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Abstract: The transient characteristics of wind farms in groups are quite different; in addition, there
is a strong coupling between the wind farms and the grid, and these factors make the fault analysis of
the grid with wind farm groups complicated. In order to solve this problem, a mathematical model
of the converter is established based on the input-output external characteristics of the converter,
and a transient model of a doubly fed wind turbine (DFIG) is presented considering the influence of
the low-voltage ride-through control (LVRT) of the converter, and the effect mechanism of the LVRT
strategy on the short-circuit current is analyzed. Finally, a short-circuit current calculation model of a
doubly fed wind turbine with low-voltage crossing control is established. The interaction mechanism
between wind farms during the fault is analyzed, and a short-circuit current calculation method
of doubly fed wind farm groups is proposed. RTDS is used to verify the accuracy of the proposed
short-circuit current calculation method for doubly fed field groups. On this basis, a method of power
grid fault analysis after doubly fed field group access is discussed and analyzed.

Keywords: doubly fed wind farm group; LVRT; short-circuit current; fault analysis

1. Introduction

Due to the characteristics of the regional distribution of wind resources in China,
wind power generation is often built in two forms: cluster development and centralized
grid connection [1]. At present, China is planning to build nine ten-million-kilowatt wind
power bases [2]. If a wind farm group is connected to the grid, it is necessary to carry out
corresponding research to meet the needs of large-scale grid connection of new energy [3].

Some field data show that in some areas where wind farms are clustered, wind farms
cause large fault currents [4]. Therefore, considering that the accuracy of short-circuit
current calculation also has a great influence on the relay protection action, it is necessary
to propose a new method for calculating short-circuit current.

At present, the existing literature has focused on the problems caused by the inte-
gration of wind farm groups into the grid [5]. Some literature [6] analyzes the impact of
large-capacity wind farms on the transient stability of the power grid [7].

Most of the existing research considers wind farm groups as equivalent to a wind
turbine of equal capacity [8]. However, the centralized grid-connected wind farms are
distributed according to the characteristics of wind resources, the actual distance between
farms is relatively far, and the operating conditions of each wind farm are different, which
makes their transient characteristics after fault greatly different [9]. In addition, there is
a strong coupling relationship between each wind farm and the system [10]. Therefore,
it is significant to propose a method to calculate the short-circuit current considering the
coupling relationship between wind farm groups and the system [11].

In addition, in order to meet the requirement of providing a certain voltage support
during a fault [12]. The converter of the DFIG cannot simply be blocked using crowbar
during the fault period, and the rotor excitation needs to be adjusted through the LVRT
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control strategy to output reactive current [13]. In this case, the output short-circuit current
of the DFIG is affected by the converter control characteristics [14]. Therefore, it is necessary
to consider the low-voltage crossing control strategy and the control characteristics of the
converter when calculating the short-circuit current [15].

In this paper, a transient model of doubly fed wind turbines is proposed, which takes
into account the influence of the low-voltage crossing control strategy [16]. Considering
the transient model and the influence of converter control characteristics, a DFIG short-
circuit current calculation model is established [17]. The coupling relationship between the
short-circuit current of the wind farm and the voltage of the grid node is further given, and
the interaction mechanism of the short-circuit current within the wind farm groups and
between the wind farm and the grid system is analyzed; On this basis, this paper proposes
a calculation method of short-circuit current suitable for wind farm group access [18].
Secondly, in order to verify the accuracy of the proposed short-circuit current calculation
method, a doubly fed field group experimental platform is established through RTDS.
Finally, on the basis of further analysis of a doubly fed wind farm equivalent model, this
paper proposes a fault analysis method for a group of doubly fed wind farms connected to
the electricity grid.

2. A Short-Circuit Current Calculation Method Considering Low-Voltage Crossing Control
2.1. DFIG Transient Model Considering the Control Characteristics of the Converter

In previous studies, it was believed that after a fault occurred, crowbar was switched
on and the rotor converter was blocked [19]. According to wind power grid-connected
specifications, the converter needs to emit a reactive current to support grid voltage recovery
during low-voltage traversal [20]. In addition, due to the transient process of a DFIG,
there will be a certain effect because of the rotor- side converter atresia. Therefore, the
converter input and output characteristics should also be considered in the analysis of the
electromagnetic transient process.

