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ABSTRACT During the switching operation of the non-load power transmission lines, the undisired
switching overvoltage issue is inevitable, causing grid voltage oscillations, waveform distortion and other
phenomena at the end of the non-load power transmission lines, and even lead to the insulation breakdown,
all above phenomena probably make the power transmission failure. To avoid the above harmful cases,
the formation mechanism of the undisired switching overvoltage issue caused by switching non-load
power transmission lines is first analyzed in detail. Based on this mechanism analysis, the energy storage
system (ESS) based overvoltage suppression method and corresponding ESS voltage command synthesis
algorithm are developed. The method can quickly and effectively restrain the voltage change rate and reduce
the voltage difference between the initial value and the steady state value of the power transmission lines,
so that the line voltage during the switching operation can be kept within the safety limit range. Finally,
a simulation model was built by using MATLAB/Simulink software, and the simulation results verified the
effectiveness of the proposed overvoltage suppression strategy.

INDEX TERMS Switching overvoltage, energy storage system (ESS), non-load power transmission lines,

voltage command synthesis algorithm.

I. INTRODUCTION

As the proportion of renewable energy sources in the grid
continues to increase, more and more renewable energy
power plants are established in remote areas [1]. High-voltage
and long-distance power transmission has become a neces-
sary choice to collect such renewable energy power to the
main power system. With the establishment and develop-
ment of ultra-high-voltage (UHV) and long-distance power
transmission lines, the probability of over-voltage on closed
non-load power lines (including reclosing) is greater and
more serious. During the switching operation of the non-load
power transmission lines, a large switching overvoltage will
be generated due to the effect of the huge line capacitance [2].
The switching overvoltage is several times higher than the
rated voltage so that the oscillation, waveform distortion
and even insulation breakdown will have probably occurred.
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All these phenomena probably made power transmission
failure, so it must be suppressed in time [3].

Various strategies for restraining overvoltage caused by
switching non-load power transmission lines have been
reported and tested in existing literature. The shunt reactor is
firstly adopted to suppress the power frequency overvoltage
in [4], and it is validated that the shunt reactor method can
effectively suppress the amplitude and duration of the switch-
ing overvoltage [5]. However, this method is mainly focused
on the suppression of the power frequency overvoltage, there-
fore, it has no obvious effect on the oscillating overvoltage of
the transmission process. To this end, the series compensation
capacitor method is therefore presented in [6-7], and their
simulation results showed that the switching overvoltage can
be suppressed to some extent. But the method still cannot
meet the overvoltage reference standard of the ultra-high
voltage operating and hence, it can only be used as the
auxiliary method. In [8], the switching resistor is utilized
in the circuit breaker to suppress the overvoltage. In [9],
to effectively improve the above method, the pre-insertion
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resistor scheme is presented to substitute the switching resis-
tor. But in any case, the above methods should well adress the
following problems, such as the complex hardware structure,
expensive hardware price, low reliability, high maintenance
fee and so on. Afterwards, in [10], Eiichi Zaima proposed
the switching overvoltage control strategy via the application
of surge arresters and circuit breakers with closing/opening
resistors in 1100 kV substations and power transmission
lines. In [11], X. Kou analyzed Henan power circuit breakers
with closing resistors operation, and switching overvoltage
and surge arrester energy absorption were simulated without
the closing resistor for a typical substation. However, they
have not put forward any effective methods or strategies to
decrease and suppress the undesired switching overvoltage.
In [12], the phase-controlled switching method, which will
control the circuit breaker to complete the circuit switching
at a specified phase, was proposed and it is verified that the
phase-controlled switching method is effective enough, and
it can get more enough suppression effect when it is com-
bined with other methods. However, the disadvantage of this
method is that it cannot realize the three phases switching at
the same time, so that the overcurrent issue may be produced.
In addition, this method needs a high precision circuit breaker
and controller, therefore it is difficult to be well implemented.
The metal oxide arrester (MOA) is also employed to suppress
the switching overvoltage [13], and their research results
showed that the overvoltage at every point of the power
transmission line can be limited under 2.0 p.u. If both the
MOA and the switching resistor are used at the same time,
the desired coordinated operation can be achieved, i.e. MOA
can suppress the overvoltage low enough after the switch-
ing resistor is shorted. However, if the resonant overvoltage
has a high amplitude and a long duration, the MOA will
be damaged because it absorbed too much energy. For the
overvoltage caused by the three-phase simultaneous breaking
operation, the phase-controlled switching strategy based on
fast vacuum switch is proposed in [14], which uses the fast
vacuum switch and phase-controlled switching technology,
which is effective for the breaking overvoltage. In UHV
power systems, J. L. He and B. Han proposed the closing
resistors for breakers to suppress the switching overvoltage,
besides, the different arresters, like controllable surge arrester
(CSA), was uased to eliminate the closing resistor of circuit
breakers. But their shortcomings make it a long-standing goal
to eliminate closing resistors. The main factors that effect
the close overvoltage are analyzed, and the results demon-
strated that the amplitudes of the switching overvoltage were
mainly related to the close phase angles with its range from
1.17p.u to 2.14p.u., which is useful to look for the best close
phase angles. Compared with the above suppression methods,
the energy storage system (ESS) based methods have the
incomparable characteristics that it not only can realize the
fast suppression for the switching overvoltage, but also can
be well implemented easily. Based on the ESS application,
the corresponding ESS voltage command synthesis algorithm
is developed. This method can quickly and effectively restrain
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the voltage change rate and reduce the voltage difference
between the initial value and the steady state value of the
power transmission lines, so that the line voltage during
the switching operation can be kept within the safety limit
range. The simulation results verified the effectiveness of the
proposed method.

