by applying the well-known BCTRAN model in 
EMTP [17]. From Fig.  2b, one can see that additional branches are 
added to account for the stray capacitances and the core’s magne-
tization effects. Although the implemented BCTRAN model does not 
precisely replicate the transformer’s wideband response, it sufficiently 
represents typical transformer behavior over a wide frequency band. 
Since this study does not aim to predict actual OVs, the implemented 
BCTRAN-based transformer model’s typical response is adequate for 
analyzing the impact of cable sheath termination on cable-transformer 
interactions. Transformer parameters are shown in Table  1.

3.2. Cable

The cable is represented by a wideband universal line model [18]. 
Cable length is 78m, and its cross-section is depicted in Fig.  2c. The 
specifications of the model are given in Table  2.
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Table 1
Transformer model parameters.
 Parameter Unit Value

 Transfer ratio (kV) 150∕11.2
 Nominal power (MVA) 48

 Capacitances (nF)
𝐶H 𝐶T 𝐶L  

 1.186 1.263 3.286  
 Resistances (Ω)

𝑅CH 𝑅CT 𝑅CL 𝑅m  
 25 30 30 2.2 × 106 
 Inductance 𝐿m

(A) 0.26 6.53 26.1 261  
 (Wb) 325 374 400 503  

Table 2
Short cable parameters.
 Layer Parameter and value
 Core conductor 𝑟 = 21.8mm 𝜌 = 2.65 × 10−8 Ωm 𝜇r = 1  
 Core insulator 𝑟 = 43mm 𝜀r = 2.9 𝜇r = 1.163 
 Sheath conductor 𝑟 = 45.35mm 𝜌 = 2.1 × 10−7 Ωm 𝜇r = 1  
 Sheath insulator 𝑟 = 50.5mm 𝜀r = 2.3 𝜇r = 1.163 
𝑟: radius, 𝜌: resistivity, 𝜀r : relative permittivity, 𝜇r : relative permeability.

According to [11], the resonance frequencies of the cable also 
depend on the cable length: 

𝑓 k
4
= 𝑘 1

4𝜏
= 𝑘 𝑣

′

4𝑙
(13)

where 𝑙 is the cable length, 𝜏 the wave travel time, 𝑣′ the propagation 
velocity, and 𝑘 is an integer. However, as shown in Section 2, resonance 
suppression under single-point sheath grounding at transformer side is 
independent of the cable length.

3.3. Grounding grid

The grounding grid, as shown in Fig.  2d, consists of a meshed struc-
ture of bare conductors with no vertical rods, buried at a depth of 1m. 
The soil is considered as a single-layer with a resistivity of 100 Ωm and 
relative permeability of 10. Three current draining terminals connect 
the grounding grid to the system above ground at points 𝐺1 (20, 30)
connected to transformer neutral, 𝐺2 (40, 20) connected to SA drain, 
and 𝐺3 (50, 20) connecting to cable sheath at the receiving end. The 
grounding of the cable’s sending end sheath is considered ideal. TragSys 
software [19] is applied to calculate the grounding system response. 
This tool takes the geometrical data of the grounding grid, as well 
as the characteristics of the soil, such as resistivity and permeability, 
and solves the electromagnetic equations of the structure [20]. Using 
TragSys, impedances seen at the grounding terminals are obtained in 
the frequency domain and then implemented in EMTP by applying the 
vector fitting method [21,22]. Fig.  3 demonstrates the grounding grid 
impedances, including the self impedances seen from ground terminals 
and mutual impedances between ground terminals.

3.4. Surge arresters

Three types of surge arresters (SAs) are applied for the simulated 
test system: one for the sheath voltage limiter (SVL) of the cable and 
the others for transformer OV protection installed at the HV and LV 
side. The IEEE model of SA [23] is adopted, as shown in Fig.  2e. Table 
3 presents the specifications of the implemented SAs.

