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Abstract

In the impartial factor ungrounded system, ferromagnetic resonance overvolt-
age is a frequent fault that lasts for a lengthy time and is hazardous to the grid.
In this paper, the mechanism of grid ferromagnetic resonance overvoltage is
first explored in depth. The precept of impartial voltage shift and ferromag-
netic resonance brought about through PT saturation is analyzed with the
aid of graphical and mathematical analysis. Then, the characteristics of fault
current information are extracted by wavelet transform, and indicators such
as wavelet fault degree, wavelet singularity and wavelet energy measurement
are obtained respectively. D-S evidence theory is used to fuse multi-source
information of electrical volume and switching quantity, so as to obtain
comprehensive fault results of power grid more accurately. Finally, based on
the time series risk assessment, the distribution network time series risk index
is calculated, the risk level and risk area of each period are determined, and
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the early warning results are issued. Finally, an example is given to verify the
effectiveness of the proposed method.

Keywords: Distribution network, ferromagnetic resonance overvoltage,
multi-source data, risk warning.

1 Introduction

Smart grid is the future improvement course of the world’s electricity grid,
and its vital characteristic is “self-healing”, which requires the grid to be in a
position to analyze and consider the gadget protection online, in actual time
and continuously, to be in a position to diagnose the machine on line and to be
in a position to warn the viable gadget failure in time, to be capable to prevent,
isolate and manipulate the gadget failure that has already occurred, and to
make the machine self-healing [1, 2]. The device is in a position to prevent,
isolate and manipulate gadget faults that have already occurred, so that the
machine can get better itself and allow shut coordination between all ranges
of the grid defense, which can withstand surprising occasions and serious
faults and efficiently keep away from the incidence of large-scale chain faults,
as a result substantially enhancing the protection and balance of the grid and
electricity grant reliability, and notably decreasing outage losses.

Ferromagnetic resonance happens in nonlinear inductive and capacitive
circuits, and the resonance method can also produce steady overvoltage and
overcurrent, which will pose a danger to the protection of transmission and
distribution gear and running personnel. Although a lot of lookups have
been carried out at domestic and overseas on the era mechanism, primary
characteristics, improvement law, and suppression measures of ferromagnetic
resonance, due to the complexity of its resonance circuit and the variety of
resonance types, the suppression measures of ferromagnetic resonance are
limited [3]. However, due to the complexity of the resonant circuit and the
variety of resonant types, ferromagnetic resonance suppression measures are
restrained in some resonant cases, ensuing in the key gear of the strength
gadget may also be subjected to a longer length of ferromagnetic resonance
overvoltage, which can also reason insulation injury and finally might also
reason tools damage, as a result, the ferromagnetic resonance trouble is
nonetheless a complicated hassle that has plagued the protected operation
of electricity gadget for a lengthy time [4]. With the development of the
power grid, on the one hand, the rapid development of the distribution
network causes a sharp increase in the range of distribution system parameter
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changes, and the distribution network operation is more frequent, prompting
the occurrence rate of ferromagnetic resonance to rise; on the other hand,
the internal overvoltage multiplier requirements of EHV system are more
stringent, and the ferromagnetic resonance overvoltage may exceed the inter-
nal overvoltage level of EHV system. Therefore, the hassle of ferromagnetic
resonance in electricity structures is turning into extra and extra prominent,
and there is a pressing want to behavior in-depth lookup at the nonlinear traits
of ferromagnetic resonance and the suppression of ferromagnetic resonance
overvoltage.

A passive (meaning without a separate power supply) linear time-
invariant circuit containing an inductor coil and capacitor which, under the
action of an applied power supply at a specific frequency, is purely resis-
tive externally. This particular frequency is the resonant frequency of the
circuit. To resonate as the main working state of the circuit called resonant
circuit. Radio equipment are used to wipe the vibration circuit to complete
the tuning, filtering and other functions. The power system is to prevent
resonance to avoid bow|overcurrent, overvoltage. The resonance in the cir-
cuit are linear resonance, non-linear resonance and parametric resonance.
At present, the major characteristics of ferromagnetic resonance assessment
and suppression techniques are in predominant based totally completely on
the ferromagnetic resonant circuit model, which is received via the use of
simplifying the regular ferromagnetic resonant circuit and can replicate the
standard legislation of ferromagnetic resonance to a positive extent, laying
the foundation for ferromagnetic resonance research. However, the traditional
ferromagnetic resonance model requires a precise resonant circuit model and
accurate system parameters, and in the actual power system, the resonant
circuit and system parameters will change with the change of operation
mode, so the characteristic analysis and suppression method based on the
traditional ferromagnetic resonance model cannot meet the field application
with changing situation.

