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The calculation method of the external fault short-circuit current of large units
with clear mechanisms and practicality is of great value in engineering practice.
Due to the special AC excitation structure and control mode, the external fault
short-circuit characteristics of variable-speed pumped storage units (VSPSUs) are
very different from those of conventional units. Therefore, this paper proposes a
calculation method for external fault short-circuit current based on a time-
domain dynamic circuit. According to the excitation and control characteristics
of VSPSUs under external fault, the VSPSU under external fault is divided into two
cases: continuous excitation and jumper action. Based on space vector analysis,
the time-domain dynamic circuit models are established, respectively. On this
basis, the analytical formula of the external fault short-circuit current of VSPSUs is
derived by combining the transition boundary conditions of the two cases and the
dynamic characteristics of the stator flux linkage. Finally, the comparison with
PSCAD/EMTDC simulation results shows that the proposed VSPSUs' external fault
short-circuit current calculation method has high accuracy and practical value,
which can meet the needs of primary equipment selection and relay protection of
variable-speed pumped storage power plants.

KEYWORDS

variable-speed pumped storage units, external faults, short-circuit current, jumper,
dynamic circuit, dynamic characteristics

1 Introduction

Compared with the traditional fixed-speed pumped storage units, variable-speed
pumped storage units (VSPSUs) have better performance in aspects such as operating
range and operating efficiency and get rid of the limitation of traditional units which are only
used as planned peak and frequency regulation (Yang and Yang, 2019; Sun et al., 2023;
Alizadeh Bidgoli et al., 2020). VSPSUs can provide better support for the decarbonization of
the power system, and the construction of large-scale variable-speed pumped storage power
plants (VSPSPPs) with VSPSUs as the core has become a new trend (Deng et al.,, 2022; Lu
et al,, 2022). In terms of the internal fault and protection research of VSPSUs, the internal
fault characteristics of VSPSUSs’ stator and rotor windings were analyzed using a multi-loop
theory (Niu et al.,, 2019; He et al., 2022), and the internal fault protection of the excitation
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winding was proposed based on the characteristics of the stator side
branch harmonic circulation method. In the study by (Yin et al,
2022), the VSPSU internal fault model was established based on the
stator and rotor multi-branch voltage and flux linkage equations,
and the main protection scheme was optimized by simulation
in-depth
research on the internal faults of VSPSUs, but there are few

calculation. At present, scholars have conducted
studies on the characteristics of external faults of VSPSUs.

The excitation structure and control mode of VSPSUs are special
(Yao et al,, 2021; Qiao et al., 2023), and the short-circuit current of
external fault is very different from that of traditional synchronous
generators. In order to meet the needs of VSPSPP equipment
selection and relay protection, it is urgent to study the
characteristics and calculation methods of VSPSUs’ external fault
short-circuit current. A VSPSU is essentially a large, doubly-fed
induction motor, and its characteristics are similar to those of
doubly-fed wind turbines, but the excitation system of VSPSUs is
more complicated. Referring to VSPSPPs that have been put into
construction (e.g, 300MW VSPSPP, Fengning (China) and
250 MW VSPSPP, Tehri (India)), VSPSUs often use multiple sets
back-to-back
converters for excitation (Desingu et al., 2019; Basi¢ et al., 2021).

of parallel neutral-point clamped three-level
In addition, in order to protect the converter and the unit, the
excitation system of VSPSUs is also equipped with jumper
protection, which is similar to the crowbar protection of the
doubly-fed wind turbine, and the jumper will act when serious
external short-circuit faults occur. However, the jumper protection
of VSPSUs often uses thyristors as the switching device, so it can
only control the input and does not have control over the cut-out
function of the “active crowbar” of the doubly-fed wind turbines
(Lopez et al,, 2009). The jumper will remain in operation until the
generator circuit breaker at the VSPSU terminal acts to eliminate the
short-circuit current.

