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Abstract—The transient electromagnetic interference in prac-
tical existing engineering have measuring testability limitation.
This limitation makes it difficult to assess electromagnetic effect. A
multidimensional physical information based assessment method
via physics-informed neural network (PINN) and Gaussian process
regression (GPR) is proposed in this article. First, the physical
topology of the disturbed equipment under electromagnetic in-
terference is analyzed, and the partial differential equation of the
space electric field is derived from the measurable electric quantity.
Then, the electric field near the disturbed equipment is predicted
by PINN which can characterize the physical information. Finally,
combining calculated electric field data and measured magnetic
field data, a two-dimensional GPR regression is used to assess
the electromagnetic effect with multiple inputs and outputs, and
the probabilities under each state are then calculated based on the
assessed state. Expanded verification is conducted by combining
different electromagnetic complexity calculation methods, prov-
ing the applicability and effectiveness of the proposed assessment
model.

Index Terms—Electromagnetic interference, effect assessment,
intelligent measurement equipment, gaussian process regression
(GPR), physics-informed neural network (PINN).

1. INTRODUCTION

T PRESENT, the intelligent measurement equipment
in the substation is vulnerable to -electromagnetic
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interference, which threatens the safe operation of the power
system. Typically, there is no recording device specifically de-
signed for transient disturbance in the substation, which makes
it difficult for on-site engineers to identify the cause of the
interference. Furthermore, the lack of available failure data for
interference assessment is due to the randomness of electromag-
netic interference problems and the confidentiality principle of
substation accidents. Simulated interference tests either cannot
restore the interference scenario (usually, it takes hundreds of
times the interference intensity under actual conditions to trigger
failure effect [1], [2], [3]), or the equipment is too expensive
that the cost of interference damage cannot be borne. There-
fore, it is extreme important to evaluate the electromagnetic
interference effect under the measuring testability limitation of
equipment.

Scholars have done a lot of work on data acquisition of
electromagnetic interference, including laboratory simulation
tests and measurement tests in actual substations. One part is
represented by interference measurements of flexible ac trans-
mission systems (FACTS) equipment in substations [4], such
as laboratory radiation interference when insulated gate bipolar
transistor (IGBT) switches are turned ON [5], electromagnetic
interference of IGBT internal oscillations to themselves [6],
and transient electric field measurements during the operation
of modular multilevel converter (MMC) and high-voltage dc
circuit breakers [7]. The other part mainly lies in the interference
and measurement of intelligent electronic devices in HV ac
substations, and many intelligent devices are still unable to
operate reliably in the field even though they have passed the
E-field compatibility standards. Some scholars have measured
the transient voltage of ultrahigh voltage (UHV) gas insulated
switch opening [8]. Literature [9] measured and suppressed the
interference voltage at the smart device port when the switch is
open. Literature [10] measured and analyzed the voltage coupled
to the secondary cable from fast transient pulse disturbances.
Literature [11] started research on sensors for transient electric
field measurements with a view to capturing accurate electric
field waveforms. All of the above studies have advanced the
development of electromagnetic compatibility in substations,
but because of the complex structure and coupling relationship
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of sensors, less consideration is currently given to observing
the state of the disturbed equipment at the same time as the
measurements are made, and then corresponding the measured
physical quantities to the effects.

For complex interference assessment in actual conditions,
it is difficult to accurately model the electrical structure and
effect mechanism, and the propagation path of electromagnetic
interference cannot be described quantitatively, which affects the
reasonable assessment of key equipment. Probabilistic statistical
methods were used to study the damage curve of different
types of electronic devices (such as computer systems [12],
[13], microprocessors and microcontrollers) under the threat
of different electromagnetic environments, and compared the
differences in the effect of different types of high-power elec-
tromagnetic pulse environments on devices and systems. Based
on the physical mechanism, literature [14] extracted sensitive
parameters as assessment indicators, and gave the basic steps
for the electromagnetic vulnerability assessment. A method for
risk assessment of systems using fuzzy mathematical theory was
proposed [15].