2 Mechanism of Grid Ferromagnetic Resonance
Overvoltage

2.1 Basic Ferromagnetic Resonant Circuit

In order to analyze and discuss ferroresonant overvoltage, first analyze the
simplest series resonant circuit. Its equivalent circuit is shown in the figure.
L is a nonlinear inductor with an iron core, and C is an equivalent capacitance.
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Figure 1 Single-phase series resonant circuit, characteristic curve.

In order to simplify the analysis and omit the loss (R = 0), when the
ferromagnetic resonance occurs, in addition to the fundamental frequency
component, there are higher harmonic components, but in the fundamental
frequency component, the higher harmonic component does not play a major
role, and is ignored in the analysis [5, 6].

According to the circuit in Figure 1(a), the characteristic curves of the
voltage of the inductor and capacitor with the circui current UL(I),UC(I) can
be drawn. Both the voltage and current are shown in the graph as rms values.
Since the capacitance is linear, UC(I) is a straight line [7]. The voltage on
the inductor UL and the voltage on the capacitor UC have opposite signs.
When ωL > 1/ωC, i.e., when UL > UC , the current in the circuit is
perceptual. However, as the current increases, the core becomes saturated
and the inductance decreases, and the two volt-ampere curves intersect at P.
The current continues to increase, UC > UL, and the current in the circuit
becomes capacitive.

From the equilibrium relationship between the voltage drop throughout
the circuit factors and the electric powered conceivable of the energy provide,
it follows that:

Ė = U̇L + U̇C (1)

The above balanced equation can be expressed as the absolute value of
the sum of voltage drops ∆U:

E = ∆U = |UL − UC | (2)

The curve of ∆U versus I can be made from the above equation, as shown
in Figure 1(b).

The intersection point of the electric potential and the curve is the point
that satisfies the equilibrium Equation (2). As can be seen in Figure 1(b),
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there are three equilibrium points a1, a2, and a3, all of which satisfy the
equilibrium condition and may become the operating point of the circuit, but
all three points are not stable. In physics, a small disturbance can be used
to determine the stability of the equilibrium point, assuming that there is a
small disturbance in the circuit, and analyze whether this disturbance can
make the circuit out of the point [8, 9]. For example, at point a1, if the current
in the loop increases slightly, ∆U > E, i.e., the voltage drop is greater than
the electric potential, which reduces the loop current I, and returns to point
a1; conversely, if the current in the loop I decreases slightly, ∆U < E, i.e.,
the voltage drop is less than the electric potential, which increases the loop
current I, and also returns to point a1, so point a1 is a stable point. Using
the same method to analyze points a2 and a3, we can find that point a2 is an
unstable point and point a3 is a stable point.

From the above analysis, it can be viewed that underneath the motion of
a sure utilized electric-powered practicable E, there are two steady factors a1
and a3 in the loop, that is, the ferromagnetic resonance loop has two viable
secure running states. At point a1, the circuit is inductive, in a non-resonant
state, the voltage on the inductor and capacitor are not high, and the circuit
current is not large. At point a3, the circuit is capacitive, at this time, the
inductor and capacitor will produce a high overvoltage, and the circuit current
is large, generally said that the circuit is in a resonant working state.

Under regular circumstances, the loop is usually in a non-resonant work-
ing state, when the device suffers a robust disturbance, the loop will soar from
the a1 factor to the resonant region, this want for the transition method to
set up the resonant scenario is known as ferromagnetic resonance excitation,
ferromagnetic resonance country can be “self-sustaining”, maintained in the
resonant state. When the applied power supply E exceeds a certain value,
the analysis of Figure 1(b) shows that there is only one working point of the
circuit, that is, the circuit works in the resonant state, this situation is called
self-excitation phenomenon [10]. When the resistance of the loop is taken
into account, the ∆U curve in Figure 1(b) will be shifted upward, and the
corresponding excitation resonance requires greater interference, reducing
the possibility of resonance and limiting the amplitude of overvoltage.

2.2 Electromagnetic Voltage Transformer Saturation Caused by
Overvoltage

The neutral factor is now not a grounded system, in order to display the
device’s three relative floor voltage, energy metering and relay protection,
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Figure 2 Circuit diagram with PT neutral point ungrounded and equivalent circuit diagram.

electricity station, substation bus often connected with Y0 connection PT,
and system wiring as shown in Figure 2(a), its equivalent circuit as shown in
Figure 2(b) [11].