For the study on the external fault short-circuit current of
doubly-fed wind turbines, the existing literature usually divides
the external faults of doubly-fed wind turbines into non-serious
faults in the far zone (continuous excitation) (Kong et al., 2014; Jin
et al,, 2019) and serious faults in the near zone (crowbar action)
(Kong et al, 20155 Wang et al, 2015) cases, respectively, and
establishes the equivalent calculation model and then gets the
analytical expression of the fault current. However, under non-
serious faults, the calculation of short-circuit current is based on the
normal operation of the doubly-fed wind turbines during the fault
period without considering the impact of ride-through control.
(Liang et al, 2010 and Zhu et al, 2017) analyzed the influence
mechanism of the low-voltage ride-through control strategy on
excitation and established a transient model of doubly-fed wind
turbines, considering the influence of the control strategy. In
addition, that the
instantaneously at the moment of serious fault, the short-circuit

considering crowbar will not act
current expression of the doubly-fed wind turbines considering the
crowbar protection action time is derived using the rotor flux linkage
as the connection by (Fan et al., 2019; El-Naggar and Erlich, 2015)
proposed a short-circuit current calculation method for double-fed
wind turbines considering the control switching process. (Ling,
2022) proposed a general transient analysis method for double-
fed wind turbines and obtained the precise analytical formula of the
rotor fault current but did not consider the crowbar action and the
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transient characteristics of the stator current. As far as engineering
application is concerned, the form of external fault short-circuit
current of doubly-fed wind turbines in existing research is often
complicated, and the physical mechanism of each part is difficult to
understand. In addition, the analytical formula contains many
intermediate variables to be solved, which is not convenient for
engineering use.

In order to obtain the analytical formula of VSPSUs’ external
fault short-circuit current with a clear physical mechanism and
practical engineering significance, this paper regards the external
fault of VSPSUs as the conversion process of the dynamic circuit
and proposes a calculation method of short-circuit current for
the external fault of VSPSUs based on the time-domain dynamic
circuit. According to the excitation and control characteristics of
VSPSUs, the VSPSU under external faults is divided into two
cases: continuous excitation and jumper action, and the dynamic
circuit conversion model based on space vector is established for
the two cases, respectively. Based on the established dynamic
model and transition boundary conditions, combined with the
dynamic characteristics of the stator flux linkage, the analytical
formula of VSPSUs’ external fault short-circuit current is
derived. The simulation results of PSCAD/EMTDC confirm
the effectiveness of the calculation method proposed in this
paper.

The remaining part of this paper is organized as follows: Section
2 establishes the basic electromagnetic transient mathematical
model of the VSPSUs. In Section 3 and Section 4, the dynamic
circuit conversion models of the VSPSUs under continuous
excitation and jumper action, respectively, are established, and
the analytical formula of external fault short-circuit current is
derived. Section 5 carries on the simulation verification of the
proposed calculation method. Finally, Section 6 gives the conclusion.

2 Electromagnetic transient model of
variable-speed pumped storage units

2.1 Space vector model of variable-speed
pumped storage unit

The VSPSU adopts a three-phase AC excitation winding
structure, where the stator side is directly connected to the grid,
and the rotor side is connected to the grid through a multi-stage,
parallel, back-to-back converter, as shown in Figure 1.

If the stator and rotor sides of VSPSUs adopt the motor
convention, then by ignoring the magnetic
phenomenon of components and converting the rotor side

saturation

parameters to the stator side, the space vector voltage equation
and space vector flux equation of the VSPSUs in the stationary
(stator) coordinate system can be obtained as follows (Gonzalo et al.,
2011):

u, = Riis + py,, (1)
u, = R i, + py —jony,, (2)
v, = Lgig + Lyiy, (3)
VY, = Ly + Lyi;. (4)

Among them,
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Structural diagram of the VSPSU.

(5)

Wy = Ws — Wy,

where p is a differential operator; y, and y, are the stator and rotor
flux space vectors, respectively; u, and u, are the stator and rotor
voltage space vectors, respectively; i and i, are the stator and rotor
current space vectors, respectively; Rg and R, are the stator and rotor
resistance, respectively; L, is the excitation inductance; L= Ly, + Lo
and L, = L,;, + L, are the stator and rotor inductance, respectively,
where L, and L, are the stator and rotor leakage inductance,
respectively; w; is the stator voltage and current angular frequency;
w, is the rotor voltage and current angular frequency; and w,, is the
rotor angular frequency.
Transforming Eq. 3 will yield the following equation:

A

L5

L
- —i. 6
L L (6)
It can be seen from Eq. 6 that the VSPSUs external fault short-
circuit current (stator current) is jointly determined by the stator
flux linkage and the rotor current dynamic characteristics during the
fault.