Based on priori information, the existing assessment studies
can be roughly divided into three categories [16]. For the first
category, such as electric explosive devices, due to sufficient
priori information, the entire action mechanism is clear and
can be completely described by mathematical expressions [17].
Uncertain parameters of the model can be directly assessed
by using different statistical methods and experimental data.
Literature [18] proposed a multilevel vulnerability assessment
model that reflects the mutual game between hidden variables.
Literature [19] developed a multilevel vulnerability assessment
model based on Bayesian methods under the condition of limited
sample size. The second category can be represented by a
hybrid model combining white box and black box, because only
part of the vulnerable information is available. For example,
combined Bayesian inference methods to quantify the specific
failure process and put it into the model to solve with the
assessment model [20]. The hybrid model of thermal process and
hypothetical classifier was used to study the pulse breakdown
characteristics of gas discharge tubes. For the third category, due
to little understanding of the path and mechanism of interference,
limited experimental data, and limited electric quantity that
can be captured, a deterministic model cannot be established.
Machine learning combining data-driven is a feasible choice.
A nonparametric vulnerability assessment method is proposed
in [21]. This method combines support vector machines and
Gaussian process regression (GPR), in which only data is used
to derive the final model without any prior model assumptions,
achieving the purpose of assessment.

However, in many engineering application scenarios, there
are still some situations that cannot be assessed. Due to lim-
itations in measurement equipment or installation regulations,
the data available is extremely limited (academically known as
low measuring measurability [22]). This means that these data
have become so scarce that even data-driven methods cannot
be activated. Raissi et al. [23] proposed the physics-informed
neural network (PINN) for the first time. The algorithm not
only retains the advantages of data-driven machine learning
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algorithms, but also successfully adds prior knowledge such as
physical laws to the modeling process of physical models. Unlike
traditional regression, PINN requires only a small number of
coordinate points to be entered, and the values of the desired
variables are found through the constraints of partial differential
equations, boundary conditions and initial conditions. PINN
provides feasibility of effect assessment for low measuring
testability limitation, which is focused on in this article. PINN
has been demonstrated to be feasible for solving Wavefield
Reconstruction Inversion and Maxwell’s system of equations
in several studies [24], [25]. In [26] and [27], PINN was used
to solve the 1-D waveguide electromagnetic field problem for
a given functional relationship. In [28], the 1-D time-varying
electromagnetic field was solved for a given relation using PINN.
Literature [29] explored performance of PINN in calculating
2-D magnetostatic case studies. However, the ability of PINN to
solve 2-D EMI caused by transient interference sources remains
to be investigated.

To solve the above problems, a multidimensional physical
information electromagnetic interference assessment method
based on PINN and GPR is proposed in this article. The research
results are expected to provide reference for the assessment of
interference effect of intelligent measurement devices under the
limitation of measuring testability.

The core contributions of this article are as follows.

1) An optical current transformer (OCT) electromagnetic in-
terference test is designed based on the actual engineering,
and the voltage and magnetic field are measured.

2) For the first time, PINN was used to expand transient
electromagnetic interference data in substation, and a ra-
diation electric field training model was established using
the partial differential equation of cable electromagnetic
field. The radiation electric field data was obtained, taking
into account both accuracy and speed.

3) Combined with the measured data and the calculated data,
a 2-D GPR was used to establish a multi-input and mul-
tioutput electromagnetic interference effect assessment
model, which can evaluate the probability of interference
effect the disturbed equipment.

The rest of the article is organized as follows. Section II intro-
duces the field situation and experimental design. Section III is
the methodology of PINN and GPR. Section IV introduces the
assessment model proposed in this article. Section V conducted a
probability assessment of the effect of electromagnetic interfer-
ence testing based on the proposed method. Finally, Section VI
concludes this article.

II. EXPERIMENTAL AND VARIABLE SELECTION

The problems investigated in this article are as follows: In
hierarchically connected UHV dc projects, the 1000 kV ac filter
sub-bank in converter station is provided with two 500 kV circuit
breakers. However, when the filter bank was put into operation
and the circuit breaker was closed, the inconsistent OCT current
at both ends frequently led to the differential protection misop-
eration. Even if no switching operation is performed, the alarm
signal caused by the abnormal OCT signal often occurred in the
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converter station. The field staff conducted output positioning on
each electronic unit, basically excluding the fault of the primary
equipment and electronic merging unit. After investigation, the
fault was ultimately traced to the modulation cable between the
outdoor cable management box (CMB) and the electronic unit.