Figure 2 EA, EB , EC for the three symmetrical power potential,
PT excitation inductance were LA, LB , LC , each phase conductor and bus
capacitance to ground were CA, CB , CC , the conductance of each phase
after parallel connection were YA, YB , YC , the principle analysis of the line
impedance and transformer iron loss neglected.

In normal operation, the relative capacitance of the power grid CA =
CB = CC = C0. The excitation reactance ωL of the transformer is very
large, and the phase impedance is mainly based on the capacitance-to-ground
C0 of the conductor 1/ωC0. The three-phase is basically balanced, and the
neutral displacement voltage E0 of the power grid is close to zero, so there
will be no overvoltage.

When the system is subject to external disturbances such as operation or
fault, the winding of PT is excited by excitation and saturated, usually the
degree of saturation of the three-phase winding is different, so that YA =
YB = YC , so that the three-phase load becomes unbalanced, resulting in a
large frequency displacement voltage at the neutral point, which may also
provoke resonant overvoltage [12].

(1) Neutral frequency displacement overvoltage

Due to the one of a kind ranges of saturation, the three phases of PT can also
generally show up in the following 4 phenomena.

(1) Three phases have different degrees of saturation, but each phase is still
a capacitive conductor.

(2) One phase is inductive due to severe saturation, while the other two
phases are still capacitive.
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Figure 3 Schematic diagram of system PT core saturation overvoltage.

(3) Two phases are inductive due to severe saturation, and the other – phase
is still capacitive.

(4) All three phases are inductive due to severe saturation.

Operation and dimension journey suggests that most of the machine PT
core saturation overvoltage for the 0.33 case, that is, two phases due to
extreme saturation is inductive, the different segment is nonetheless capac-
itive, when the two-phase voltage increases, a segment voltage decreases.
In this area to analyze the 1/3 case, different instances have similar evaluation
methods. Assume that phase A is not saturated, its equivalent capacitance is
C0; B, C two-phase saturation, its equivalent inductance is LB = LC = L,
neutral displacement voltage is Ė0, equivalent circuit as shown in Figure 3(a).

According to the nodal voltage method there are:

ĖA − Ė0)YA + (ĖB − Ė0)YB + (ĖC − Ė0)YC = 0 (3)

A transformation of the above equation yields:

Ė0 =
ĖAYA + ĖBYB + ĖCYC

YA + YB + YC
=

∑c
i=A ĖiYi∑c
i=A Yi

(4)

Substituting YA = jωC, YB = YC = 1
jωL into Equation (4), respectively,

we get:

Ė0 = −
ĖA(ωC + 1

ωL)

ωC − 2
ωL

(5)

Where,
(ωC+ 1

ωL
)

ωC− 2
ωL

≥ 1, so Ė0 is reversed with ĖA. At this point the neutral

point is shifted outside the voltage triangle in order to satisfy the current
balance condition IA + IB + IC = 0.
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Illusory grounding is the signal of PT saturation prompted by means of
the frequency displacement voltage, due to exterior elements to make the
transformer that a pair of phases no longer saturate is random so that a pair
of floor voltage discounts is additionally random [13].

(2) Harmonic resonant overvoltage

The equivalent transformation of Figure 3(a) with Davinan’s equivalence law
can be obtained as shown in Figure 1(a) for the basic series resonant circuit.
External disturbances caused by the saturation of the PT core will produce a
series of harmonics, when the parameters with the appropriate will make a
harmonic amplification, causing harmonic resonance overvoltage.

Harmonic resonance occurs when the system neutral voltage is harmonic
voltage, set the harmonic resonance system zero sequence voltage rms value
of E0, the power supply frequency potential rms value of E, then the three
phase to ground voltage rms value is:

U =
√

E2 + E2
0 (6)

It can be seen that the three phase voltages rise simultaneously when
harmonic resonance occurs in the system.

2.3 Evolutionary Trend and State Division of Ferromagnetic
Resonance Overvoltage

The evolution fashion of ferromagnetic resonance overvoltage in a energy
distribution community can be roughly described as follows: due to the
excitation of disturbance or fault, the core of PT is saturated, for that reason
the inductance fee is reduced, and the ferromagnetic resonance overvoltage
is brought on in the case of parameter matching [14, 15]. The evolution trend
is shown in Figure 4.