3.5. Circuit breaker

The CB is modeled as shown in Fig.  4, consisting of a controlled 
ideal switch 𝑆 placed in parallel to an RLC branch that represents the 
parasitic parameters of the gap between CB contacts. According to the 
flowchart in Fig.  4, prestriking transients are modeled by controlling 
4 
Fig. 3. Self- and mutual impedances observed from grounding grid terminals 
connected to the system.

Fig. 4. The implemented model for CB.

the state of the switch 𝑆 based on the contact gap withstand voltage 
𝑈W, the chopping current 𝐼chop, and the high-frequency current quench-
ing capability 𝑖′quench, according to the following relationships [9]: 

𝑈W = 𝐴(𝑡 − 𝑡0) + 𝐵 (14)

𝑖′quench = 𝐶(𝑡 − 𝑡0) +𝐷 (15)

where 𝑡0 is the contact closing time. The CB model parameters are 
adopted from [9], given by 𝐼chop = 3A, 𝐴 = −0.02 kV∕μs, 𝐵 = 0 kV, 
𝐶 = 0A∕s2, and 𝐷 = 350 A∕μs. Gap stray parameters 𝑅gap, 𝐿gap, and 
𝐶gap are equal to 100 Ω, 0.05 μH, and 0.1 nF, respectively.

4. Simulation results and discussion

This section presents the results from the simulation of the studied 
test system and discusses the effects of sheath conductor terminations 
on cable-transformer resonances.

4.1. Frequency-domain analysis

To better understand the effect of the sheath conductor’s grounding 
configuration on cable-transformer resonant behavior, the system’s 
response is assessed in the frequency domain. It is acknowledged 
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Table 3
Adopted surge arrester parameters.
 SA Rated voltage (kV) MCOV (kV) Impulse current residual voltage (kV) Height (cm) No. columns 
 30∕60 μs

0.5 or 2 kAa
8∕20 μs
10 kA

 

 HV 170 131 334 378 143 1  
 LV 15 13.3 31 40.8 20 1  
 SVL 7.2 6.5 15 18.8 21.1 1  
a 0.5 kA for SVL and 2 kA for other SAs.
Fig. 5. Power transformer frequency response: (a) HV-side terminal 
impedance, (b) voltage transformation ratio.

Fig. 6. Effect of different sheath grounding places on cable’s impedance.

that cable-transformer resonant interactions are attributed to the ca-
ble’s quarter-wavelength resonances occurring at the transformer ter-
minal [10]. The HV-side terminal impedance of the transformer and 
its voltage transformation ratio are shown in Fig.  5a and b, respec-
tively. As it can be seen in Fig.  5, the implemented BCTRAN-based 
transformer model reproduces the typical transformed behavior over 
a wide frequency range, satisfying the objective of this analysis.

The cable’s impedance at the transformer’s terminal is almost equal 
to its short-circuit impedance. The effect of different sheath grounding 
configurations on the cable’s harmonic impedance is shown in Fig.  6. 
Fig.  6 confirms the theoretical analysis in Section 2, showing that the 
cable quarter-wave resonances are present for configurations with solid 
sheath grounding at both sides and single-point sheath grounding at 
the source side, whereas these resonances are absent when the sheath 
is only grounded at the transformer side. It is noteworthy that the 
first quarter-wave resonance of the cable is observed to occur at 𝑓 1

4
=

521 kHz.
Consequently, the effect of different sheath grounding configura-

tions on the mutual cable-transformer resonances can be analyzed 
through frequency domain responses shown in Fig.  7. One can see 
that the cable-transformer system resonance frequencies resulted in 
5 
Fig. 7. Cable-transformer frequency response: (a) harmonic impedance, (b) 
voltage transformation ratio.

increased voltage amplifications. The dominant resonance frequency is 
495 kHz. Similarly, the cable-transformer resonances are only present 
for configurations of solid sheath grounding provided at both sides 
and single-point sheath grounding provided at the source side. On the 
other hand, since cable quarter-wave resonances are suppressed when 
the sheath conductor is only grounded at the transformer side, no 
mutual cable-transformer resonances and resultant OVs occur for this 
configuration.