Therefore, a 110-day electromagnetic signal monitoring test-
ing in substation was conducted. As the substation is a run-
ning substation, according to the requirements of the operating
organization, test cannot change the structure of a running
OCT. A set of electromagnetic transient monitoring equipment
was developed to capture as many electromagnetic interference
signals as possible. Therefore, a set of electromagnetic tran-
sient monitoring equipment was developed to capture as many
electromagnetic interference signals as possible. The available
equipment in the substation includes voltage probes, current
probes, magnetic field probes, and high-speed data acquisition
cards. The voltage probe measures the voltage at the modulation
cable port at merging unit (MU), while the magnetic field probe
measures the spatial magnetic field of the modulation cable near
MU. Due to the disability to destroy original wiring device
of OCT, the current probe cannot be used. The high-speed
acquisition card (placed in a cylindrical metal shielding tank)
collects and outputs abnormal voltage and magnetic field signals,
and simultaneously transmits them to the PC through optical
fibers. For clarity, Fig. 1 is a test diagram.

The magnetic field near the cable port is measured using a
B-dot small loop antenna, 0.4 m away from the vertical height
of the cable. Modulation cable is a dual core unshielded cable.

During the monitoring period, 122 sets of transient signals
were captured. Including 122 times disturbed, and 65 times
alarms were caused by the abnormal amplitude of the modu-
lation cable signal.

After investigation, the modulation cable actually used in the
field is an unshielded dual-core cable LIY_Ogqmm75 [30], and
the cable section is shown in Fig. 2. One of the dual-core cables
is the working core with signal, and the other is the standby
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core. The cable size is 2 m x 2.2 mm. The inner core diameter
is 0.5 mm.

Following the introduction of the test conditions, the article
returns to the original goal of this article: to assess the risk of in-
terference to equipment according to the actual electromagnetic
environment. Under the premise of limited measurable variables,
the electromagnetic environment at the measuring point is the
dependent variable of the assessment object. The first step is
to obtain the electromagnetic environment. After the magnetic
field of the point is known, the electric field of the point needs
to be calculated and assessed. The existing measurement data
are only voltage and magnetic field, which are difficult to assess
with the help of the existing cutting-edge inversion methods.
Although the use of finite element simulation methods can be
used to prediction to a certain extent, the test monitoring system
is a complex structure with multiple conductors and multiple
excitation. Even if the calculation can be performed, it is a
time-consuming process. The requirements for the professional
quality of the user are too high, and the engineering generaliz-
ability is weak. Moreover, there is a phenomenon of resource
redundancy in the interference assessment under the condition
of measuring testability limitation in this article. Therefore,
the existing monitoring results of this test are considered to
predict the electric field of the measurement position, and to
provide auxiliary information for the assessment of electromag-
netic interference effect, so as to improve the reliability of the
assessment.
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III. METHODOLOGY

A. Physics-Informed Neural Network (PINN)

Assume that the function u = u(t, x) satisfies the following
partial differential equation:

us + N(u, 1) =0,z € Q,t €[0,7T] (1

where, N(-) represents a differential operator, N(u,A) is a
functional with parameter A that differentiates u, x is a space
variable, is a time variable, u, is the first-order partial derivative
of u with respect to t, {2 is a subset of Euclidean space RP, and
T is the termination time.

Given the initial state, boundary conditions and physical pa-
rameter A of u(z, x), the traditional physical model can predict the
value of u(t, x) function at any point in space and time by solving
the partial differential equation and using the obtained analytical
solution. PINN considers establishing a neural network to ap-
proximate the solution of the partial differential equation. Define
uN(t, x) as the neural network that approximates the function u(t,
x), r(t, x) as the residual of the partial differential equation, as
shown in (2), and define the loss function Loss of PINN, as
shown in the following:

r(t,x) = wN + N (uN,k) 2)
Loss = Lossini + LoSSpound + LOSSppE.- 3)

Equation (4) and (5) are the data-driven part of the loss
function, Njp; and Npgyna represent the initial conditions and
boundary conditions calculated by data of samples, respectively.
{tinit> Zinit> w7 and {# bound, T bound, U’ } 2™ are the train-
ing data obtained according to the initial conditions and bound-
ary conditions, which can also be obtained by experimental
measurement or simulation generation

Ninie
Lossinit = DN (F iy X init) — | “
]Vinit T
=1
Noound
1 12
17 6

Losspound =
N bound

Z "U/N (tlboundv xlbound) —u
i=1

Equation (6) is the driving part of the physical model in the
loss function, {tipDE, xipDE} f\i’f{’f is the training collocation point
of the partial differential equation, and can be efficiently ob-
tained by the automatic differentiation technique r (¢'ppg, #*ppE)