It has been shown that power imbalances between converters can be suppressed by
using the chopper circuit in the DC bus [21,22]. Thus, the DC bus voltage during the fault
period is guaranteed to be near the rated value [23]. Therefore, it is assumed in this paper
that DC voltage u4. can remain stable after failure, DC voltage uq. can be obtained using
the rotor-side converter, and the excitation voltage u, can be adjusted through the converter
duty ratio. Then, the rotor- side excitation voltage u; can be expressed as follows:

A .
Ur = ;chudc — 13c Xrsc — Attrsc 1)

where A, n, and K, are the current inverting coefficient, ratio, and duty cycle, respectively;
1dc, Xrse, and Au,s. refer to the DC bus current, equivalent arcing reactance of converter,
and IGBT voltage drop, respectively.

In the transient process, the magnetic saturation phenomenon is not considered and the
rotation speed is assumed to be constant, then motor convention is adopted [24]. The DFIG
space vector model under a synchronous rotation coordinate system is as follows [25,26]:

[Zj - [13 12} H NEN PCSJS y Hﬂ @)

]‘wsfr Pr
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= . 3
[lpr Lmm Ly i @)
Equation (2) gives the relationship between stator voltage us and rotor voltage u, after
converting the stator side; Equation (3) gives the relationship between the DQ-axis flux ¢

and ¢, and the stator and rotor currents.
The synthesis of Equations (1)—(3) is shown in Figure 1.
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Figure 1. DFIG equivalent circuit under the condition of power grid voltage sags.

Here E; is the equivalent potential at the grid side, Z1y is the equivalent impedance
from the system to the fault point, the equivalent impedance from the doubly fed wind
turbine to the fault point is Zyz, the transition impedance is Z, the filter resistance and
reactance of the grid-measured converter are Ry and Ly, and the voltage at the end of the
DFIG machine is us.

2.2. Study on Short-Circuit Current Variation Mechanism Considering Low-Voltage Crossing
Control

As shown in Figure 1, the DFIG rotor converter can complete the low-voltage crossing
by controlling the rotor excitation voltage u, during the grid voltage drop. Therefore, the
effect of the excitation voltage u, cannot be ignored.

The rotor voltage equation can be obtained by combining Equations (2) and (3) to
eliminate the rotor current:
_ Lm dis

L2  di
U = o as

Lnd L,Ls — . .
m As (% E + Ryir + ]wsfr(
s

L.Ls — L2
Ls

T +]wHL—S p Jir  (4)

Converted to the rotor rotating coordinate system, Formula (4) is simplified as follows:

o Lﬁdwg LyLs — szn)di:

. diy
T + Refy + ( L dt ®)

In the formula, u} ¥, and i, are the rotator voltage, the stator magnetic chain, and the
rotator current in the rotating coordinate system.

Considering that the DC attenuation component of the short-circuit current of the
DFIG group is closely related to the stator-side flux d'¥s/dt, the relationship between the
DC attenuation component and the stator-side flux is better discussed.This article does
not consider the impact of the stator flux transient process with the rotor-side converter
in the inertial time of IGBT. Thus, it can be assumed that K;;. immediately changes to the
corresponding modulation ratio after the fault occurs, and the rotor-side voltage is quickly
adjusted to the reference value u,, by the rotor converter. Formula (6) can be obtained by
combining Formula (1) and Formula (5) as follows.

T
L;% + Ryiy —up, =0 6)
where, the rotor transient inductance L, is L} = L, — L3 L3 1.
According to Equation (6), the following can be obtained:

ir(t) = (i;O - ir_ref)e_t/rr + ir_ref (7)
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Considering the parameters of the DFIG, Ls = Lsg + Ly, Ly = Lyo + Lyy and Ly, >> Lgg,
L, >> Ly, then the stator and rotor currents can be expressed by eliminating Formula (3):

fe = Lrlps*Lmlpr ~ 1/’5*1Pr
ST LiL—L% LsotLro (8)
i Sl o —(s—tp0)

T LI, LioFLio i

Equation (8) reflects the opposite approximate magnitude of stator current and rotor
current during the fault, so Equation (7) can be rewritten as follows:

iS(t> = (lg0 - is_ref)eit/rr + is_ref (9)

where 7' ¢ and is_ref are stator side short-circuit currents corresponding to the low-through
control strategy at the initial and steady time of grid voltage sag, respectively. Equation (9)
reflects that the variation rule of short-circuit current is related to the initial value and
steady-state value of stator short-circuit current.