2.2 Dynamic analytical formula of the stator
flux linkage under external faults

The stator-side voltage of VSPSUs under normal operation (t <
0) is a space vector with constant amplitude and rotation at
synchronous angular frequency, which is defined as follows:

u, (t <0) = U, (7)

Substituting Eq. 7 into Eq. 1, and ignoring the stator resistance,
the steady-state value of the stator flux linkage under normal
operation is as follows:

U, el

Yy (t<0)=—.

JWs

8)
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After the external short-circuit fault occurs, the terminal voltage
of the variable speed pumped storage unit drops. Therefore, the drop
depth is defined as k, and the stator side voltage is as follows:

u,(t>0) = (1 - kU, 9)

Combining Egs. 1 and 6, the dynamic equation of the stator flux
linkage is obtained as follows:

dws R m .
T =y, + —Ri,.

(10)

The solution of the differential equation can be divided into two
parts, the free component vy, of the flux linkage and the forced
component s of the flux linkage. In Eq. 10, the first term is used to
generate the forced component of the stator flux linkage, the second
term is used to damp the free component of the stator flux linkage,
and the third term is used to express the influence of rotor current on
the change of the stator flux free component. The stator flux linkage
can be expressed as follows:

Ws :lllsn-'—ll/sf' (11)

It can be seen from Eq. 8 that the amplitude of the forced
component of the flux linkage is proportional to the grid voltage, so
according to Eq. 9, it can be obtained as follows:

(1= kU
SR

o (12)

Since the flux linkage cannot be mutated, in order to ensure the
continuity of the flux linkage before and after the fault, the free
component of the flux linkage is generated, so the free component of
the flux linkage is a transient component caused by the voltage
change. For the current control loop of the variable-speed pumped
storage unit, the free component of the flux linkage is equivalent to
the disturbance. Generally, the control loop of VSPSUs has a large
bandwidth and strong anti-disturbance ability. The rotor current of
the free motor will be very small, and the state of the motor is

03 frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1331512

He et al.
Aﬂ
N
0 @
95
0. >
FIGURE 2

Relationship between different coordinate systems.

equivalent to the rotor open circuit. Therefore, the free component
of the flux linkage will decay with the stator time constant (Gonzalo
etal, 2011). According to Eqgs. 8, 11, and 12, the free component of
the flux linkage is obtained as follows:
kU,
= e/ (13)
Jws
Therefore, the dynamic analytical equation of the flux linkage in
the event of an external fault is
jwst
(1-RU.e™ KUs i,

J@s J@s

¥, (£>0) = (14)

The solution of the dynamic analytical equation of the VSPSU
rotor current needs to be considered according to the excitation
control strategy when the external fault occurs. Usually, according to
the severity of the voltage drop caused by the external fault, it can be
divided into two cases: the continuous excitation of the converter
and the action of the jumper. The change of the rotor current in the
two cases is different, so the stator short-circuit current also has a
large difference when the external fault occurs, which needs to be
considered separately.

3 Calculation of stator short-circuit
current under continuous excitation

Under the external non-severe short-circuit fault or far-zone
short-circuit fault of VSPSUs, the terminal voltage drop is often low.
At this time, the jumper will not operate, and the converter will
continue to excite. Section 2.2 derives the dynamic analytical
equation of the stator flux linkage when the external fault occurs
for VSPSUs. The following first derives the rotor current under the
condition of continuous excitation of external faults and further
obtains the stator short-circuit current under the condition of
continuous excitation of external faults.

3.1 Equivalent model of the rotor circuit
before the fault

Substituting Eq. 6 into Eq. 4, the relationship between the stator
and rotor flux linkage is obtained as follows:
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FIGURE 3
Rotor equivalent circuit of the VSPSU.
Y, = Tm% + oLy, (15)

where o is the flux leakage coefficient, 0= 1-L? /L;L,. Egs. 2 and 15
can be combined to get the rotor circuit equation in the stationary
coordinate system.