Nppg

Z ‘TN(tiPDE; 'ppE)
=1

Nepg 4=

? 6)

LOSSPDE =

When the value of the loss function reaches below the preset
loss value, it not only indicates that the initial conditions and
boundary conditions are close to being met, but also indi-
cates that the data have met the constraint conditions defined
by the partial differential equation. At this time, the trained
neural network model is approximately equal to the function
u = u(t, x). The basic process of PINN is shown in Fig. 3.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024

B. Gaussian Process Regression (GPR)

According to the electromagnetic data calculation based on
PINN in Section III-A, the numerical sequence of influencing
factors of interference effect has been obtained. Measurements
at the substation site can categorize the corresponding failure
effects and assign them to indicators. According to the classifi-
cation indicator of training data, GPR is suitable for regression,
which can provide both mean and mean variance.

The GPR model is completely specified by its mean function
and covariance function [31], which can be expressed as follows:

f(x) ~ GP(m(z), k(z,2)) ©)

where m(x) is the mean function; and k(x, x’) is the covariance
function.

The mean function m(x) represents the trend of the GPR
model, which is usually defined as follows:

m(z) =g" (z)B 8)

where g(x) = [g1(x), g2(x), ..., gn(x)] is the resistance vector,
and [ is the p-dimensional vector of the regression parameters.
The covariance function k(x, x') models the dependence be-
tween two different values of the Gaussian process. In fact, the
covariance function is the most important part of the Gaussian
process regression, which controls the regularity of approxima-
tion. The selection of the kernel function requires that it satisfies
Mercer’s theorem, that is, any Gram matrix (kernel matrix) of
the kernel function in the sample space is a semi-positive definite
matrix. Their general expression can be described as follows:

k(z,2') = o%r(x, 23 0) 9)

where o2and 6 are hyperparameters of the covariance function.
Squared exponential covariance function (SE covariance
function) is

1(x—2a")
12
k(l’,x’) = )\,f exp (2)\%> .

The training samples used for GPR learning are as follows:

(10)

Xt = [xfl,x'é,,x;]

C'=Id,d,....cd].

an
12)

For Gaussian processes, in principle all samples obey the joint
Gaussian distribution. Therefore, the prediction classification
indicator at the predicted point X” combined with the training
data X' obeys the joint Gaussian distribution

(f(Xp)) Ny <(9(X”)ﬁ> . (1 rT(X?) )>
f(XH Gj ’ r(X?) R

(13)
where G = g(X') is the constructed matrix; r(X?) =
r(XP,X",0) is the correlation vector between the predicted point

and the training point; R = (X', X";0) is the correlation matrix
between the training points.
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IV. ASSESSMENT MODEL OF ELECTROMAGNETIC
INTERFERENCE EFFECT

A. PINN Based Method for Predicting Electric Field Strength

In order to solve the electric field strength E,, of point A(0.4,
0, 1.99) at the end of the CMB cable, the field test problem
is simplified as follows: when a voltage-conducting unshielded
cable with a length of 2 m, an inner core diameter of 0.5 mm, and
an outer diameter of 2.2 mm is placed on the earth’s surface, the
wave equation is used to calculate the near-field electric field in
the x direction with a distance of 0.4 m from the end. Assuming
that the cable extends along the z-axis direction. In the simulation
calculation, the cable length is set to 2 m, respectively. The
model is used to simulate the situation when the external cable
is connected to the device, and the length of the external cable
is 2 m, and only consider 1 single inner core connected to the
circuit. The influence of the connector is also ignored here. For
most connectors without filtering devices, this simplification is
allowed. The simplified experimental equivalent model is shown
in Fig. 4.

According to the problem description, the radius r = 0.5 mm
is less than 0.4 m, so the partial differential equation is suitable
for solving the near-field electric field intensity in this case. As-
suming that the radius of the finite-length unshielded cylindrical
cable is r, the length is L, the voltage is V(¢), the current is 0, and
the transient magnetic field waveform at the end of the conductor
is Hy(t). The near-field electric field intensity E,(r, t) at A point
should be solved, where r is the radial distance from the cable
axis.

First, the partial differential equations of the electromag-
netic field in the unshielded cable can be obtained, including
Maxwell’s equations and continuity equations as follows:

VxE=-92

— 9D
g.XBH—; J+ oL a4
V-D=0

where E and H are the electric field and magnetic field intensity,
B and D are the magnetic induction intensity and electric
displacement vector, p is the charge density, and J is the current
density.