The remainder of this paper is organized as follows.
Section II analyses the mechanism of circuit closing overvolt-
age. Then, The principle of ESS suppressing non-load clos-
ing overvoltage is analyzed in Section III. The ESS control
strategy is proposed in Section IV. Simulation verification
is confirmed in Section V. The conclusions are drawn in
Section VL.

Il. MECHANISM OF SWITCHING OVERVOLTAGE ISSUES
The switching overvoltage will be generated when the
non-load power transmission line is powered.

It is assumed that the three phases of the circuit breaker
are completely operated at the same time, then the sum of
the forced component and the transient component of the
three phases on the transmission line are all zero. The voltage
during the transition process only depends on the positive
sequence parameters, so the single phase non-load closed
loop can be used to analysis the switching overvoltage.

As shown in Fig.1, e(¢) is the power supply voltage; X; is
the inner impedance of the power supply; QF is the circuit
breaker; E is the amplitude of the power supply voltage; Uz
is the power frequency voltage amplitude at the end of the
non-load power transmission line.

ety | Xs QF

FIGURE 1. The diagram for studying the switching overvoltage of the
non-load power transmission line.

The switching process of the non-load long transmission
line can be equivalent to a series T-equivalent circuit with
an equivalent inductor and a equivalent capacitor as shown
in Fig.2 [12]. Here,

L = 1/3Lyl (1)
C = Cyl )

where, L and C is the equivalent inductance and capacitance
of the non-load power transmission line, respectively. Cy is
the inductance and capacitance of the unit length line, respec-
tively. / is the transmission line length between the measuring
point and the power supply.

Neglecting the equivalent resistances of the power supply
and the power transmission line, the system can be equivalent
to an infinity power supply before switching on, then the
voltage of the power supply can be expressed as:

e(t) = Ey sin (wt + ¢) 3)
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FIGURE 2. The T-type equivalent circuit of the non-load long transmission
line during switching process.

where E,, is the amplitude of the power supply voltage, w is
the angle frequency of the power supply voltage; ¢ is the
initial phase, respectively.

According to the Kirchhoff voltage law, we have

e(r) = ug (t) +uc (1) “
The above circuit equation can be expressed as

d?uc (1)

e =LC— = +uc () 5)

Then, the voltage on the capacitor can be expressed as

uc (t) = Epsing (1 — cos wpt) 6)
uc = Ep sing (1 — cos wopt)
t
+ / wEp cos (wt + ) [1 —coswp (t — T)]dT
0
2

(2] .
—— sin (wt + @)
wp* — w

61)02 ) (<) 2
—Emﬁ sin“gp 4+ | — cos ¢
wo® — w [O)

x sin (wot + ¥) @)

= En

To get the accurate switching overvoltage value, Duhamel
integral is utilized in this paper. The voltage is decomposed
into a number of step functions with an time interval, and
the solution of each step function is superimposed, then the
voltage on the capacitor can be expressed as Eq.(7), where

1
w) = ——
~LC
v = tan_lwo sin ¢

wCcos ¢

Therefore, the maximum value of the capacitor voltage can

be expressed as
2
.2 @
1+\/sm ©+ (— cos<p> (8)
o

It is relevant with the phase angle of the AC power supply
switching. If ¢ = 90°, the switching operation is conducted
when the power supply voltage reached the maximum value.
Then, the switching overvoltage reached the maximum value

2
@
2_ 2

(,()0 w

(uc)m = Em
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as the following

2
@y

2 _ .2
wy w

(uC)m = 2Em ©)

Compared with the swtiching of the single phase long
non-load transmission line, the overvoltage problem of the
three phases is more complicated, but the analysis methods
are completely identical.