2.3. Short-Circuit Current Calculation Method of DFIG Group at the Initial Time of Grid
Voltage Sag
The stator flux expression can be obtained from Equation (3):

L LsL, — L2 .
Ps = fm‘/’r"‘ (=" rL = )is (10)
T

T

The stator voltage equation can be obtained from Equations (2,10) as follows:

Ler dll’s Zo (Ze+Zn )+ ZeZyy
Lo )i, + e 1, Ll g (11)

m = Rsls +]ws Ly ll)r +](US(

In the initial stage of the fault, the stator flux d¢,/dt = 0 can be considered. Then,
the initial moment of short-circuit current can be simplified into the following form
(Equation (12)):

Lm Z¢Eq

LI ZoL(Zs + Z1L) + ZiZyy,
L ™ Ze+ Znp

Zi+ 741,

if = (jows

)/ — (Rs+ X'+ ) (12)
According to Equation (12), only ¢, is an unknown quantity in the fault current of
the doubly fed unit at the initial time.
Considering that the rotor flux of the DFIG group cannot be mutated at the fault
instant, before the fault, the output active power and reactive power of the DFIG group are
as follows:

{ by = %B(Llsqisq + Uggisg) = %usqisq = %usisq (13)
Qo= 7(”sq1sd - ”sdlsq) = SUsqlsd = Uslsd

As the stator flux orientation control strategy is adopted on the rotor side of the DFIG
group, Psq = Ps = us/jws, Ps is the amplitude of the stator flux. Formula (3) can be
rewritten as follows:

Psqd = Lsisq + Lmig = s = ]ws
Psq = Lsisq + Lmirq =0

Prd = Lmisd + Lrirg

lprq = Lmisq + Lrirq

(14)
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is_ref = ( - wSLmirqﬁref + ] wWsLm irdfref -

According to Equations (13) and (14), the relationship between rotor flux and DFIG
output active power, reactive power, and pre-fault voltage at the initial time of fault can be
expressed as follows:

_ 2Qg (L2 —LL Le Uso

Prdo = 35, (Liszian )+ I e
2P -

lprqO — 372< mLmr s)

Pr0 = Prdo +J lprqO

(15)

Assuming that the stator voltage us before the fault is rated, the active and reactive
power depend on the setting of the working conditions before the network failure. The
rotor flux 4, is obtained from Equation (15) and the rotor flux #; is brought into Equation
(12) to obtain the short circuit current s, at the initial moment of grid voltage drop.

2.4. Short-Circuit Current Calculation of DFIG Group at Fault Steady-State Time

Due to the low-voltage crossing period, the rotor-side converter needs to emit a
reactive current to support the grid voltage recovery when the grid voltage drops [27-29].
When terminal voltage sag is detected after the fault, the rotor converter control strategy
is adjusted to output reactive current in the low-voltage traverse control mode, and the
rotor excitation current reference value is adjusted to output reactive power according to
the wind power grid connection standard [30-33].

When the fault reaches the steady state, that is, d¢ps/dt = 0, the following can be
obtained from Formula (2):

Zikg . Za(Zi+ Zu) + ZiZi
Ze+Zn Zi+ 711

= Rsis + jwsps (16)

According to Formulas (3,16), it can be obtained that:

Ziky . ZalZi+Zu) + ZiZi
Zi+ 711 s_ref Zi+ 741,

= Rsis_ref + ] Ws (Lsis_ref + Lmir_ref ) (1 7)

where, iy rof = ird_ref + Jirg_ref, irg_ref aNd irg_rer are the rotor active and reactive current
reference values, respectively.

Zng
Zi+ 741,

Zot (Zs+ Z1,) + ZeZyy,
Zi+ 741,

)/ — (Rs + X + ) (18)
where, X = jw;Ls.

According to Equation (18), is_r.f is determined by iy ref, ira_ref, Rs, X, Eg, Z11, Z21, Zj,
Lyup, and ws, where only iyg_rer and iyg_rr are unknown quantities.