_Ln(dy. +( RsjonoL, + oL )i, (16)
ur - LS dt mews T meg T O- rdt ll"

Figure 2 shows the transformation relationship of the VSPSU
space vector mathematical model in different coordinate systems. af3
is the stationary coordinate system; DQ is the rotor coordinate
system, which corresponds to the actual rotor angular velocity; and
dq is the synchronous coordinate system, which corresponds to the
power frequency angular velocity.

In order to obtain the actual physical meaning of the rotor loop
equation, according to the conversion relationship between different
coordinate systems, €% (e7“n*) is multiplied on both sides of Eq.
16, and the rotor loop equation in the rotor coordinate system is

L, dy! d
ul = o (;’;S + <Rr + aL,a>i§,
S

« »

where the superscript “r” represents the rotor coordinate system. It

(17)

can be seen from Eq. 17 that the first item of the rotor circuit

equation is the induced electromotive force generated by the stator

I

flux linkage in the rotor winding, that is, the rotor port voltage u; ,

and the latter item is the voltage drop generated by the rotor
current under the rotor resistance R, and the rotor transient
reactance oL,. Therefore, the equivalent circuit of the rotor is
shown in Figure 3.

Multiplying both sides of Eq. 8 by e71% (e7/=!) at the same time,
the stator flux linkage in the rotor coordinate system before the
VSPSU fault is obtained as follows:

jort
Y (t<0) = UJ%

s

(18)

Equation 18 is further substituted into the former term of Eq. 17
to obtain the rotor port voltage before VSPSU fault.

L ..
ul, (t<0) = L—sUse"”'t, (19)

S

where s is the slip rate.

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1331512

He et al.

................

1,0,

ron

u:oi( O+)

RSC

FIGURE 4
Rotor dynamic circuit under continuous excitation of the VSPSU.

3.2 Rotor dynamic circuit modeling and
analysis after faults

After an external fault occurs in the VSPSU, the stator flux
linkage changes from Eq. 8-14. Multiplying both sides of Eq. 14 by
e (e719nt) at the same time, the analytical equation of the stator
flux linkage in the rotor coordinate system after the fault occurs in
the VSPSU is obtained as follows:

(1- I.C)Usel“’r’ . be_t (jwm+l/r,-)- (20)

JWs JWs

Y. (t>0) =

Substituting flux linkage analytical Eq. 20 into the former term
in Eq. 17 and ignoring the 1/7¢ (very small) in the amplitude, the
rotor port voltage after the fault is obtained as follows:

Lm i Lm —j _t
ul (t>0) = n (1 = k)sUger" - L—k(l —s)Usemle =, (21)
S S

From Eq. 21, it can be seen that the rotor port voltage and the
stator flux linkage have the same form when an external fault occurs,
and both are composed of a forced component and a free
component, denoted as u} ; and u] , respectively.

L. .

u:of = f (1 - k)SUsejwrts (22)
L, .

u, = _Tk(l — §)U e onte (23)

In addition to the change of the rotor port voltage when an
external fault occurs, the RSC output voltage also changes due to the
influence of the excitation control. Ignoring the phase angle change,
the RSC output voltage changes from u] to u]_ at this time.

ul, = U, e (24)

Therefore, after the external fault, the VSPSU rotor circuit
equation becomes

I I I d He
w =u +u +| R+ aLra i. (25)

The above process can be regarded as a dynamic process in
which the rotor circuit switches from a normal operating state to a
fault state. According to Eqs. 17 and 25, the rotor dynamic circuit
when the fault occurs in VSPSUs is shown in Figure 4.

The solution of the dynamic circuit consists of two parts. The
first part is the forced component (AC component) generated by
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three excitation sources, and the second part is the free component
(DC component) generated due to circuit switching, and the
inductive current cannot change suddenly.

i =1,c+ipc (26)

First, the superposition theorem is applied to solve the forced
component i, - generated by the three excitation sources, as shown
in Figure 5.