In neutral ungrounded systems, single-phase grounding fault is the most
common cause of ferroresonance overvoltage. It is worth mentioning that
the single-phase grounding fault is the same as the fundamental frequency
ferroresonance overvoltage, which is also caused by the neutral point voltage
displacement, and its performance is “two-phase voltage increase, one-phase
voltage decrease”, if only by the voltage amplitude identification, it is pos-
sible to misjudge, can not effectively carry out the risk identification of
ferromagnetic resonance overvoltage [16, 17]. Therefore, it is necessary to
deeply study its essence and excavate the signal characteristics that can



Early Warning Analysis of Grid Ferromagnetic Resonance Overvoltage Risk 1771

Figure 4 Evolutionary mechanism of ferromagnetic resonance overvoltage.

accurately characterize each state, so as to effectively identify the current
state of the distribution network and warn the risks faced in the future period
of time.

3 Multi-source Data Fusion for Grid Fault Diagnosis

3.1 D-S Evidence Theory

Suppose the identification frame of the non-empty set is Θ = {x1, x2,
. . . , xn} and its possible subsets are 2Θ. If m: 2Θ → [0, 1] can satisfy the
following equation: 

m(φ) = 0∑
A⊂Θ

m(A) = 1 (7)

Where: φ denotes an empty proposition.
Then m is called the basic confidence assignment, and for any subset A,

then m(A) denotes the basic confidence number of A.
Suppose m1, m2, . . . , mn denote the basic probabilities in the identifica-

tion frame Θ, then the following equation holds:

m(A) =


0 A = φ

K
∑
Ai⊂A

mj(Ai) = 1 A ̸= φ (8)

Where: K = [1−
∑

A∩Ai=Amj(Ai)]
−1 represents the conflicting

weights. When K < ∞, it means that the class of evidence is generally
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consistent; when K = ∞, it means that the class of evidence is contradictory,
and the evidence theory is no longer applicable at this time.

3.2 Grid Fault Information Processing

3.2.1 Electrical quantity fault degree
When a fault happens in the grid, the line contemporary earlier than and
after the fault takes place adjustments significantly. Therefore, the wavelet
fault degree, wavelet singularity degree, and wavelet strength diploma of the
electrical present-day sign are defined [18].

(1) Wavelet fault degree

When a fault occurs in the power grid, the fault line current will fluctuate
greatly, and the wavelet fault degree of the fault current is defined as follows:

Assume that the fault signal received by the ith component of the grid is
xi(n), and the multiresolution analysis result is Di1, Di2, . . . , Dil by wavelet
transform, where l is the number of sampling points of wavelet transform.
According to the wavelet transform, the wavelet transform data before the
accident is Di1, Di2, . . . , Dik, Di(k+1), and the wavelet transform data after
the fault is Di(k+2). Then let the following equation [19].

Fif = max(Di1, Di2 . . . Dik) (9)

Fib = max(Di(k+1), Di(k+2) . . . Dil) (10)

Vi =
max(Fif , Fib)

min(Fif , Fib)
(11)

In this formula, the basic meaning of Vi is the amplitude of the original
signal amplitude change before and after the fault.

In the case of a fault, Vi can be obtained by processing:

xi =
V 2
i

V 2
1 + V 2

2 + · · ·+ V 2
n

(12)

Therefore, the above equation represents the wavelet fault degree of
component i after the fault.

(2) Wavelet singularity

After the fault occurs, the wavelet radically change converts the authentic
sign into the coefficient matrix corresponding to the wavelet transform [20].
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According to the simple principle of singularity decomposition, the corre-
sponding singularity decomposition attribute matrix can be obtained, which
can additionally symbolize the primary modal characteristics corresponding
to the wavelet radically change coefficient matrix.

When a fault happens in the electricity grid, the electrical sign of the
misguided issue has a giant quantity of high-frequency transient components,
and in contrast with the non-faulty component, the electrical sign of the
misguided aspect has a giant change. Assume that the singularity matrix
corresponding to the ith issue is.

Λi = diag(λ1, λ1, . . . , λn) (13)

Then,

Si =

l∑
i=1

λi/t (14)

Further processing yields:

mi =
S2
i

S2
1 + S2

2 + · · ·+ S2
n

(15)

(3) Wavelet energy degree

In order to analyze the electricity distribution corresponding to distinctive
frequency bands of erroneous electrical signals, wavelet seriously change
coefficients can be used as a reference to signify the power signal, then
the electricity of the sign electricity can be expressed with the aid of the
dimension of the electricity cost [21, 22].