4.2. Time-domain analysis

To evaluate the effect of the cable’s sheath grounding configuration 
on the system’s behavior in the time domain, transient simulations 
under various conditions are performed in EMTP. To this aim, the 
cable-transformer system shown in Fig.  2a is energized by closing a 
circuit breaker (CB). The CB is represented according to [9], where 
the prestriking effect is also considered. The time-domain analysis is 
performed through the following cases.

4.2.1. Traveling wave response of cable
Initially, the time-domain response of the cable is analyzed by 

applying a step voltage at the sending end of each core and sheath 
conductor once at a time while all other terminals are short-circuited. 
The resultant propagating current waves at the sending and receiving 
ends of the corresponding under-test conductor are measured and 
demonstrated in Fig.  8. As it can be seen, the wave propagation speed 
in the core and sheath are equal, confirming the theoretical analyses in 
Section 2.

As indicated in Fig.  8, wave traveling time along the cable is equal 
to 𝜏 = 0.48 μs. This is in line with the first quarter-wave resonance 
frequency 𝑓 1 = 521 kHz, according to (13).
4



B. Behdani et al. Electric Power Systems Research 250 (2026) 112130 
Fig. 8. Traveling wave response of the cable system: (a) core conductor, (b) 
sheath conductor.

Fig. 9. Cable-transformer system energization transients: (a) transformer HV 
side voltage, (b) transformer LV side voltage.

4.2.2. Cable-transformer energization transients
The energization transients are simulated for the adopted test sys-

tem in Fig.  2 by closing the CB. As a result, OVs are generated on 
transformer HV and LV terminals, as shown in Fig.  9. Initially, no 
surge protective devices (SPDs) are employed in the test system. It is 
worth mentioning that the CB closing time is chosen in a way the first 
striking surge occurs around the maximum amplitude of the supply 
voltage. From Fig.  9, it can be seen that multiple prestrikes occur as 
the CB contacts close; however, for clarity, the focus is put on the first 
prestrike.

The effects of the two single-point sheath grounding configurations 
at the source and transformer sides have been compared with the 
solid sheath grounding at both sides during the first energization 
prestriking transient in Figs.  10 and 11, respectively. The duration of 
the cable-transformer resonance oscillations, as marked in Fig.  10, is 
equal to 2.02 μs, which corresponds to the cable-transformer resonance 
frequency of 495 kHz observed in the previous sub-section. It is evident 
in Fig.  10 that the mutual cable-transformer resonances occur for 
the two configurations of solid sheath grounding at both sides and 
single-point sheath grounding at the source side, leading to severe 
OVs at transformer terminals. In contrast, Fig.  11 shows that such 
resonances are suppressed when the sheath is only grounded at the 
transformer side. Accordingly, the magnitudes of the OVs imposed on 
the transformer are much lower as well.
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Fig. 10. Effect of single-point sheath grounding at source side in comparison 
with solid sheath grounding at both sides during the first energization pre-
strike: (a) transformer HV side voltage, (b) transformer LV side voltage.

Fig. 11. Effect of single-point sheath grounding at transformer side in com-
parison with solid sheath grounding at both sides during first energization 
prestrike: (a) transformer HV side voltage, (b) transformer LV side voltage.

4.2.3. Effect of SPDs
As it was shown, when the cable’s sheath is only grounded at the 

transformer side, the resonances are suppressed, and OVs are mitigated. 
However, as shown in 12a, the open-circuit (OC) end of the sheath 
(at the source side) can be exposed to severe OV surges, causing cable 
jacket insulation breakdown. Therefore, an SVL, in the form of an SA as 
introduced in Section 3, is applied to the sheath conductor at the source 
side, which is the opposite side of the grounded end. The resultant 
sheath voltage in the presence of the SVL is shown in Fig.  12b.