According to the equivalent circuit shown in Figure 5A and
combined with Eq. 24,

ut U

T rc
lI‘C

= = — &, (27)
R+jw,0L, R+jw,0L,

According to the equivalent circuit shown in Figure 5B and
combined with Eq. 22,
u’ L, (1-k)sU.

ir - _ rof - _ S éw,t' 28
©f T Retjw,oL, Lo (Re+jwoL,) (28)

According to Eq. 23, the free component of the rotor port
voltage is an AC quantity that rotates clockwise at the electrical
angular velocity of the rotor and decays exponentially with the time
constant 7;. Therefore, the current of the equivalent circuit shown in
Figure 5C is also an alternating current that rotates clockwise at the
electrical angular velocity of the rotor and decays exponentially with

the time constant 7,. Therefore,
. -, Lok (1-5)U;

bon = = . eomt et/ (29)
R—jwmoL, Ly(Ri—jwmoL,)

Adding Eqs. 27, 28, and 29, the forced component of the rotor
current is obtained as shown in the following equation:

or LsUrc - Lm (1 - k)SU

i =

rAC L (R, +jw,0L,)

Lok(1-5)U,
L, (R—jwn0L,)

S Jjwrt c—jw‘.nte—t/'rs .

(30)

The free component due to circuit switching is further obtained.
According to the circuit theory, the free component can be expressed
as follows, where 7, = 0L,/R;:

ifne = (11(0.) = iy (0.))e/" (31)

From the switching law, we know that
i, (0-) =4, (0,). (32)
The rotor voltage in the normal operating state is defined as

follows:
ul(t<0) =U,e“". (33)

Furthermore, according to the rotor port voltage expression in
Eq. 19 under normal operating conditions, the rotor current before
the fault is as follows:

w—u, LU —L,sUe*

(t<0)=—t " 34
E(<0) = R el - L.(RejwwoLy) (34)
According to Eqs. 32 and 34, we can get the following:
] LU, - L,sU,
(0)) = —————. 35
0= 1 RevjwoL,) (%)

According to Eq. 30, we get the following:

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1331512

He et al.

10.3389/fenrg.2023.1331512

FIGURE 5

Rotor equivalent circuit using superposition theorem. (A) RSC output excitation voltage. (B) Forced component of rotor port voltage. (C) Free

component of rotor port voltage.

LsUrc B Lm (1 - k)SUS
L, (R+jw,0L,)

L,k(1-s)U,

. (36
L(RjogoL)y 9

iiAc (O+) =

Equations 35 and 36 are substituted into Eq. 31 to get the rotor
current free component.
LU, — LU, — LyksUj
L, (Ri+jw,0L,)

B Lok (1 - s)U;
L, (R—jwnoL,)

T

— ~t/7,
Lpc = ¢ "

(37)

Equations 30 and 37 are added to get the analytical equation of
the rotor current under the VSPSUs external fault and continuous

excitation.
P LU, - L, (1-k)sU, it Lok (1-5)Us oot gt/
' L, (R +jw0L,) L (R—jwmoL,)
LU, - L - L L 1-
sUr sUrc mkSUs mk( S)Us e—t/‘l",. (38)

L (RtjwoL,)  Lo(Re—jwmoL;)

So far, the stator flux linkage analytical Eq. 14 and the rotor
current analytical Eq. 38 have been obtained in the case of
continuous excitation. Equation 38 is an analytical expression in
the rotor coordinate system, and both sides need to be multiplied by
en (el“nt) at the same time to transform it into the stationary
coordinate system. Then, substituting it and Eq. 14 into Eq. 6, the
stator short-circuit fault current under the external fault of the
VSPSU and continuous excitation is obtained as follows:

Pz [ (1-kU,  LLyUe - L3 (1~ k)sUS] gt

) L2 (R +jw,0L,)
LLyU, — LL,U,. — L2 ksU,
L2 (R—jwnoL) L2 (R+jw,oL,)

+[ kU, L k(1 -s)Us ]e—r/rs.
Ljw, L?(R—jwmoL,)

Ljw,
[ L2 k(1 - $s)Us

] ejmmteft/rr

(39)

It can be seen from Eq. 39 that the stator short-circuit current in
the case of VSPSUs’ external fault and continuous excitation
includes three parts, which are the steady-state AC component
rotating at synchronous speed, which is produced by the rotor
excitation voltage, the forced component of the stator flux linkage
and its induced voltage in the rotor, and the transient AC
component that rotates at the electrical angular velocity of the
rotor and decays exponentially with the time constant 7,; this
component is a free component that is generated because the
inductive current in the rotor equivalent circuit cannot change
abruptly and decays with the rotor equivalent time constant 7,;
the transient DC component that decays exponentially with the time
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FIGURE 6
Rotor dynamic circuit under jumper action of the VSPSU.

constant 7, which is generated by the free component of the stator
flux linkage and its induced voltage in the rotor, decays with the free
component of the stator flux linkage and the stator time constant 7.