The aforementioned analysis shows that the energy distribution of the
wavelet transformed coefficients is E1, E2, . . . , Em, so the processing of
Equation (11) can be obtained as follows:

W =
m∑
j=1

Ej/m (16)

Further processing yields:

ei =
W 2

i

W 2
1 +W 2

2 + · · ·+W 2
n

(17)

Thus, the expression represents the wavelet energy measure correspond-
ing to xn signal of component i after the fault.
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3.2.2 Switching fault degree
A modified hierarchical weighted fuzzy Petri internet is used to convert the
switching portions beneath grid faults to their corresponding issue fuzzy
fault degrees, i.e., the line switching portions are transformed into the corre-
sponding numerical portions by means of the modified hierarchical weighted
fuzzy Petri net [23]. The Petri net model is constructed for each component,
and the fuzzy inference principle is used to obtain the fault probabilities of
line components as p1, p2, . . . , pn, respectively, because the sum of the fault
probabilities of various components under the fault is not exactly equal to 1,
which cannot satisfy the basic fusion rules of the evidence theory. For this
reason, the normalization method is used to treat the failure probabilities as
follows.

gi =
pi∑n
j=1 pj

(18)

Therefore, the processed fault probability matrix G = {g1, g2, . . . , gn}
can be expressed as the fuzzy fault degree.

3.3 Fault Diagnosis Decision Method

The basic architecture of the grid fault diagnosis method is shown in Figure 5
by combining the above analysis.

Figure 5 Grid fault diagnosis framework diagram.
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The specific steps are as follows:

(1) Fault prognosis data acquisition: the SCADA machine of the electricity
grid and the relay safety machine of the electricity grid are used to
achieve the switching extent data and electrical extent statistics when
the electricity grid is faulty, and in addition search the misguided region
of the strength grid to represent the set of misguided components.

(2) Feature extraction: the switching and electrical portions of fault factors
are extracted separately, the place the electrical extent data is extracted
through wavelet radically changes to analyze the fault contemporary
sign in the fault thing set to reap the corresponding wavelet fault degree,
wavelet singularity, and wavelet power degree, which are used to signify
the fault probability; whilst the switching volume records is extracted
by using multiplied hierarchical weighted fuzzy Petri. The swap facts
aspects are extracted the usage of a modified hierarchical weighted fuzzy
Petri internet to technique and analyze the change portions and reap the
corresponding fuzzy fault diploma to the components [24].

(3) Decision fusion: According to the multi-source statistics such as the
electrical extent and switching quantity, the D-S proof principle algo-
rithm is used to fuse the electrical volume facts and switching extent
information, and the misguided aspects can be received in accordance
with the fault analysis selection method, so as to acquire the fault
prognosis outcomes.

4 Research on Active Distribution Network Operation Risk
Warning by Multi-source Data Analysis

4.1 Probability Distribution Model of Wind Power Load
Prediction Error

In addition, there is a positive error between the envisioned and proper wind
electricity values due to the uncertainty of wind electricity and the hassle of
the prediction technique itself, therefore, it is of sensible magnitude to learn
about the likelihood density distribution feature of wind energy prediction
error.

The wind power prediction error probability distribution generally con-
forms to a non-standard normal distribution, as shown below.

fw(x) =
1√
2πσw

exp

(
− x2

2σ2
w

)
(19)

σw = (a+ b× wf )Pw (20)
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4.2 EV Probability Distribution Model

The consequences of the 2009 U.S. Department of Transportation survey of
family motors throughout the U.S. have been used, and the statistics from
them had been normalized and then processed the use of the approach of
splendid possibility estimation. The vehicle’s first day out second and the
final day trip return second are approximated as ordinary distributions, and
the everyday mileage is approximated as a log-normal distribution [25, 26].

The return moment, i.e., the moment when the user drops off the EV at
the EV charging station to start charging, satisfies a normal distribution with
a probability density function of:

fe(x) =


1

σe
√
2π

e
(−

(x−µ
e2

)2

2σ2
e

)
0 < x ≤ µe + 12

1

σe
√
2π

e
(− (x−24−µe)

2

2σ2
e

)
µe + 12 < x ≤ 24

(21)

The daily mileage follows a log-normal distribution with a probability
density function of:

fD(x) =
1

xσD
√
2π

e
(− (lnx−µD)2

2σ2
D

)
(22)

Assuming that the EV is charged with constant power, its charging power
distribution, i.e.

fPc(x) =

{
Pc xs ≤ x ≤ xe

0 else
(23)

To simplify the analysis, some assumptions are made in this paper, as
follows:

(1) EVs that enter the station at [t, t + 1] are considered to start charging
from time slot t + 1.