Because the SVL is installed at the source side, the cable’s sheath 
grounding configuration depends on the SVL’s operating condition. 
Specifically, when the SVL is not conducting current, the sheath will 
have a single grounding point at the transformer side. Conversely, when 
the SVL is conducting, the sheath can be considered grounded at both 
ends. Accordingly, the mutual cable-transformer resonances and their 
resulting OVs will also depend on the operating status of the SVL. The 
transformer terminal voltages with- and without applying SVL to the 
caple’s sheath at the source side are shown in Fig.  13. As can be seen, 
at the instant of the prestriking surge, when the SVL is activated, the 
sheath conductor will behave as grounded on both sides, and several 
oscillations of resonating OVs will occur at the transformer’s terminals. 
Nevertheless, as soon as the SVL is deactivated, the cable-transformer 
resonances are suppressed.
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Fig. 12. Sheath voltage at source side while sheath is grounded at transformer 
side: (a) sheath at source side open, (b) SVL applied at the source side.

Fig. 13. Effect of SVL on cable-transformer system energization transients 
under single-point sheath grounding configuration at transformer side: (a) 
transformer HV side voltage, (b) transformer LV side voltage.

Ultimately, SAs are applied, as introduced in Section 3, to pro-
vide OV protection for the transformer. The effect of SPDs on the 
transformer terminal voltages during the first energization prestriking 
transients is shown in Fig.  14. Although it was shown earlier that 
resonating OVs are suppressed when the sheath is solidly grounded only 
at the transformer side (Fig.  11), the results in Fig.  14 show that after 
applying all the SPDs (including the cable’s SVL at the source side, and 
transformer SAs at HV and LV sides), the peak OVs are almost as high 
as in the base case where the sheaths are solidly grounded at both sides, 
and no SPDs are applied.

5. Experimental analysis

An experimental setup, as shown in Fig.  15, has been designed 
to analyze the effect of the cable sheath grounding configuration on 
the cable-transformer resonances. The setup consists of a cast-resin 
dry-type transformer with foil-type windings connected to a cable 
at the HV terminal. The test cable is an MV-level cable with oil-
impregnated paper insulation. It has a length of 27m and is wound 
on a spool due to space limitations. The test transformer is connected 
in a Yy configuration and has a voltage ratio of 21.65∕0.525 kV with 
a nominal capacity of 660 kVA. Because the test cable is single-phase, 
only one transformer phase is connected to the cable, and the other 
two phases are disconnected. A Bode-100 model vector network an-
alyzer (VNA), manufactured by Omicron, is applied to measure the 
7 
Fig. 14. Effect of SVL on cable-transformer system energization transients 
under single-point sheath grounding configuration at transformer side: (a) 
Voltage at transformer’s HV side, (b) Voltage at transformer’s LV side.

Fig. 15. Experimental test setup above view.

Fig. 16. Measured frequency response of the test transformer: (a) HV-side 
terminal impedance, (b) HV to LV transformer ratio.

harmonic impedance and voltage amplification characteristics for a 
broad frequency range.

Firstly, the test transformer is analyzed without the cable. The 
harmonic terminal impedance of the HV winding and transformer ratio 
are shown in Fig.  16.

Next, the cable is connected to the transformer, and the frequency 
responses of the total test system are measured. The end(s) at which 
the cable’s metallic sheath is grounded can be controlled as shown in 
Fig.  15. The mutual cable-transformer resonances in the test system 
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Fig. 17. Measured frequency responses of the test cable-transformer setup: (a) 
harmonic impedance, (b) transformer ratio.

and the effect of the cable sheath grounding configuration on their 
formation can be seen in Fig.  17. The experimental results in Fig.  17 
confirm that while mutual cable-transformer resonances cause elevated 
voltage amplifications when the sheath conductor is solidly grounded 
at both ends or only at the source side, these resonating overvoltages 
are suppressed when the sheath conductor is grounded only at the 
transformer side.

6. Conclusions

Mutual interactions between cables and transformers can lead to 
resonances, which can cause severe OVs and possible insulation dam-
age. The characteristics and terminations of the cable conductors can 
play an important role in cable-transformer resonances. Here, it is 
shown that in a cable-transformer system, the different configurations 
of grounding the metallic sheath of supplying cable can significantly 
affect the OVs prevailed on transformer terminals.