For an unshielded cable of finite-length, determine the charge
density and current density according to the geometry and
current characteristics. Assuming that the cable is placed along
the z-axis direction, the current density only has the z-direction
component, namely. Assuming that the cable is a homogeneous
medium and the charge density is 0, the continuity equation can
be simplified as follows:

V-D=¢V-E=0. (15)

Then, the partial differential equation of the near-field electric
field signal at point A need to be solved. The near-field electric
and magnetic fields can be calculated by the first partial deriva-
tive of the electric field and magnetic field strengths

9¢

B, =22
ox

(16)
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0A, B 0A,
Ox 0z

H, = (17)
where ¢ is the electric potential function and A is the magnetic
vector potential. Since the cable is unshielded and the magnetic
field only surrounds the cable in one loop, we can assume that
A, = 0. At the same time, since the cable is a straight line, ¢
and A is only related to x. Therefore, we can obtain the partial
differential equation of the near-field electric field signal

0°E, PE,  0°H,
= E’I‘i —
oz2 M0 T HO T

(18)

where (1o is the magnetic permeability in vacuum, and ¢, is the
dielectric constant of air.

Due to the fact that the subscripts x and y in E, and H,
represent the electric and magnetic field strengths in the x and
y directions of the coordinate axes, in order to avoid confusion
in reading, using £ and H instead of £, and H, in the following
text.

Finally, it should be noted that, since the cable is finite in
length, boundary conditions need to be considered in actual
calculations. At the end of the cable, the cut-off of current
and potential should be considered, namely /() = 0, (0.4, 0,
1.99) = 0. This is a boundary condition in fact.

Known through Section III-A, the PINN solution requires a
preset initial conditions, boundary conditions and partial differ-
ential equation (PDE) conditions.

The initial condition (IC) is the true solution at time t = 0,
including the position and the preset initial conditions. In this
problem, the initial function can be written as follows:

Ic: {EiT(tzo)

HT( = 0) (i=1,2,3...Ng)

19)

where i represents the sampling point, Ny represents the number
of sampling points for the initial condition, E; * and H; T are the
initial input magnetic and electric field data, respectively.

The boundary condition (BC) including the position of the
boundary point and the preset boundary conditions. In this
article, the ideal conductor boundary conditions are used, where
the electric field intensity is equal to zero at the boundary, and
the first partial derivative of the magnetic field intensity is equal
to zero at the boundary. The setting of the boundary condition
function is shown in the following:

EF(z=0)=0
VxH (=02 =
05,2=0,2=2)=0

BC: (i=1,2,3...Ny)

(20)
where N, represents the number of sampling points of the
boundary condition, and E;* and H;* are boundary magnetic
and electric field data, respectively.

The PDE loss function is generated by the preset PDE sys-
tem. This function measures the residual error of the predicted
solution in the PDE system, that is, the degree to which the
solution satisfies the system. According to (18), the physical
partial differential equation constraint of the PINN based on the
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Maxwell equations is as follows:

2 2 2
PDE: % — MOST% + Mo%(i =1,2,3... NPDE)

21
where Nppg represents the number of sampling points in the
computing domain, zig is the magnetic permeability in vacuum,
and ¢, is the dielectric constant of air.

With the above BC, IC, and PDE conditions it is possible
to construct the corresponding loss function and thus perform
the PINN solution. The goal of optimizing the loss function is
to minimize the value of the loss function, so that the solution
generated by the neural network satisfies the PDE system and
the preset physical conditions. The loss function of PINN is the
mean square error (MSE) of the resulting single equation, shown
in the following:

Loss = MSEPDE + MSE]C + MSEBc. (22)

PDE loss function is shown as follows:

1 Nppg X Nppg )
MSEppg = L = i 23
PDE OSSPDE Noom X Voo ; lgil”  (23)
0’E 0’E 0°H

= — — r—o —_— 24
9= a2 ~HEr o + o prD (24)

where Nppg represents the number of sampling points in the
computing domain.

Initial conditional loss function is shown as follows:
Nox Ny

D

i=1

1

MSE;c =L = —
IC 0SSiIC No x No

(\Ef—EﬂQﬂHE—HﬂQ) 25)

where i represents the sampling point, Ny represents the number
of sampling points for the initial condition, ;* and H; " are
the initial input magnetic and electric field data, respectively,
and E;* and H;" are initial magnetic and electric field data,
respectively.