According to China’s grid-connected standard, the reference values of the field current
after the fault can be determined as ig_yf and iy _ref:

jwsLm 3uggLm
P 0o<i <\ /i2

2
Lmugy” — ‘rq_ref = rmax lrd_ref)

id et = fl1s) = (28— — 290 ) + K3(0.9 — ug)irn, (Kq > 1.5) 1)
Ls

i _2
rqref — 3
where i, and iyuqx are the rated current and upper current of the rotor and; Kj is the

reactive current gain coefficient determined using the grid connection standard.
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According to Equations (13) and (14), the rotor current at the initial time can be
obtained by eliminating the stator current:

s _usg  _ 2LsQo

lrdo = jwsL,E , 3usoLm

; — _2 540

quo - 3 Lmuso (20)

irO = Z.rdO + ] irqO

Formula (20) is brought into Formula (19) to obtain the following:

feg ret = f(us) = (51— — 2L ) 4 K4(0.9 — ug)inn, (Kq > 1.5)

jwsLm 3ugoLm

. _ _Z LSPO . ) _ )
quﬁref T 3 Lmug’ (0 < quﬁref < Lrmax lrdfref)

(21)

After the grid voltage drops, the rotor excitation current is adjusted according to
Equation (21). Since the active power Py cannot be mutated after the fault. The reactive
current emission is only related to the voltage sag degree. Considering the requirement
of the grid-connected code to issue reactive current to support the voltage recovery of the
grid, the rotor-side converter should first determine the reference value of reactive current
and then determine the reference value of active current.

Equation (21) shows the relationship between the reference value of reactive current
and the drop depth, as shown in Figure 2. The dashed line area represents the control
dead zone.

3
Al s

A

rd_ref

Figure 2. Reactive current reference value and the relationship between the degree of voltage sags.

In Figure 2, usy and Aus are the rated terminal voltage and the amount of terminal
voltage drop, respectively; i,y and Aiyg s are the rated rotor excitation current and reactive
current reference value change s, respectively.

Assuming X, = jwsL,,, according to Equations (18) and (21), the short-circuit steady-
state current is

2 jXmLsPy U 2LsQoy\ . Z¢Eg
- 3 Lt Xm(xm 31150Lm) XmKg0.9irn + Ze+ 211 (22)
s_ret — Zor (Ze+Z41)+ 2 Z .
R+ X + a1 ( fo+1%3L 1L (14 X Kginn)

As can be seen from Equation (22), the short-circuit current is_ in the fault steady
state is only related to the voltage at the initial moment, the electromotive force (Eg)
at the grid side, the line impedance parameter, and power us, Py, Qp. Combining
Equations (9), (12) and (22), we can obtain the short-circuit current value of the doubly fed
wind turbine during the whole transient process.

3. Short-Circuit Current Calculation Method for Doubly Fed Field Group Access

Because of the different capacities and, operating conditions and the long distance
between wind farms, their transient characteristics after failure are quite different. In
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addition, there is a strong coupling relationship between wind farms. Therefore, the
research on DFIG wind farm groups cannot be simply based on the calculation method of
the short-circuit current of a single DFIG wind turbine. It is necessary to analyze the fault
interaction mechanism between each wind farm in the backcourt group. Furthermore, a
short-circuit current calculation method suitable for a doubly fed field group connected to
the power grid is proposed.

Without loss of generality, the actual power grid in a certain area shown in Figure 3 is
taken as an example for specific analysis. Since the fans in each wind farm in this example
are of the same model, their transient characteristics are essentially consistent during the
fault. In this paper, each wind farm is equivalent to a doubly fed wind turbine with equal
capacity instead.

220kV

Figure 3. Diagram of power grid with doubly fed wind farm groups.

Among them, Eg is the system equivalent potential; Z¢ and Zj,, are the system equiva-
lent impedance and the impedance of the line. I, and IpFjg; are the short-circuit currents
provided by the system and each doubly fed wind farm, respectively.

The rotor flux jwsLyL; 14,9 in Formula (12) at the initial time is equivalent to the
electric potential E},p;;, Combined with the fault equivalent circuit, the initial short-circuit
current I? of each doubly fed wind farm can be calculated.

T 0
[Eg Epmci Ebrmca Ebrics  Ebrical =710 (23)

where Z’ is the grid impedance matrix; and I 0) = [Ig II()OF)Icl 11(30}2162 11(30}2163 II()OF)IG . !

When the initial short-circuit current I9) of each wind farm is injected into the grid, it
will affect the voltage of each node in the grid. The short-circuit current of each wind farm
at the next moment can be obtained from the attenuation law of the node voltage through
Equations (9) and (22). At the same time, this will also lead to changes in the voltage of
each node of the grid, making the wind farm group and the grid interact with each other.

In order to accurately calculate the short-circuit current of the doubly fed wind farm
group after being connected to the grid, in addition to considering the coupling relationship
between the field group and the grid, the step size At is selected as 0.1 ms, and the short-
circuit current of each wind farm in each fault period is calculated hourly.