4 Calculation of stator short-circuit
current under jumper action

In the case of severe short-circuit faults near the VSPSU, a large
transient energy will be generated on the rotor side, which will cause
overvoltage and overcurrent on the rotor side. In order to avoid
damage to the VSPSU’s excitation converter, the VSPSU often
immediately blocks the converter and puts into the jumper. The
jumper of the VSPSU is similar to the crowbar protection of the
doubly-fed wind turbines, which short-circuits the rotor winding to
the low resistance so that the converter port has a lower voltage
when an external fault occurs. At the same time, jumper protection
is also a measure for VSPSUs to realize low-voltage ride through.

When the jumper operates, the RSC output voltage becomes
zero because the converter is blocked, and the jumper resistance Rc
is introduced into the rotor circuit, so the rotor circuit equation after
the fault is as follows:

C g d\.
0= +u,, + (Rr +R.+ UL'E>I" (40)

According to Egs. 17 and 40, the rotor dynamic circuit when an
external fault occurs in the VSPSU and the jumper acts is shown in
Figure 6.

Similar to the case of continuous excitation, the solution of the
dynamic circuit shown in Figure 6 consists of two parts, but the first
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FIGURE 7

Rotor equivalent circuit using superposition theorem. (A) Forced
component of rotor port voltage. (B) Free component of rotor port
voltage.

TABLE 1 Parameters of the VSPSU.

Category Parameter Value
Rated parameters Rated capacity Sy 336 MVA
Rated voltage Uy 15.75 kV
Rated current Iy 12317 A
Stator to rotor ratio 0.414
Rotor inertia time constant Ty 9.46 s
Circuit parameters Main inductance L, 8.200 x107> H
Stator winding leakage inductance Lo; | 3.279 x10™* H
Rotor winding leakage inductance Ly, | 4.425 x10™* H
Stator resistance R 0.00133 Q
Rotor resistance R, 0.00133 Q)

part is the forced component (AC component) generated by two
excitation sources, and the second part is the free component (DC
component) generated due to circuit switching, and the inductive
current cannot change suddenly.

i =i, +ipe (41)

First, the forced component (AC component) generated by the
two excitation sources is solved, and the equivalent circuit after
applying the superposition theorem is shown in Figure 7.

According to the equivalent circuit shown in Figure 7A and
combined with Eq. (22),

u L, (1-k)sU,

froe=— of_____ = : et (42)
R+ Ri+jw,0L,  Li(R. + R+jw,0L,)

According to Eq. 23, the free component of the rotor port
voltage is an AC quantity that rotates clockwise at the electrical
angular velocity of the rotor and decays exponentially with the time
constant ;. Therefore, the current of the equivalent circuit shown in
Figure 7B is also an alternating current that rotates clockwise at the
electrical angular velocity of the rotor and decays exponentially with
the time constant 7,. Therefore,

o ron

;o —ut 3 L,k(1-5)U,
o 7 R+ R—jwnmoL,  Lg(R. + R—jwn0Ly)

eiomte /B (43)

Adding Eqs. 42 and 43, the forced component of the rotor
current is obtained as follows:
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. “Ln(1-K)sUs .,
i = e
"C T Lo (R + R+jw,0L,)

Lok(1-5)U,
L, (R. + Ri—jwnoL,)

C—jwmte—t/rs.

(44)

The free component due to circuit switching is further obtained.
According to the circuit theory, the free component can be expressed
as follows, where 7.” = oL,/ (R, + R,):

i = (1(0,) =ity (0,))e™™. (45)
i (0,) is shown in Eq. 35. According to Eq. (44),

—L, (1 -k)sU, L,k(1-5s)U,
L, (R + R+jw,0L,) Ly (Re + Ri—jwmoL,)

i:Ac (0+) = (46)

Substituting Egs. 35 and 46 into Eq. 45, the free component of
the rotor current is obtained as follows:
. LU, - L,sU, L (1 - k)sU,
Lpc = : + :
L, (Ri+jw,0L,)  Li(R. + Rtjw,0L;)

(47)
Lok(1 - s)U, -

" Ly(R. + R—jwnoL,)

Equations 44 and 47 are substituted into Eq. 41 to obtain the
rotor current analytical expression when the VSPSU has an external
fault and the jumper protection operates.