It is proven that cable quarter-wavelength resonances occur when 
the metallic sheath is solidly grounded at both sides and when it is 
only grounded at the source side. In contrast, these resonances are 
suppressed when single-point grounding is applied at the transformer 
side.

Subsequently, several analyses are performed on a detailed test 
system implemented in EMTP. Analyzed frequency responses in EMTP 
confirm that mutual cable-transformer resonances are suppressed only 
for the single-point sheath grounding at the transformer side, while 
they are still present for other sheath grounding configurations.

Furthermore, some case studies are investigated through time-
domain simulations in EMTP. The results of energization prestriking 
analysis show severe resonating OVs occurrence when the sheath is 
solidly grounded at both ends or only at the source side. However, 
mutual cable-transformer resonances are not excited when single-point 
sheath grounding is applied at the transformer side.

Since excessive OVs can affect the OC end of the sheath conductor, 
an SVL is applied to provide OV protection for the sheath conductor. 
As a result, it is observed that during the first OV spikes, when the SVL 
is activated, the cable behaves as if the sheath is solidly grounded at 
both ends. However, immediately after the SVL is deactivated, mutual 
cable-transformer resonances are suppressed. In this analysis, the OVs 
that emerged were below the protection threshold of the SAs at the 
transformer’s terminals. However, it is important to note that the 
SAs are only effective if the impedance of the ground at the cable-
transformer resonance frequency is not significant. Therefore, when 
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conducting a detailed insulation-coordination analysis, it is essential to 
implement an accurate wideband model of the ground.

Finally, a laboratory test setup is applied to experimentally validate 
the effect of cable sheath grounding configuration on cable-transformer 
resonances. Once again, it is confirmed that mutual cable-transformer 
resonances and their resultant OV amplifications are suppressed when 
the sheath conductor is only grounded at the transformer side.

The results from this investigation can be used to mitigate mutual 
cable-transformer resonances and their resultant OVs. Moreover, by 
better understanding the mutual impacts between the system compo-
nents, this research paves the way to develop OV protection schemes 
against HF transient resonances, especially in modern electrical power 
systems where such mutual interactions are likely to occur. While 
this study analyzes the resonances between the supplying cable and 
the transformer by considering no secondary-side terminations, future 
research could focus on the mutual resonances between the transformer 
and cables at its secondary side, analyzing the impact of secondary 
cable sheath terminations on these resonances.
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Appendix

Considering Eq. (1), the elements of sub-matrices 𝐘e and 𝐘m can be 
obtained with the help of a proper transformation matrix 𝐓 by: 

𝐘e =
[

𝐴11 𝐴12
𝐴21 𝐴22

]

= 𝐘c ×
(

𝐓
[

coth
(

𝛾m1𝑙
)

0
0 coth

(

𝛾m2𝑙
)

]

𝐓−1
)

(A.1)

𝐘m =
[

𝐵11 𝐵12
𝐵21 𝐵22

]

= −𝐘c ×
(

𝐓
[

csch
(

𝛾m1𝑙
)

0
0 csch

(

𝛾m2𝑙
)

]

𝐓−1
)

(A.2)

where 𝛾m1 and 𝛾m2 are the modal propagation functions. Through math-
ematical manipulations, the elements of 𝐘e and 𝐘m can be expressed 
as: 

𝐘e =
[

𝑎11 coth (𝛾𝑙) 𝑎12 coth (𝛾𝑙)
𝑎21 coth (𝛾𝑙) 𝑎22 coth (𝛾𝑙)

]

(A.3)

𝐘m =
[

−𝑏11 csch (𝛾𝑙) −𝑏12 csch (𝛾𝑙)
−𝑏21 csch (𝛾𝑙) −𝑏22 csch (𝛾𝑙)

]

(A.4)

where the phase-domain propagation function 𝛾 can be characterized 
in terms of modal propagation functions by: 

𝛾 = 1
𝑙
sinh−1

(

sinh
(

𝛾m1𝑙
)

⋅ sinh
(

𝛾m2𝑙
))

(A.5)
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