Since the three phase voltages are 120° out of phase, so at
least two phases are in the overvoltage state at any time on the
non-load long transmission line, and the overvoltage exhibits
AC oscillating characteristics.

IIl. PRINCIPLE OF ESS SUPPRESSING THE SWITCHING
OVERVOLTAGE

Fig.3 shows the principle of the ESS based switching over-
voltage suppressing schematic, and ESS is installed in paral-
lel with the circuit breaker.

FIGURE 3. The principle of ESS suppressing the switching overvoltage.

Assumed that the frequency and phase of the output voltage
of the ESS are in accord with the power supply voltage, and
its amplitude decreases with time via a certain slope 4, then
at the r; moment, the steady state voltage at the head of the
transmission line can be expressed as

Uy =E—(E—ht) =hn (10)
Accordingly, the voltage at the terminal of the transmission
line can be calculated as
U/hl hty

Uel = = 11
el COS A COS A (In

After the dt time, the steady state voltage at the head of the
transmission line can be calculated as

Uly = h(t; + dp) (12)

Accordingly, the end voltage of the transmission line can
be expressed as

Uy h +dn)

U = =
e COS A

(13)

COS A

As shown above, during the dr time interval, the steady
state voltage at the terminal of the transmission line is oscillat-
ing and changing from Uy to Ues. If the voltage phase angle
is o at 11 moment, then the steady state value of the oscillation
process can be expressed as

U = v2Ue sin (& + wd?) (14)
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Here, the initial voltage can be expressed as
Ube = v2Ue sina (15)

Then, the amplitude of the free oscillation component dur-
ing the transition can be expressed as

Uy = Ust — Upe
= V2Ugq sin (@ + odt) — V2Ue sina (16)

When the dt is small enough, it holds
sin (o + wdr) = sina

Therefore, the amplitude of the free oscillation component
can be calculated as

U, = V2Ug sina — v/2Ue; sina

hdt
=2 sina (17)
COS A

During the transition process, the amplitude of the free
oscillating voltage is much smaller than the steady-state volt-
age amplitude.

Therefore, when the frequency and phase of the output
voltage of the ESS is in accord with the power supply voltage,
and its amplitude decreases with time via a certain slope
h, the switching overvoltage can be suppressed effectively.
When the output voltage of the ESS is decreased to 6, the ESS
can be shorted, and the non-load power transmission line
started to work normally.

IV. ESS CONTROL STRATEGY FOR RESTRAINING THE
SWITCHING OVERVOLTAGE

To realize the above operation goals, the ESS should be
controlled as follows.

The amplitude of the head voltage of the non-load power
transmission line rise with a certain slope till to the amplitude
of the power grid sinusoidal voltage, and the phase follows the
power grid voltage phase, then the ESS output voltage Upyef
is the difference between the power grid voltage and the head
voltage of the non-load power transmission line, which gives

UBret = U (1) sin (ot + ¢) (18)

where U (¢) is a command function of the ESS voltage
amplitude.

A. ESS VOLTAGE COMMAND SYNTHESIS METHOD

After the amplitude and phase of the output voltage of the
ESS is determined, its voltage command can be quickly
synthesized as shown in Fig.4. The synthesized process of
the voltage amplitude and phase is expressed as following.

1) PHASE INSTRUCTION

The frequency and phase of the non-load power transmission
line head voltage are in accord with the power supply voltage,
so the phase and frequency of the ESS output voltage must be
identical with that of the power grid.
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___________ Upgyera = Ussin(t + 0)

Phase command Usrer

Ugpe, =Usin(wt —21/3+0) [y
——————————— 1 r U

R
|

Amplitude command

=Usin(awt + 271/3 + 6)

FIGURE 4. The voltage command synthesis method of ESS.

Then, the phase command 6 (¢) of the power grid current
can be expressed as

0(t) = wt +a (19)

However, the phase of the power grid voltage is always
changing in real time. In order to ensure that the voltage phase
always satisfies (19), the grid voltage phase detection method
is used to track the phase in real time.

