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Analysing of Electromagnetic Coupling Effects of Cables
in Protective Small-Room of Substation Based
on the Random Coupling Model

Jie-Qing Fan' *, Yao Li', and Ying Pan?

Abstract—The electromagnetic circumstance of the small-room of substation turns to be more complex
with the increase of the voltage level of the power grid. In this paper, a physical model for protective
small-room of substation on the basis of the random plane wave hypothesis and wave-chaotic approach
is constructed to get the scattering parameters, combining the Random Coupling Model (RCM) to
deduce inducted voltage of coaxial cable terminal and making statistical analysis and prediction for
electromagnetic quantity coupled to the cable terminal. The results of simulation by FEKO show
the validity of the method introduced in this paper, which provides guidance for the electromagnetic
protection in the protective small-room.

1. INTRODUCTION

Protective small-room is widely used in substations in China, where amount of secondary equipment
is located and interfered by electromagnetic interference. In order to reduce the effect of the
electromagnetic interference, substation protective small-rooms are always designed as enclosed spaces
which are made of galvanized steel. In practice, in the walls of a small-room, lots of apertures in different
sizes and different shapes are perforated to meet the demands of maintenance, cooling, observation, etc.
In addition, appropriate channels are needed to provide spaces for cables of the power supply system,
signal transmission systems, control systems, etc. All of these approaches provide “back door” through
which the electromagnetic interference signals can couple into the protective small-room [1].

Small-rooms can be considered as lossy wave chaotic cavities by comparing those sizes and the
wavelength of electromagnetic interference [4]. There are numerous types of electromagnetic interference
towards protective small-room including high frequency interference [2]. Among those, two of them are
prominent which cannot be ignored. One is generated by the communication transmitter which is
used in substations with frequency range from 27 ~ 590 MHz [2,3], and the other is generated by
GIS’s switching operation with the frequency up to 300 MHz. Meanwhile, the typical volume of a
protective small-room is usually over several hundred of m3. Hence small-rooms can be considered
as an electrically large object. Furthermore, the internal field distributions of protective small-rooms
caused by electromagnetic interference are usually extremely sensitive to those inner complex structures,
where the secondary equipment with a number of cables is located.

A method called RCM which can describe the statistical properties of coupling electromagnetic
quantity at target point of complex cavities based on plane wave hypothesis and wave-chaotic approach
was put forward by Zheng et al. [4], and its applicability was verified by experimental method by
Hemmady et al. [5]. To analyze system-level electromagnetic coupling effect of two computer boxes
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connected by a coaxial cable, the method combining RCM and BLT is improved by Xin et al. [6].
Furthermore, the method is applied to analyze the prediction of induced voltages on ports in a single-
chamber and a double-chamber in three-dimensional complex enclosures with apertures by Gil et al. [7]
and Fan et al. [8], respectively. The magnitudes of RF fields on electrically large components within a
complex 3-D enclosure were experimentally analyzed by Zachary et al. [9]. The radiation efficiency of
the antenna is used to modify RCM’s impedance description in the case of lossy port in the complex
cavity by Bisrat et al. [10]. RCM was further extended aiming at the case of an active nonlinear circuit
added to the ray-chaotic 1/4-bowtie cavity by Min et al. [11], and RCM was integrated inside the Kron’s
formalism by Chaouki et al. [12]. The RCM method was improved by using Time Gate Method to get
the loss parameter by Addissie et al. [13,14]. In the case of an electrically narrow aperture in cavity
walls, Gabriele et al. formulated and investigated the RCM [15]. Refs. [16] and [17] imported RCM
into the fields of wireless communication channel analyzing and sonas’ signal focusing in Ray-Chaotic
Enclosure by Gabriele et al. and Bo et al., respectively. However, the works above are all focused on
coupling electromagnetic quantity in the common metal enclosures with the volume of enclosures far
less than 1 m? irradiated by the interference signal with high frequency (usually greater than 3 GHz).

The primary interest in this paper is to introduce the RCM to the prediction of the coupling
electromagnetic quantity in the protective small-rooms. For this purpose, the protective small-rooms
are regarded as a lossy wave chaotic metal shielding enclosure with cables placed in it which can be
considered as the target of electromagnetic interference, and a physical model for protective small-room
of substation based on random plane wave hypothesis and wave-chaotic approach is proposed. Then,
S parameters of a protective small-room are obtained by FEKO, which are used to solve the coupling
electromagnetic quantity based on RCM. At last, the influences of interference signal parameters are
analyzed, such as pulse width, rising time, and pulse number.