Through the above operation solution, together with the grid impedance matrix, the
voltage Llf.l) of each grid node in the first At can be obtained. Since the calculation step is
short, it can be considered that the voltage in this time period is constant, and the voltage

Ul.(l) in this period is incorporated into Equation (22) to obtain Igl,)refi' The short-circuit

current Igl)qGi of each doubly fed wind farm at the end of the step is further obtained

according to Equation (9).
According to the short-circuit current IS}IG ; at the end of the first At period of each

wind farm, combined with the grid impedance matrix, the system node voltage Llﬁ.z) in the
1(2)

s_refi

of each doubly fed wind farm at the end of the step

second At can be obtained. Formula (22) is incorporated to obtain the

. . (2)
turther, the short-circuit current I, ..

is obtained according to Formula (9).

of the step, and



Sensors 2023, 23, 8372

8 of 16

Similarly, the node voltage Uﬁk) in the kth calculation step At can be brought into
Formulas (22) and (9) to obtain the short-circuit current Ig‘;IG ; of the doubly fed wind farm
at the end of the step.and calculate each node voltage Ui.kﬂ) in the next At time period.

When the calculation time is longer than the fault recovery time, that is, when t > t,,
the fault analysis ends, and the short-circuit current effective value of each DFIG wind farm
is output, as shown in Figure 4 for the above calculation process.

Calculate initial short-circuit-current
I8 according to the initial working
condition by Formula (12)

Calculate the system node voltage U" in
the first /At by Formula (23)

Substitute U*' at this time period into
Formula (22) to obtain the step /%

Calculate short circuit-current of the
doubly fed wind farm at the end of
the step _/iaising Formula (9)

Simultaneous /e and impedance matrix, and
calculate the next At node voltages U*"

Output short-circuit-current of each
doubly-fed wind farm 7y

Figure 4. Flow chart of doubly fed wind farm group short-circuit-current calculation method.

When the power grid voltage asymmetrical drop occurs, PLL can be used to obtain
the positive sequence voltage phase and amplitude, so that the active and reactive current
reference values can be obtained according to Equation (21). Therefore, when an asymmetric
fault occurs, the expression of the positive sequence current of the DFIG is the same as that
of Formula (22), which conforms to the law of change of Formula (9).

According to the system circuit structure, a negative sequence equivalent circuit can be
established. Further, combining the boundary conditions of asymmetric faults, a composite
sequence network circuit is established. According to the above calculation method, the
asymmetric short-circuit current of the doubly fed wind farm group can be solved.

4. Doubly Fed Wind Power Grid Group of Failure Analysis

When the DFIG adopts the low-voltage through-through control mode, the inverter
can output reactive current support grid voltage support recovery and no longer latch,
providing continuous excitation. During the fault, this can be thought of as DFIG excitation
to produce continuous power frequency electric potential.

According to the above analysis, at the fault steady-state moment, a steady short-
circuit current that can be made of type (18) is obtained. Let wsLmirg ref + jwsLmird_ref b€
the steady-state equivalent potential Epryg; of the doubly fed wind turbine, then the DFIG
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equivalent circuit can be expressed in the form of Eprjg; and steady-state impedance Zpryg;:
in series in the fault steady state.

In case of asymmetric fault, the expression of DFIG rotor current the same type (21).
It can be seen that in the case of asymmetric faults, only positive sequence potentials still
exist in the DFIG group.

According to the above analysis, when symmetrical and asymmetrical faults occur in
the system, the doubly fed wind turbine only has the positive internal sequence potential
of power frequency in the fault steady state. According to Equations (18) and (21), the
steady-state internal potential of the doubly fed wind turbine can be obtained as follows.

i rer = f(1ts) = (i — 33{;;%&) + K4(0.9 — ug)in, (Kq > 1.5)

i — _2 LbPy i 2 2
quﬁref T 3 Lnmug’ (O < quﬁref < !max lrd_ref) (24)
Eprigi = —ws Lmqu_ref +jws Lmlrd_ref

ZpriGi = Rs_priGi + XDFIGi

According to Equation (24), the DFIG cannot be treated as a constant voltage source
before and after the fault. It is necessary to use the characteristics of the fault steady DFIG
equivalent potential to analyze the interaction mechanism between the doubly fed farm
group and power grid. It is necessary to propose power grid fault analysis method for after
the doubly fed field group is connected.