The phase detection method of the power grid voltage has
two categories [5]-[7], i.e. open-loop phase measurement
and closed-loop phase measurement. In this paper, the typ-
ical closed-loop phase measurement method, i.e. the single
synchronous fame based phase locked loop (PLL) method,
is adopted, as shown in Fig.5. The coordinate transforma-
tion between Cartesian abc and plane coordinate system of8
adopted in Fig.5 can be expressed as

U FR R |
[Zﬁ]: 3[0 % —ig} wo | GO

A 2 Usc
2 .
ug | _ = cqs@ sin & Uy @1
Uy 3| —sinf®  cosf ug

where 6 is the phase of the power grid voltage calculated by
the PLL shown in Fig.5.

l]Sabc abe,
—H—

?q

FIGURE 5. The control block diagram of the PLL.

2) AMPLITUDE INSTRUCTION

Constraints condition on the magnitude of the output voltage
of the ESS is that the head voltage of the power transmission
line is sinusoidal whose amplitude rises to the power grid
voltage amplitude with a certain slope, so the amplitude of
the output voltage of ESS should reduce from the power grid
voltage amplitude till zero at a certain slope.

The slope of the voltage amplitude drop should not be
too small to ensure that the transmission line can work at a
stable state as soon as possible. Simultaneously, according
to the (17), the slope of the voltage amplitude drop should
not be too strong to avoid the voltage oscillation. Therefore,
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FIGURE 6. The voltage amplitude slope of ESS.
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FIGURE 7. The direct voltage tracking control of ESS.
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FIGURE 8. The system structure diagram and the ESS control system.

the falling slope of the voltage amplitude needs to be kept
within a reasonable range as shown in Fig.6.

According to the above analysis, the amplitude command
of the power grid can be expressed as

0 t<n

k- (t — 1) nH<t<t
U(t)=13En h<t<nt 22)

En—ki(t—1) B<t<ly

0 <t

Here, E,, is the voltage amplitude of the power grid; k; is
the rise rate of the output voltage of ESS, which is affected
by the output voltage of ESS on the following ability of
the command signal; k; is the decline rate of the output
voltage of ESS, which is affected by the control strategy; #1 is
the preparatory closing moment; #, is the closing moment;
13 is the moment when the output voltage of ESS starts to
decline; t4 is the short-circuit moment of ESS. The above time
parameters satisfy the following relationship, i.e.

1
th —11 > k_Em (23)

r

1
4 =13+ —En (24)
kg
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TABLE 1. The main parameters.

Symbol | Description value
t1 The switching time of the non-load power line | 0.2 s
f The frequency of the grid voltage and current | 50 Hz
Us The amplitude of the power grid voltage 10kV
Ro The unit resistance of the transmission line 0.012 Q/km
Lo The unit inductance of the transmission line 0.9 mH/km
Co The unit capacitance of the transmission line | 1.2 nF/km
Ky The proportional coefficient of the PI controller | 100
K; The integral coefficient of the PI controller 500
Ky The decrease rate of the ESS voltage 50 kV/s
phase A
40T ——— phaseB
z phase C
S 2F
g
E |
5 0 f
2 b v
o
§ 20 -
5 -
wn
-40
0.15 0.25 0.35 0.45
Time (s)

(a) Switching overvoltage

The head voltage

The end voltage
20

The voltage (kV)
S

-20

-40

0.15 0.25 0.35 0.45
Time (s)

(b) oltage comparison between the terminal and end of phase C

FIGURE 9. The closing overvoltage without any suppression strategy.

Therefore, the real-time ESS voltage command value can
be determined according to (19) and (21).

B. ESS CONTROL METHOD
To suppress the switching overvoltage, the control strategy
must have the rapid response ability. Therefore, the direct
voltage tracking control method in the abc coordinate system
is adopted to realize the ESS voltage command tracking in
the paper, as shown in Fig.7. Here, the classic PI controller
is adopted as the loop compensator. In addition, k, and k; are
the proportional and integral coefficients of the adopted PI
controller, respectively.