2. SOLUTION OF TARGET POINT INDUCED VOLTAGE BASED ON RCM

As depicted in Figure 1, we consider the protective small-room of a typical 500 kV substation of China
power grid as the reference model (10 m x 8.5 m x 4.3 m), which is an electrically large regular rectangular
enclosure with plenty of apertures in its walls, through which the complex electromagnetic interference
can couple into the inside of the enclosure. Hence, the apertures are treated as ports in this paper. A
Cartesian coordinate system is established, shown as in Figure 1, where o is the origin of the coordinates,
and the length, width, and height of the cavity are 10m, 8.5 m, and 4.3m, which are parallel to the
r-axis, y-axis, and z-axis, respectively. There exist N ports named as “port 17 to “port N”, which
represent the NV apertures in the protective small-room walls, respectively. A coaxial cable is mounted
in the cavity and seems as the target point (“port p”) shown as the thick black line in Figure 1, then
the induced electromagnetic quantity on this point is calculated.

T\ port 5 port 4 \
port port p R

Figure 1. Model of induced voltage of coaxial cable terminal in the protective small-room in substation
of China.
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As shown in Figure 1, we treat the ith port (1 < i < N) as the excitation current sources with a
vector I, then the electromotive force V' between port N and target point p can be gained, shown as
follows

V=71 (1)

where Z is the impedance matrix between the excitation source and target point, which can be expressed

as
. N rad)1/2 T rad 1\ 1/2
Z Re 2™ wpw, (ReiZ
n=1 n

where k is the wave number of the electromagnetic interference signal; the term k2 is defined as a matrix
eigenvalue of the Gaussian Orthogonal Ensemble (GOE) or the Gaussian Unitary Ensemble (GUE)
matrix eigenvalues; and there is k11 > kp,. k satisfies k% = w? / c?, where w is the angular frequency
of the excitation signal. The quantity Ak represents the mean-spacing between the eigenvalues of the
cavity; w, is an M-dimensional vector, representing the mode of port coupling the electromagnetic
signal; and Z™4 is a radiation impedance of the cavity, which can be expressed as

20 = Re {27} + jim {21} (3)

In particular, the impedance matrix Z gives rise to large fluctuations according to k? — k2, which

can be divided into two parts Z = Z+Z. Z is the steady part (mean value of Z), and Z is the fluctuating
part, then it can be written as follows

. N rad 1\ 1/2 A rad ) 1/2
o (Re {Z4)) 2w, (Re {Z70})
7Z=—= Ak -FE 4
T Z { k? — k2 4)
n=1
And
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where Znorm is the normalized impedance of the cavity and is written as
N
-1 WoW j 1 T
Z = — 1= = %% 6
norm = — 212 VA ol (6)
n=1
a is the loss factor matrix of the cavity, and its element o), = W% represents the loss of cavity from
Znormip

port i to port p. Meanwhile, W is the coupling matrix that represents the coupling of excitation aperture
and intrinsic modes of the cavity, whose elements satisfy the independent Gaussian distribution with
zero mean, and unit variance. A is the diagonal matrix, whose elements satisfy the Wigner semicircle
distribution [4], and I is the unit matrix. The cavity impedance matrix is given by

7= {Im {zrad} n (Re {zrad}) 2 Zmorm (Re {zrad})m} (7)

To simplify the analysis, we consider Zj as the characteristic impedance of the cavity with Z; 502

and also introduce radiation impedance Z"¢ = Zé/2(I+ Srad) (1 — Srad)*lZéﬂ, where S is a radiation
scattering parameters of the cavity. When a large number of cavity scattering parameters S are averaged,
their mean values are closely parallel to their radiation scattering parameters, that is 8™ = (S) n = S%E
(n > 200), which can be obtained by experimental measurements or by numerical simulation. Similarly,
the cavity radiation impedance can be rewritten as Z"™4 = (Z),, = Z*&. Furthermore, taking non-
ubiquitous short traces trajectories effect into account [4], the impedance can be rewritten as

728 j {Im {Zavg} + (Re{zavg})l/Q Znorm (Re {Zavg})l/Q} (8)
Hence, the normalized impedance matrix of cavity can be expressed as