= _Lm (1 B k)SUS joort Lmk (1 - S)US a*j‘”mfe’t/fs
"7 Ly (R + Ri+jw,0L,) Ly (R. + Ri—jwn0L,)
LU, - L,sU, L, (1-k)sU,
L, (Ri+jw,0L,) Ly(R. + R+jw,0L,)
Lmk (1 - S)US Lot

L,

- (S
L, (R. + R—jwnoLy)
(48)

Equation 48 is an analytical expression in the rotor coordinate
system, and both sides need to be multiplied by e~ ( e/*n) at the
same time to transform it into the stationary coordinate system.
Then, substituting it and Eq. 14 into Eq. 6, the stator short-circuit
fault current under external fault of the VSPSU and the jumper
protection action is obtained as follows:

L_[a-RU L Ba-RsU ],
* Ljw, L2(R. + Ri+jw,0L,)
[ Lk(-9U.  LL.U.- LU,
L2(R. + R—jwmoL,) L2 (Ri+jw,oL,)
LE (1-k)sU; it gt/
o m D TS e
L2 (R. + R,+jw,0L,)
L[ L2k (1 - s)U,
Ljw, L(R.+ R—jwmoL,)

]e‘f/’s. (49)

It can be seen from Eq. 49 that the stator short-circuit current in
the case of VSPSU’s external fault and the jumper protection action
includes three parts, which are the steady-state AC component
rotating at synchronous speed, which is produced by the forced
component of the stator flux linkage and its induced voltage in the
rotor; the transient AC component that rotates at the electrical
angular velocity of the rotor and decays exponentially with the time
constant, a free component that is generated because the inductive
current in the rotor equivalent circuit cannot change abruptly and
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FIGURE 8
Schematic diagram of the variable-speed pumped storage unit control system.

decays with the rotor equivalent time constant; and the transient DC

component that decays exponentially with the time constant 7, 40 . :
which is generated by the free component of the stator flux linkage 20l T Simulation results
and its induced voltage in the rotor, and it decays with the free Faulg i
component of the stator flux linkage and the stator time constant 7. 201

Comparing Egs. 39 and 49, it can be seen that the components of < lor
the VSPSU’s short-circuit current under continuous excitation and = ol
jumper action have the same form, but there are differences in the
amplitude and decay time constant of the current analytical 10
equation. In addition, if the VSPSU’s external fault causes a -20F
complete voltage drop (k = 1) and the fault is not removed, the 30 , . , . ,
action of the jumper will eventually reduce the short-circuit current 0 005 o! % 02 023 03
to zero in the long-term scale; that is, there is no steady-state FIGURE 9
component; however, there will always be a steady-state current Fault current when voltage drops by 20% under continuous
component under continuous excitation. This is consistent with the excitation.

actual situation after the action of the jumper.
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Fault current when the voltage drops by 90% under the jumper action. (A) Global graph of current change before and after fault. (B) Enlarged diagram
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Rotor speed change under the jumper action.

5 Simulation verification

In order to verify the correctness of the above short-circuit current
calculation method for VSPSUs, the external fault simulation model of
the variable-speed pumped storage unit was built and verified using
PSCAD/EMTDC. The configuration and control of the VSPSUs refer
to the 300 MW unit of Fengning variable-speed pumped storage
power plants in China, as shown in Figure 8. The relevant parameters
of the VSPSU are shown in Table 1. The stator side of the VSPSU is
directly connected to the grid through the step-up transformer, and
the rated voltage is 15.75 kV. Four sets of parallel 3L-NPC back-to-
back converters are used on the rotor side, which can share a
maximum slip power of 28 MW and a rated voltage of 3.3kV. In
the excitation control of VSPSUs, the grid side adopts grid voltage-
oriented vector control, and the main control goal is to maintain the
DC bus voltage stability and the unity power factor with the grid; the
machine side adopts stator flux linkage-oriented vector control to
realize active and reactive power decoupling control. In addition, the
current distribution between multi-channel converters is realized
through active current sharing (ACS) control (Selvaraj et al., 2018).
The speed of the VSPSU is controlled by the guide vane regulation
system of the pump turbine.