If the measured output voltage of the ESS is Up, the mod-
ulation signal of the ESS inverter can be obtained by

upret = Kp (Upref — UB) + Ki / (UBret — Up)dt  (25)

Integrating the above-mentioned voltage command synthe-
sis method, inverter circuit, ESS control strategy and power
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(a) Closing overvoltage with the closing resistance suppression

40 r The head voltage

The end voltage
20

Voltage (kv)
S

0.15 0.35 0.45
0.25 Time (s)

(b) The head and terminal voltage with the closing resistance suppression

40 ¢ No suppression

Resistance suppression

20 1

Voltage (kV)
(=]

20

40

0.15 025 0.35 0.45
Time (s)

(c) Closing resistance suppression comparison with no suppression

FIGURE 10. Diagram of closing overvoltage with suppression strategy.

grid voltage phase detection method, the panoramagram of
the ESS based switching overvoltage suppression method can
be obtained, as shown in Fig.8. Where, Uggy, is the voltage
of the power grid; Upyy is the voltage command of the
ESS; Upape 1s the measured voltage value at the head of the
non-load transmission line.

V. SIMULATION VERIFICATION
The simulation model of the non-load power transmission
line is built by the MATLAB/Simulink to reproduce the
switching overvoltage phenomenon and to verify the cor-
responding suppression strategy. The simulation results are
shown in Fig.9-Fig.12. The main parameters of the simulation
model are shown in Tab.1.

As shown in Fig. 9(a), the switching overvoltage in the
non-load power transmission line is generated when there
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(c) The terminal voltage of the no-load transmission line

FIGURE 11. The voltage waveform with ESS.

is not any suppression device or any control strategy. The
switching overvoltage at the terminal of the non-load trans-
mission line is the most serious, and the maximum amplitude
of the overvoltage can reach 1.9 times of the power supply
voltage, and such high overvoltage can make the insulation
of the transmission line breakdown. The switching overvolt-
age decreases till to the power frequency voltage within the
0.5 s. Fig.9 (b) shows switching overvoltage at the head and
terminal of the single phase non-load transmission line.
Fig.10(a) shows the overvoltage suppression effect with
the closing resistance. It can be seen that the overvoltage is
suppressed at some extent. However, as shown in Fig.10(b),
the head voltage occurs two steps, it is respectively the
moment of the resistance connected and exited from the
transmission line, i.e. 0.2 s and 0.3 s, accordingly the terminal
voltage occurs two oscillations. The maximum amplitude of
the terminal voltage is about 1.3 times of the power frequency
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FIGURE 12. The voltage waveform with ESS.
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FIGURE 13. The voltage harmonic at the stead state based on the Fourier
analysis.

voltage, and it is smaller than the overvoltage amplitude
without any suppression device or strategy, the comparison
results are shown in Fig.10(c).

‘When ESS is connected to the transmission line, the output
voltage is shown in Fig.11(a). It can be seen that the amplitude
of the voltage is decreasing at a certain slope till to zero, and
then stop the operation of the ESS.

To clearly observe the effect of the ESS on the overvoltage
suppression, phase C is selected to show the voltage change
trend, as shown in Fig.12. It can be seen that the non-load
power transmission line head overvoltage disappears with the
help of the ESS. The phase difference between the steady
state value and the initial value is small enough, and accord-
ingly the free oscillation voltage is also small so that it is
negligible compared with the overvoltage generated without
suppression device.

Comparing the results in Fig. 9(b) and Fig. 12, it can be
found that when there is no suppression strategy, it needs
about 0.3 s to reach the steady state value for the non-load
power transmission line terminal voltage. However, it only
needs 0.2 s when the ESS is connected to the non-load power
transmission line.

VOLUME 9, 2021

Fourier analysis is performed after 0.5 s when the termi-
nal voltage reached the steady state, the results are shown
in Fig.13. It can be found that the harmonic distortion rate
is 5.13% when there is no suppression strategy, the harmonic
distortion rate is 3.56% when the switching resistor is used,
and the harmonic distortion rate is 1.55% when ESS is uti-
lized. The above results showed that the ESS based overvolt-
age suppression strategy for the non-load power transmission
line can also shorten the time that the line enters the stable
operating state, and reduce the harmonic distortion rate of the
line voltage.

VI. CONCLUSION
The ESS based overvoltage suppression strategy for the
non-load power transmission line is proposed, and the simu-
lation results showed that it can realize the following purpose:
(1) Follow the line voltage rapidly and ensure that there
is no severe voltage step at the head of the non-load power
transmission line;
(2) Ensure that the end of the non-load transmission line
will not produce a serious non-load switching overvoltage;
(3) Shorten the time that the non-load power transmission
line reaches the steady state voltage;
(4) Reduce the harmonic distortion rate of the terminal
voltage of the non-load power transmission line.
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