Znorm = (Re {Z°%%))"/2 (Z — jIm {Z"%}) (Re {2°%}) "2 9)
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Then, we can generate the normalized impedance ofa protective small-room by the Monte Carlo
method based on the RCM model, and it can be expressed as
Re (ZRCM ) + jIm (ZRCM ) ... Re (ZRCM ) + jIm (ZRCM )

norm11 norm11 norm1N norm1N

ZROM (10)
Re (ZECSMM) + jIm (ZI%)(I;MNl) .- Re (ZIE{cSMNN) + jIm (ZIE{cSMNN)

where both Re (ZRCM~) and Im (zRCM..) are N(1, ﬁ) when i = j € {1,2,3,...,N}; and both

normyjj normyjj

Re (ZRCM~~) and Im (zRCM~~) are N(0, =) when 4,5 € {1,2,3,...,N},i # j. N(zx,y) represents a

normij normij ) TG ij
Gaussian distribution with  mean and y variance when o > 1 [7]. The impedance of cavity based on
the RCM theory can be expressed as

ZFM — j {1m (228} + (Re {z5))' 2 ZEC (Re {2757 (11)

As suggested above, when the scattering parameters of cavity (S) are obtained by simulation, the
impedance of cavity ZRM can be calculated by Equations (7)—(11) based on the RCM. Supposing that
the ith port is a planar aperture through which the excitation source is accessed from the outside, we
can define the power of excitation source as P(f). Thus the induced voltage of coaxial cable terminal
at the target point (port p) can be expressed as Equation (12) with the RCM methods.

2
2P(f) | ZEM
|ZRCM

‘VRCM (12)

This paper has adopted a method of reverberation chamber to meet the complex internal structure
characteristics of the protective small-room of substation and utilized FEKO to obtain the scattering
parameters S of cavity.

3. EXTRACTION SIMULATION MODEL BY S PARAMETERS

3.1. Establishment of Simulation Model

As shown in Figure 2, the reverberation chamber founded in FEKO is identical to the model of Figure 1
which is equipped with a regular rectangle cavity, a stirrer, a transmit antenna, and a coaxial cable

port 1

logarithmic
periodic dipole

Stirrer

coaxial cable

logarithmic
periodic dipole

(a)

Figure 2. The profile of the reverberation room model. (a) the reverberation room model of the
protective small-room of substation modeled in FEKO; (b) the size of the stirrer.
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ended with resistances. Galvanized steel is selected as the materials of cavity and stirrer (thickness 1 mm,
conductivity o = 1.69 x 107 S/m, relative permeability . = 1, and magnetic loss factor tand, = 0.0).
A stirrer composed of a metal cylinder and 4 metal square plates is used to create the situation of
wave chaotic, which is parallel to the wall of cavity located at a distance of more than a quarter of
the interference signal wavelength A from the wall. The size of the stirrer is shown as in Figure 2(b).
The transmitting antenna is selected by a logarithmic periodic dipole, arrayed with frequency spectra
from 160 MHz to 300 MHz, which is regarded as the excitation port “port 1”7. The logarithmic periodic
dipole used to radiate electromagnetic wave has serval antenna elements. Among the elements, the
shortest one is 0.5 mm; the longest is 1.022 mm; the shortest spacing is 0.094 mm; the longest spacing
is 0.167 mm; the growth factor is 0.8667; the power of excitation source on the antenna is set to 100 W;
and the voltage is 10 V. The coaxial cable is selected as RG58C/U owned in FEKO, which is internally
mounted 2 meters above the bottom of the cavity, and a 502 load is used to connect the cable to the
cavity at each of the antenna. The coaxial cable terminal, near the end of the antenna, is regarded as
the target point (port 2).

3.2. Simulation of S Parameters and Coaxial Cable Terminal Induced Voltage Calculation

As shown in Figure 3, under the precondition of setting frequency spectra from 200 MHz to 220 MHz with
the frequency step 0.2 MHz, we control the stirrer to rotate every 5 degrees for 4 rounds by MATLAB
programming to construct 288 kinds of different small-room internal field structures of the substation,
by which we can simulate the scattering parameters of the cavity S. Ultimately, the terminal induced
voltage of the coaxial cables can be obtained.

Rotate the stirrer
— cvery 5 degree for 4 —>
rounds

Programming by
Matlab

Simulation by Obtain the §
FEKO parameters

Figure 3. Schematic diagram of the S parameters obtained.