(2) After the EV starts charging, the charging process continues until the
end.

4.3 Distribution Network Operation Risk Warning Mechanism

The core task of distribution network operation risk warning is to accurately
identify the network risk factors, and through risk analysis and assessment
of their severity, so as to determine its risk level. Issue warnings according
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to the level of risk. Therefore, the key technologies to realize the distribution
network operation risk early warning include the distribution network time
series operation risk assessment calculation and risk grading method and the
time period early warning based on risk grading. In the following chapters, it
is explained separately.

4.3.1 Time-series risk analysis of the distribution network
Time-series threat evaluation of the distribution community is a danger eval-
uation via calculating hazard warning signs for distinctive moments of the
distribution community inside a day in chronological order. Since dangers are
additionally combinable in time, in this paper, on the foundation of area 3.2,
we advise the time-level chance warning signs as proven in Figure 6. At the
temporal level, the calculated distribution community built-in danger below
every second is superimposed to acquire the built-in chance of the distribution
community underneath the comparison cycle [27].

(1) Calculation of risk indicators at the moment t

For all scenarios the tidal current calculation is performed to obtain the distri-
bution of voltage and line power. The overvoltage probability and severity are
calculated, and then the overvoltage operation risk of the node is obtained, as

Figure 6 Spatio-temporal two-level distribution network risk index system.
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shown in Equation (24):

Rvh
i,t =

∑
s∈Ωt

ρt,sB
vh
i,t,s(Vi,t,s)Sev

vh(Vi,t,s)∀i,∀t (24)

Where, Rvh
i,t is the overvoltage risk of the ith node at time t; Ω is the set

of generated operation scenarios at time t.

(2) The set of operational risk indicators of the distribution network at
moment t can be calculated by combining the low voltage and overvoltage
operational risks of each node at time t and the overload operational risk of
each line respectively, as shown below:

Rvh
sys,t =

Nb∑
i=1

wiR
vh
i,t (25)

Rvl
sys,t = wi

Nb∑
i=1

Rvl
i,t (26)

Rp
sys,t =

Nt∑
j=1

Rp
j,i (27)



Rvh
load,t =

Nb∑
i=1

∑
s∈Ωt

ρt,sB
vh
i,t,s(Vi,t,s)P

vh
load∀i,∀t

Rvl
load,t =

Nb∑
i=1

∑
s∈Ωt

ρt,sB
vl
i,t,s(Vi,t,s)P

vl
load∀i,∀t

Rp
load,t =

Nl∑
j=1

∑
s∈Ωt

ρt,sBj,t,s(Pj,t,s)P
p
load∀i,∀t

Rt
load,sys = max{Rvh

load,t, R
vl
load,t, R

p
load,t}

(28)

Rvh
sys,t is the distribution network overvoltage operation risk at time t;

Rvl
sys,t is the distribution network undervoltage operation risk at time t; Rp

sys,t

is the distribution network line overload operation risk at time t; Rvh
load,t,

Rvl
load,t and Rp

load,t are the distribution network loss of load operation risk
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caused by voltage overrun and line overload, respectively. Rt
load,sys is the risk

of loss of load operation of distribution network caused by voltage overrun
and line overload [28, 29].

(3) The daily distribution network operation risk can be calculated by
accumulating the comprehensive risk of each time period as follows:

Rvh
sys =

T∑
t=1

Rvh
sys,t (29)

Rvl
sys =

T∑
t=1

Rvl
sys,t (30)

Rp
sys =

T∑
t=1

Rp
sys,t (31)

Rload
sys =

T∑
t=1

Rload
sys,t (32)

Where, Rvh
sys is the daily distribution network overvoltage operation risk;

Rvl
sys is the daily distribution network undervoltage operation risk; Rp

sys is
the daily distribution network line overload operation risk; Rload

sys is the daily
distribution network loss of load operation risk.