In this article, the initial conditions are the electric and mag-
netic field strength data at = 0. The voltage data were measured.
Based on the principle of radiation and mathematical modelling
of a finite length straight conductor [32], the initial electric and
magnetic field strengths ET and H' can be determined as shown
in the following:

Zolol L \? L \?
ET = 11— =— — 26
207 \/ <27rx> * (27T.’L‘) 26)

gt = Lol + <A)2

20x 2mx
where [, is the current value at the initial moment ¢ = 0, due to
the conductor is extremely short, the resistive characteristics of
the obvious, the size of the approximation to take 0.01 times the
voltage; [ is the length of the conductor; A is the wavelength; x
is the target point and the conductor perpendicular distance (this

article seeks to take the range of 0-0.5 m); Z; is the free-space
wave impedance, take 1207.

27
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Boundary condition loss function measures the error between
the predicted solution of the neural network and the true solution
at the boundary, as follows:

Ny
MSEgc = LossBC:Nin (|EZP|2 + |V x Hf’z)
i=1

(28)

where N}, represents the number of sampling points of the
boundary condition, and E” and H” are both boundary point
magnetic and electric field data, respectively.

The minimization of (Lossgc — 0) and (Loss;c — 0) enforces
the BC and IC at a set of finite sampling points on the boundary
surfaces and at the initial state. In addition, actual measured
magnetic field strength data for a single point [at position (x
= 0.4, z = 1.99) in the x0z coordinate system] should also be
included.

B. Multidimensional Gaussian Process

GPR is usually a single input single output model. In this
application, if need to study the electromagnetic interference
effect under the joint action of magnetic field and electric
field and other multidimensional parameters, the GPR model
under multiple inputs should be considered. Often use vector
representation to write multiple input functions, such as f(x),
where x is an input vector of size n. Note that subscripts have
been used to distinguish different input points x1, xo, ..., xy,, thus
using superscripts to distinguish different elements within the
same input point x. The covariance function adopts the square
exponential function, and the squared exponential covariance
function is now given by the following [33]:

1 T,
k(z,a') = 13 exp (2(:17 —2)y A — x')) . (29
The parameter Ay is the same as before, but the matrix Ax is
new. It is the matrix of squared length scales for the input. In
practice, assume it to be a diagonal matrix

A2 0
Ae=|: - (30)
0 - A2

The quantities A1, ..., Ay effectively determine how much
the Gaussian process can vary when the corresponding input
parameters x1, x2 ..., xm vary.

Combined with (13), the regression obtained by GPR is shown
as follows:

m(X?) = g(XP)B +rT(XP)RUC - GB) (1)

2
5 (XP) = o2(1 - rT(XP)R 1 (XP)) (32)
where G is the constructed matrix; #(X?) = r(X?,X";0) is the
correlation vector between the predicted point and the training
point; and R = n( X', X";0) is the correlation matrix between
the training points.
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C. Calculation of Multistate Probability

The output E of the PINN in Section I'V-A is maximized to
obtain E\,,x, and the corresponding measured H,,, is also input
to the 2D-GPR in Section IV-B together. And the evaluation
indicators in different states are obtained, and the calculation
of the failure probability in different states can be carried out
next. Multidimensional GPR can get regression under different
effect. Assuming that the equipment to be assessed has m failure
states, the classification indicator of each state is assessed, and
the assessed distribution of each state i on each point x” can be
expressed as follows:

C7 = fi(cl=")

where 1 and o come from the output distribution results of the
GPR.

Based on the assumption that the point belongs to the state
with the largest classification indicator, the probability of state
k can be calculated as (34). In this way, the probability of each
state in the predicted point can be calculated

~N (', o?) i=1,2,....m (33)

P! = P(C} = max(C},CY,...,Ch))
=P(CL>CP,....,CL >CF |, CP
>>C$+1y..,cﬂ’z cr)

- fk (c|zr)- </ folclzr)d / fe-a(clar)d
/ Srra(clar)d / Fm(clar)d )

Taking this test as an example, the electromagnetic interfer-
ence effect is denoted as no interference (state 0) and disturbance
interference (state 1). Therefore, the probability distribution of
the equipment in state 0 and 1 after suffering electromagnetic
interference is shown in the following:

(34)

P! — P(CY — max(CY, 1)
_ _:° (1) - (/_; fo(lxp)dc> e (39
PP = P(C? = max(C, C7))
_ b0l (/ F1(0]27) dc) de.  (36)

The overall process of the assessment method proposed in this
article is shown in Fig. 5.
The whole process can be divided into the following steps.