4. RESULTS AND DISCUSSION

4.1. Validity Verification of the Proposed Method

As described in Section 3, a large ensemble of coaxial cable terminating voltage and its Probability
Density Function (PDF) can be obtained based on RCM and by the simulation directly. We analyze
electromagnetic waves ranging from 200 MHz to 220 MHz, and its wavelength is smaller than the cavity
size, which meets the requirements of RCM applications [4,5]. As shown in Figure 4, there is a good
agreement between the simulation and RCM-predicted induced voltage PDFs for the coaxial cable
terminal, which proves the validity of the RCM in predicting and analyzing coupling electromagnetic
at target points of the protective small-room in substation.

4.2. Prediction of Induced Voltage at Target Points Motivated by (Gaussian Pulse Based
on RCM

Combining the frequency spectra and the form of the high frequency interference signal that frequently
threatens the protective small-room of substation, we take the modulated Gaussian pulse with the
frequency range from 200 MHz to 220 MHz as the excitation source to analyze and forecast the induced
electromagnetic at target points. The expression of the modulated Gaussian pulse signal is as follows

u(t) = Ug exp[—4n(t — tg)?/7%] sin(27 f1) (13)

where Up is the pulse amplitude, f the carrier frequency, 7 the pulse width, and ¢y the peak time.
Setting t, as the rising edge time of the Gaussian pulse, which represents the time, it takes for the
amplitude to rise from 10% to 90% of Uj.
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Figure 4. Comparison of RCM-predicted and simulated the coaxial cable terminal induced voltage
PDFs.

When the excitation source is Gaussian pulse multi-pulses, its expression can be rewritten as follows
N

u(t) = Upsin(2mft) > exp[—4m(t —to — (n — 1)t,)*/77] (14)
n=1

where t,, is the pulse interval, n the number of pulses, and the other parameters are the same as in
Equation (13).

4.3. Establishment of Simulation Model

After the text edit has been completed, the paper is ready for the template. Duplicate the template
file by using the Save As command, and use the naming convention prescribed by your conference for
the name of your paper. In this newly created file, highlight all of the contents and import the text file
you prepared. You are now ready to style your paper; use the scroll down window on the left of the MS
Word Formatting toolbar.

4.8.1. Prediction of Induced Voltage at Target Points Irradiated by Gaussian Pulse With Different
Pulse Widths, Rising Edges and Pulse Amplitude

To investigate the effect of different pulse parameters, we firstly assign Uy = 1kV/m, f = 210 MHz,
and ty = 0.87, then explore the change of induced voltage at target points with different pulse widths
2ns, 4ns, 6ns, 8ns, and 10 ns, respectively. The results are given in Figure 5(a) and Figure 5(b), which
represent the influence on PDF of induced voltage and the maximum induced voltage values at target
points, respectively.

Secondly, we explore the influence of pulse rising edge on the induced voltage at the target port
with different ¢,1ns, 2ns, 3ns, 4ns, and 5ns, respectively. The results are shown in Figure 6(a) and
Figure 6(b), which represent the influence on PDF of induced voltage and the maximum induced voltage
values at target points, respectively.

Finally, we set the pulse amplitude as 1kV, 2kV, 3kV, 4kV, and 5kV, respectively, the pulse
width 7 is 1 ns, and the other parameters remain unchanged. Therefore, the changes of induced voltage
at target points with different pulse amplitude can be investigated. The results are shown in Figure
7(a) and Figure 7(b), which represent the influence on PDF of induced voltage and its maximal induced
voltage values at target points, respectively.

It can be seen from Figure 5(a), Figure 6(a), and Figure 7(a) that the PDF curves of the induced
voltage at target points become spreading to the higher voltage direction with the increases of the
Gaussian pulse width, the rising edge, and the amplitude, which mean increasing the probability of
the higher induced voltage. Meanwhile, the level of the induced voltage rises nonlinearly (seen from
Figure 5(b) and Figure 6(b)) with the increase of the width and rising edge of the pulse, and almost
rises linearly (seen from Figure 7(b)) with the increase of the pulse amplitude. It can be explained that
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Figure 5. Curves of PDFs induced voltage at target points (a) vary with the pulse width 7; (b) vary
with the pulse width .
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Figure 6. Curves of (a) PDFs induced voltage at target points vares with the pulse rising edge t,;
(b) the peak of PDFs induced voltage at target points varies with the pulse rising edge ¢,.
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Figure 7. Curves of (a) PDFs induced voltage at target points varies with the pulse amplitude Up;
(b) the peak of PDFs induced voltage at target points varies with the pulse amplitude Uj.



98 Fan, Li, and Pan

with wider pulse width, the pulse rising edge and lager pulse amplitude will lead to more energy of the
pulse, then the induced voltage at the target port will increase because of the cumulative effect of the
coupling electromagnetic energy, and it will increase the probability of the higher voltage and raise the
level of the induced voltage.