The VSPSU initially works in the power generation state with
a rated power factor of 0.9; that is, the active power is 302.4 MW
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and the reactive power is 146.5 Mvar. Furthermore, a three-
phase-to-ground short-circuit fault is set at the VSPSU terminal
so that the terminal voltage drops to 80% of the rated voltage. At
this time, the voltage drop is relatively low, and the converter
continues to excite. The fault time is set at the zero-crossing point
of phase A, and the simulation and calculation results are shown
in Figure 9.

It can be seen from Figure 9 that the simulation results of stator
short-circuit current under continuous excitation control are
consistent with the calculation results. In engineering, the
effective value of impulse current is often used to check the
endurance strength of electrical equipment and the effective value
of fundamental wave of the first cycle after the fault is used to check
the relay protection. Extracting the first period after the short circuit,
the effective values of the simulated and calculated impulse currents
are 21.55A and 21.85A, respectively, with an error of 1.4%. The
Fourier algorithm is used to extract the fundamental effective values
of the first cycle after the fault in the simulation results, and the
calculation results are 20.52A and 19.86A, respectively, with an error
of 3.2%. It can be seen that the error between the simulation results
and the calculation results is small, and the proposed short-circuit
current calculation method can effectively calculate the short-circuit
fault current under the condition of light voltage drop.

Further verification in the case of jumper action: A three-phase
ground short-circuit fault is set at the VSPSU’s machine end, and a
smaller fault resistance is set to make the terminal voltage drop to
10% of the rated voltage. At this time, due to the high degree of
voltage drop, the rotor current and voltage overshoot are relatively
large, and the jumper operates to protect the converter. The fault
time is still set at the zero-crossing point of phase A, and the
simulation and calculation results are shown in Figure 10.

Figure 10A shows the long-term change of stator short-circuit
current when the jumper operates, and Figure 10B shows the change
of short-circuit current near the fault point. Extracting the first
period after the short circuit, the effective values of the simulated
and calculated impulse currents are 57.74A and 58.05A, respectively,
with an error of 0.5%. The Fourier algorithm is used to extract the
fundamental effective values of the first cycle after the fault in the
simulation results and the calculation results are 43.17A and 44.01A,
respectively, with an error of 1.9%. It can be seen that the calculation

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1331512

He et al.

results in a short period of time after the fault are consistent with the
simulation results, and the error is small. However, with the
extension of the time scale, there is a large error between the
calculation results and the simulation results.

Due to the serious short-circuit fault at this time and the long-
term input of the jumper, the VSPSU loses its stability in the long-
term scale, and the continuous increase of the speed (as shown in
Figure 11) will cause the slip rate to continuously vary. In the
calculation method, the slip rate before and after the fault remains
unchanged by default, so the error between the calculation results
and the simulation results will increase with time, which is where the
calculation method needs to be further considered and improved.
However, in terms of short-term time scale, the short-circuit current
calculation method proposed in this paper still has high accuracy
under the action of the jumper, which meets the needs of
engineering applications.

6 Conclusion

In this paper, according to the excitation and control characteristics
of the VSPSU’s external fault, the VSPSU’s external fault is divided into
two cases: continuous excitation and jumper action. Based on dynamic
circuit modeling, an external fault short-circuit current calculation
method based on the dynamic circuit conversion circuit is proposed,
and the following conclusions are obtained:

1) In the case of continuous excitation and jumper action, the
VSPSU’s external fault short-circuit current components have
the same form, which is composed of steady-state AC
components,  exponentially  decaying  transient =~ AC
components, and attenuated transient DC components.
However, the amplitude of each component of the short-
circuit current in the two cases is different, the decay time
constant of the transient component is different, and the
degree of influence by the external fault is also different.

2) The obtained external fault short-circuit current analytical
formula is consistent with the PSCAD/EMTDC simulation
results and can reproduce the VSPSU’s external fault short-
circuit current variation characteristics. At the same time, the
results have good accuracy and practical value and can meet the
needs of primary equipment selection and relay protection of
variable-speed pumped storage power plants.
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