(4) Calculate the integrated operation risk of distribution network

CRI = w1R
vh
sys + w2R

vl
sys + w3R

p
sys + w4R

load
sys (33)

4.3.2 Distribution network risk warning criteria
After the time collection danger evaluation of the distribution community a
few days ago, this paper divides the distribution community hazard level,
danger place and node threat diploma by means of sure rules. According to
the effects got from the classification, the early warning data is despatched to
the dispatching area to become aware of the hazard degree of the distribution
community in every time period, medium and excessive danger areas (lines
and nodes), etc. The precise guidelines of distribution community hazard
warning are as follows.
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Table 1
Risk Level Grading Criteria
Red level (highest risk) Pload > 30%

Orange level (higher risk) 10% < Pload = 30%

Yellow level (medium risk) 4% < Pload = 10%

Green level (low risk) Pload = 4%

(1) Risk level warning

Although complete warning signs can assist operators to have a complete
perception of distribution community risks, it can additionally be tough to
choose, in the end, which indicator to use. Classification standards must
be developed to decide precise hazard stages to convey extra comfort to
information operators’ operations. According to the Safety Accident Inves-
tigation Protocol of the State Grid Corporation, the distribution network risk
is divided into 4 levels according to the load shedding ratio, with reference to
the weather warning selected as red, orange, yellow and green representing
low risk, medium risk, higher risk and high risk respectively, as shown in
Table 1.

(2) Risk point warning

According to the minimum reasonable and feasible guidelines, combined
with the “State Grid Corporation Safety Accident Investigation Regulations”
set the risk demarcation line, thus dividing the node overvoltage risk, node
low voltage risk value to determine the medium and high risk nodes.

4.3.3 Distribution network risk early warning process
The charging power of EV charging stations is simulated using Monte Carlo
simulation in the following sub-steps:

(1) Simulate the starting charging moment, leaving period, and daily driving
kilometers respectively according to the EV probability model.

(2) EV charging time Te is calculated according to the daily mileage D and
the charging amount W100 required for EV 100 km mileage, as shown
below:

Tg =
DW100

100Pc
(34)

(3) Repeat the above steps for each EV;
(4) Obtain the hourly charging power of the charging station by accumulat-

ing the charging power of each EV;
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4.4 Analysis of Calculation Example

Since the wind velocity and mild in a day lead to special PV and wind turbine
output at exclusive moments, the usage of the suggest fee has limitations, so
it is very crucial to analyze the hazard of distribution community operation
below specific hours of the day to grant choice groundwork and help for
the dispatch of a day. In this paper, primarily based on IEEE34 distribution
system, two get entry to scenarios, DG and DG&EV, are set to analyze the
distribution community for timing operation hazard and early warning lookup
respectively [30].

4.4.1 Timing operation risk analysis and early warning of
distribution network under DG access

According to the influence evaluation in the preceding section, the get right of
entry to situation of DG adopted by means of IEEE34 distribution machine is
proven in Figure 7, in which two wind generators are related at node 15, node
34 is linked with wind energy complementary, and node 33 is related with
one wind turbine. Based on the regular load demand, wind turbine and PV
lively output prediction curves, the envisioned values of every time duration
are transformed into corresponding ratios primarily based on the respective
expected peaks, and the energetic output ratio coefficients of load demand,
WT and PV for every time duration earlier than the day are obtained, as
proven in Figure 8. The error earlier than the wind and mild load day is set
to 20%.

Figure 7 Wiring diagram of IEEE34 system with DG.
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Figure 8 Proportional coefficients of active output of load demand, WT and PV for each
time period before the day.

(1) Time-series operation risk analysis

The values of each risk index in the distribution network during the evaluation
cycle are shown in Figure 9. The risk of distribution network is mainly
composed of overvoltage risk and risk of loss of load operation caused by
overvoltage. As can be seen from the figure, the risky hours of the distribution
network are concentrated in the period from 9:00 to 20:00, which is due to
the fact that the DG output power is above 50% during this period, and the
distribution network load cannot completely consume the DG output power,
thus leading to the voltage crossing the upper limit. Due to the limitation
of light conditions and wind speed, the DG output in the evening of the
distribution network is smaller, and the corresponding distribution network
over-voltage operation risk is smaller [31].

Further, the overvoltage operation risk of each node in the distribution
network during a day is analyzed, as shown in Figure 9. The over-voltage
risk of each node in the distribution network is ranked at each node (#33,
#34, #15) and nearby nodes (#12). This is due to the fact that the PV output
is 0 at night due to the natural lighting conditions, but there are still nodes
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!

Figure 9 Risk level warning in the distribution network assessment cycle.

with wind turbines feeding power backwards to the surrounding area, which
leads to the voltage rise in the area. In summary, the distribution network risk
containing DG is mainly affected by the DG output of one day.