4.83.2. Prediction of Induced Voltage at the Target Point Motivated by Gaussian Multi- Pulse with
Different Interval of Pulse and Different Number of Pulse

In this section, we investigate the impact of the interval and number of the Gaussian pulses on the
damage probability for the electronic device. Firstly, we normalize the pulse energy by numerical
integration as follows

+00
/ u (t)dt = B (15)
—0o0
where F is the total energy of normalized pulse. When Uy = 1kV/m, 7 = 1ns, f = 210 MHz, ty = 0.87,
n = 1, the normalized gross energy E can be calculated by Eq. (14), and the result is E = 2.613x 1073 J.
Then the impact of the interval and the number of the Gaussian pulse on the induced voltage at the
target point can be obtained under under the condition of the constant Gaussian multi-pulse energy FE.
When n = 5, the changes of induced voltage at target points can be explored with different pulse
intervals ¢, 1.2ns, 1.4ns, 1.6 ns, 1.8 ns, and 2.0 ns, respectively. The results are shown in Figure 8(a) and
Figure 8(b), which represent the influence on PDF of induced voltage and the induced voltage values
at target points, respectively.

ensis f =1, 2028)
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Figure 8. Curves of (a) PDFs induced voltage at target points vary with the pulse interval ¢,; (b) the
peak of PDF's induced voltage at target points vary with the pulse interval t,.

Then, t, is set as an invariable with 1ns, and pulse number n varies from 1 to 5, respectively. The
changes of induced voltage at target points with different pulse numbers can be explored. The results
are reported in Figure 9(a) and Figure 9(b), which represent the influence on PDF of induced voltage
and its maximum induced voltage values at target points, respectively.

It can be seen from Figure 8(a) and Figure 9(a) that when the total energy of Gaussian multi-pulse
is fixed, the PDF curves of the induced voltage at the target point become spreading to the direction of
higher voltage with the decrease of the Gaussian pulse interval and the increase of the Gaussian pulse
number. It means that the level of the induced voltage rises (see Figure 8(b) and Figure 9(b)). The
results can be regarded as that when the total energy is fixed, (1) the influence on the induced voltage
of the multi-pulse is more significant than single pulse, which can be explained as that although the
amplitude of the multi-pulses is lower than that of single pulse, the induced electromagnetic quantity
caused by multi-pulses will last longer, then the cumulative effect of the coupling electromagnetic
energy if more significantly; (2) when the intervals between the multi-pulses decrease, the next pulse



Progress In Electromagnetics Research M, Vol. 91, 2020 99

. 30
40} |
L = s =1 -
35Fi% j—n=2 25|
it ——n=3
30F: % === ;
L i === n=4
25FH n=5 ) 20F
= 20F s stk
= sk = |
1.0 b 101
0.5} . Saedl sl
0.0 B L BEVEETE S-S ST LR TR R R S
0 10 20 30 40 50 60 70 80 90 100 1 > 3 4 5
[V] in volts ”
(a) (b)

Figure 9. Curves of (a) PDFs induced voltage at target points vary with the pulse number n; (b) the
peak of PDFs induced voltage at target points vary with the pulse number n.

works before the effect of the last pulse decays sufficiently, so the strong cumulative effect of induced
electromagnetic quantity appears at the target point, which leads to the increase of the level of induced
voltage; (3) when the intervals of the multi-pulses increase, the effect of the last pulse has been decayed
sufficiently before the next pulse starts to work, so the cumulative effect is not obvious, and the induced
voltage at the target point will keep at a relatively low level.

In conclusion, the research has benefited from the prediction of RCM, which can always be used to
evaluate the objective induced voltage of other types of interfering signals quickly in the same frequency
spectra, thus greatly improving the efficiency to such solution, reducing the cost, and providing a way
of guiding the work for electromagnetic protection.

5. CONCLUSIONS

The study of the electromagnetic interference coupling to secondary equipment in protective small-rooms
of substation is of great interest in the field of electromagnetic compatibility engineering, especially with
the complication of UHV power grid and the electromagnetic environment. This thesis applies RCM to
predict and analyze the quantity of EMI coupling to targeted coaxial cable terminal within protective
small-room of substation, and shows the validity of this method through a series of model simulation
and data analysis, which provides an idea of the electromagnetic protection for a protective small-
room. However, the measured data are insufficient with the limit of the experimental conditions, so the
verification of this method remains to be further studied.
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