Step 1: A total of N sets of measurement data. Import the
nygn (n=1,2,3...N)measured H data, BC and IC data matrices
into the PINN network.

Step 2: According to the preset partial differential equations, the
PINN network starts to train with the loss function (22) as the
objective until the convergence condition is satisfied.

Step 3: The PINN network training is completed and the evalu-
ated E,, data is obtained.

Step 4: The nyy (Hpmax, Emax) 18 recorded based on the corre-
sponding measured H data and evaluated E data. Letn =n +
1, proceed to Step 1. When n = N, proceed to Step 5.
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Fig. 5. Overall flowchart of the method in this article.

Step 5: Mark the N groups of data with O or 1 effect according
to the substation field effect observation results.

Step 6: Use 2D-GPR for effect regression assessment indicator
calculation.

Step 7: Calculate the probability distributions under different
effects by evaluating the indicators using (35) and (36).

V. CASE STUDY
A. Electric Field Strength Calculation

Fig. 6 shows the modulation cable measurement platform. The
magnetic field antenna is a self-developed B-dot antenna, with a
calculated 3 dB transition frequency of 106.26 MHz. The signal
acquisition equipment uses the PicoScope 5402 oscilloscope.
The maximum measurement bandwidth can reach 200 MHz and
the sampling rate is 1 GS/s The modulation cable connects the
cable management box and merging unit.
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Fig. 7. Radiated magnetic field waveform (macro-waveform and micro-
waveform).

The macropulse waveform of the magnetic field intensity
obtained by the test is shown in Fig. 7.

The left figure of Fig. 7 is the macro waveform of the radiation
magnetic field recorded in the substation test. As shown in Fig. 7,
the “vertical line” of the macro waveform represents the mag-
netic field jump of each transient interference, and the transient
interference process begins from here. With the disappearance
of the attenuation oscillation process, the transient process ends,
and the next interference is waiting. The details of the macro
waveform (the part in the red box) are extended, which are
similar to the damped oscillation pulses. This process is repeated
until the end of the disturbance. At the same time, each transient
pulse can be considered to be caused by the transient voltage
and current on the conductor.

When selecting magnetic field data H used in PINN every
time, the transient pulse with the highest peak in the macro
waveform is selected. Select 201 data points near the highest
peak as inputs (H(x = 0.4, z = 1.99)) and use its corresponding
201 voltage data points to calculate the initial electric (E(r = 0))
and magnetic field (H(# = 0)) data (length of 2 s at 100 MHz
sampling frequency).

The dataset before each PINN solution in this article include
the following data (shown in Fig. 8)

1) Boundary condition data BC: Let boundary electric field
data E(x = 0) = 0 (one 201 x 1 matrix), boundary
magnetic field data %—I;(a: = 0&x = 0.5&y = 0&y = 2)
(Four 201 x 1 matrices).

2) Initial condition data IC: Initial electric field data E(r =
0) (one 201 x 201 matrix), initial magnetic field data H(z
= 0) (one 201 x 201 matrix).

3) Magnetic field strength data at the actual measurement
point (x = 0.4, z = 1.99) (one 201 x 1 matrix).

Set the training step size to be 3000 steps and the convergence

error to be 10~ [34], [27], and the once loss profile obtained is
shown in Fig. 9.
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Fig. 10.  Electric field distribution waveform predicted by PINN (# = 0.2 us).

Fig. 10 shows the 2-D electric field distribution at the x0z plane
calculated by PINN (# = 0.2 ps), The electric field amplitude of
point A can be obtained directly. A total of 122 sets of data were
calculated.

To verify the effectiveness of PINN prediction. According
to the 122 groups of measured voltage data at the test site, the
3-D electromagnetic field simulation is carried out by using the
finite integral time-domain method to monitor the electric field
strength of the target point A (see Fig. 11). The peak value of each
group of simulation calculation data is compared with the peak
value of the electric field strength predicted by PINN, and the
correlation distribution diagram is obtained as shown in Figs. 12
and 13. It can be seen that the prediction result by PINN method
in this article has strong equivalence.