(2) Day-ahead warning analysis

According to the day-ahead risk assessment index, the risk warning of each
time period of the distribution network is shown in Figure 9. According to the
early warning results, the dispatcher should pay close attention to monitoring
the distribution network overvoltage during the period from 9:00 to 20:00,
especially from 12:00 to 17:00, when the distribution network is at orange
risk. The medium and high risk areas of the distribution network vary from
time to time and are mainly concentrated in the central and tail nodes of
the distribution network. Therefore, dispatchers can take timely measures to
reduce the risk of the distribution network during the medium and high risk
periods, such as reducing the DG output and other measures. The reduction
of DG output is actually an economic loss.
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4.4.2 Timing analysis and early warning of distribution network
timing operation risks under DG and EV access

Based on the study of risk assessment and risk warning of DG access to
the distribution network in Section 4.4.1, this paper adds EV to study the
impact of its multiple risk factors on the distribution network risk factors.
The locations of scenery access and EV access in the distribution network
are shown in Figure 10. Among them, EV charging station is connected to 23
nodes and the charging station contains 200 EVs.

(1) Time-series risk analysis

After the timing risk assessment, it is known that the distribution network
appears different risk characteristics in a day due to the changes of DG
output and EV charging power in each time period. Overvoltage risk mainly
occurs during daytime hours (9:00-17:00), while line overload risk occurs
in the distribution network during part of the evening hours (18:00-22:00),
where low voltage risk occurs in the distribution network at 21:00 hours.
At the same time, the distribution network is at risk of loss of load during
all these hours. The distribution network experienced overvoltage risk due
to the overlap between EV charging station charging and evening peak load,
which caused a certain probability of power supply shortage, and thus the
distribution network experienced line overload and low-voltage risk.

Figure 10 IEEE34 node distribution system with DG and EV.



Early Warning Analysis of Grid Ferromagnetic Resonance Overvoltage Risk 1785

Figure 11 Distribution network warning time map.

(2) Day-ahead warning analysis

According to the day-ahead risk assessment index, the risk warning for each
time period of the distribution network is shown in Figure 11. According
to the warning results, the time periods when the distribution network is
at medium-high risk level increases, and the dispatchers should pay atten-
tion to the voltage situation and line overload during the evening hours
(19:00-23:00), especially at 19:00 when the distribution network is at red risk.
Therefore, according to the above warning map, dispatchers can keep track
of the time periods and areas where the potential risks of the distribution
network appear. Measures can be taken for the distribution network during
medium and high risk periods, such as reducing DG output and adjusting EV
charging periods to achieve risk reduction.

5 Conclusion

With the big get right of entry to of disbursed energy sources, the booming
improvement of electric powered automobiles and the reform of energy
market, the uncertainties in distribution networks are increasing. With this
as the beginning point, this paper has performed a learn about on the chance
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evaluation and early warning of the lively distribution community below a
couple of uncertainties. The essential effects and conclusions are as follows:

(1) The characteristics of fault current information are extracted by wavelet
transform, and the corresponding fault degree of electrical volume, such
as wavelet fault degree, wavelet singularity degree and wavelet energy
measure are obtained respectively. The quantity of switches in fault
process is analyzed by fuzzy Petri net. The fuzzy fault degree of the
switching signal in the fault process is obtained. Then, the D-S evidence
theory is used to fuse the multi-source information of electricity volume
and switching quantity, so that the comprehensive fault results of power
grid can be obtained more accurately.

(2) The mechanism of the generation of ferromagnetic resonance overvolt-
age is studied, and the principle of saturation-induced neutral point
voltage shift and ferromagnetic resonance, and the principle of wire
break-induced ferromagnetic resonance are analyzed by graphical and
mathematical analysis, and the current status of research on the clas-
sification of ferromagnetic resonance, phenomena and other laws are
summarized.

(3) According to the early warning outcomes of IEEE 34 distribution sys-
tem, in the case of DG access, dispatchers need to pay shut interest
to screen the distribution community overvoltage at some stage in the
duration of 9:00-20:00, in particular from 12:00 to 17:00 when the
distribution community is at orange risk. In the case of DG & EV
joint access, the time duration when the distribution community is at
medium-high threat stage increases, and dispatchers have to pay interest
to the voltage state of affairs and line overload for the duration of the
nighttime hours (19:00-23:00), specifically 19:00, when the distribution
community is at purple risk.
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