LU et al.: ELECTROMAGNETIC INTERFERENCE EFFECT ASSESSMENT UNDER MEASURING TESTABILITY LIMITATION

Fig. 11.  Calculation model of time-domain finite integral method.
]
E 204
% 15
£
2 .
£ 104
z .
S
= [ ]
£ 5 .
3
s :
£ &
E
g T T T T T y
= 0 5 10 15 20 25
Maximum electric field strength (Simulation)/(V/m)
Fig. 12.  Comparison of electric field intensity amplitude distribution.
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Fig. 13.  Boxplot of electric field intensity amplitude distribution.

B. Interference Effect Probability Assessment

The PINN prediction and subsequent assessment in this ar-
ticle are based on the following important conditions: 1) the
electromagnetic field at the location of concern belongs to
the near field electromagnetic field, and the electric field in the
near field is mainly related to voltage, and the magnetic field is
mainly related to current; 2) the transient pulse occurrence time
of current and voltage is highly consistent, which also leads to
the well one-to-one correspondence between the single pulse
disturbance time and peak value of the transient electric field
and magnetic field. It can be expressed as follows:

H x1I
FE xU.

(37)
(38)

Based on the above conditions, do not need to pay attention
to the full waveform of magnetic field and electric field of each
“interference event.” The effect can be assessed only by using the
amplitude data of the predicted electric field and the measured
magnetic field, plus their corresponding interference effect.

Thus, the failure assessment criterion is whether the OCT
sends an alarm during the actual field test. If no alarm is sent, it
is normal state and is denoted as state O. If an alarm is sent, it is
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Fig. 15. Distributions of classification indicators for each state of OCT.

(a) State 1. (b) State 0.

abnormal state and is denoted as state 1. The corresponding
states under the measured magnetic field amplitude and the
predicted electric field amplitude are shown in Fig. 14. 122 sets
of tests include 65 sets of state 1 (Red) and 57 sets of state O
(Blue).

Since there are two states in this case, in the GPR assessment
part, the square exponential kernel function is used for both
states. The distributions of classification indicators for each state
are shown in Fig. 15.

Finally, by comparing the distributions of the classification
indicators of each state, the probability assessment results based
on (35) and (36) can be calculated. As shown in Fig. 16.

Similarly, according to the complexity theory of electro-
magnetic environment, the complexity of electric field signal
and magnetic field signal can be calculated. The traditional
complexity Coc is calculated by (39) [35]. The “two input-two
output” assessment model is established based on the input of
complexity and the output of assessment effect. The obtained
assessment probability diagram is shown in Fig. 17.

COC = Tp X Fp X EP (39)
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where Tp represents the time domain occupancy of the signal,
Fp represents the frequency domain occupancy of the signal,
Ep represents the energy occupancy of the signal.

In this article, a complexity assessment indicator based on
time spectrum characteristic frequency is proposed as shown in
the following:

i maxl(S( D) = So)]

e|fmax[S(t,f)]7fsuh X Ry,

where frax(s(r,f)|)is the frequency point corresponding to the
maximum time-frequency distribution intensity of the interfer-
ence signal, fy,, is the characteristic frequency of the subjec-
tively determined sensitive equipment, 15 MHz here. R, is
the Rényi entropy [20], and it represents the time-frequency
aggregation of the electromagnetic interference signal.

As shown in Figs. 17 and 18, electromagnetic complexity can
also assess the effect probability under given electromagnetic
conditions. And the complexity assessment indicator proposed
in this article also presents a multiple peak valley result similar
to Fig. 14, which has certain reference value for the assessment
EMI of radiation environment.

(40)
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VI. CONCLUSION

Aiming at the effect assessment problem of electrical power
measurement equipment under various interference, a multidi-
mensional failure assessment method is proposed under the con-
dition of measuring testability limitation. The method combines
PINN and GPR, in which data are used to infer, and the final
model does not have any priori model assumptions. First, the
electric field data are predicted by combining electromagnetic
theory and PINN, and the classification indicator is constructed
according to the actual effect. Then, the classification indica-
tors of the predicted area are averaged and confidence interval
regressions are carried out by GPR. Through multidimensional
GPR, the probability of multiple effect states can be assessed at
the same time.

In order to illustrate the applicability and effectiveness of
this method, a group of tests are carried out on a system of
OCT equipment under the radiation environment with measur-
ing testability limitation, and the case is studied from different
perspectives. In further research, it is of importance to study
the accuracy of the assessment results, and faster calculation
of necessary changes in the case under measuring testability
limitation.
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