Suppose that point A in Figure 3 has a two-phase short-circuit of AB, The positive
sequence and negative sequence network diagram of the power grid fault is shown in
Figure 5. Where, E; and Zg are the equivalent potential and equivalent impedance of
the system, respectively; Eprigi, Zprici, and Zj, are the equivalent potential and steady-
state impedance of each doubly fed wind farm and the equivalent impedance of the
line L, respectively.

Eyrpa

D Zier E Zorna E B,
25+ * Zprrs

N
Lyprs

z <> - Lt Zovxe Zis+ Dyra-
d U

(b)

Figure 5. Composite order network diagram of power grid with DFIG field group access. (a) Positive

sequence network after doubly fed wind farm group is connected to power grid; (b) negative sequence
network after doubly fed wind farm group is connected to power grid.

When the DFIG group is connected to the power grid, the system will become a form of
multi-power supply. After the power grid fails, considering the mutual coupling between
wind farms and the influence of the control strategy, there is a strong non-linear relationship
between the terminal voltage and the equivalent internal potential. The magnitude and
phase of the fault current of the wind farm group in the steady state will be changed. The
coupling relationship is shown in Figure 6.
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Figure 6. Coupling relation between doubly fed wind farm group and network.

As shown in Figure 6, the equivalent internal potential Eppig; and steady-state impedance
Zprigi of the i-th doubly fed wind farm can be obtained from Equation (24) in the fault
steady state. Further, the grid admittance matrix Y can be obtained at steady state.

YA  —Yap —Yac 0 0

—YaB Yg 0 —YsD 0
Y=|-Yse 0 Yo 0 0 (25)

0 0 0 —YpEr Yg

Among them,

Ya = 1/Zg—|— 1/Zio+1/Z11,Yag =1/Z12,Yac =1/ 711

Y = 1/(Zra + Zpric2) +1/Z12 +1/Z13, Yep = 1/Z13
Ye=1/Zprpic1 +1/2Z11,Yp = 1/(ZL5 + ZDFIG3)+1/ZL3 +1/Z1¢
YpE = 1/Z16,Yg = 1/ Zprica + 1/ Z16

(26)

where: Yj; is the admittance between nodes, Yy is the system equivalent admittance, and
Yprici represents the equivalent admittance of each DFIG.

From Formula (25), the short-circuit current output of each doubly fed wind farm can
be obtained as follows:

I Uy
IpriGt Up
Ipric2 | = Y| Uc (27)
IpriGs Up
IpFIG4 Ug

where Uj is the voltage of each node; I and Ipryg; are the short-circuit current provided by
the system and each doubly fed wind farm, respectively.

From Formulas (18) and (24), in the power grid voltage drop steady-state moment in
the case of short-circuit current of DFIG;, the relationship with the voltage of the machine
is as follows:

I o [ (@ _ ZLSQO _ EijLsPO . U] + XmKd(0.9 - Ui)irN
DG = R X""™ X Busolm’ 3 Lmig i Re+ X

(28)

Therefore, this paper uses an iterative correction method to solve the problem. Since
the nodal admittance matrix Y is a positive definite symmetric matrix, the iterative process
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must converge. Therefore, the output current before the fault can be selected as the initial
value, and the voltage value of each node and the short-circuit current of each wind farm
can be solved. Similarly, the voltages and branch currents of various nodes in the power
grid can be obtained through calculations for other types of faults.

Formula (28) is substituted into Formula (27) for solving. Because these formulas are
high-order nonlinear systems and cannot be solved directly, the iterative correction solution
is carried out using a computer. Since the output current before the fault is selected as
the initial value, and the voltage value of each node is solved, as well as the short-circuit
current of each wind farm. Similarly, computer iteration can be used to obtain node voltage
and branch current in other types of faults.

5. Experimental Verification
5.1. Experimental Verification of Calculation Method for Short-Circuit Current of DFIG Wind
Farm Group

In order to verify the correctness of the short-circuit current calculation method of
doubly fed field groups, a model of a doubly fed field group connected to the power grid
was established in RTDS.

Taking Figure 3 as an example, the main relevant parameters are as follows: the wind
farms DFIG;-DFIGy are equipped with 11 sets, 16 sets, 16 sets, and 22 sets of turbines
with a rated capacity of 2 MVA turbine.The side of the stator resistance and the leakage
inductance are 0.016, and 0.169, respectively, p.u., rotor resistance and leakage inductance
are 0.009 and, 0.153, respectively, p.u., and the excitation inductance p.u. is 3.49. The
system equivalent impedance is j0.5(), the line L1, L2 impedance is (0.194 +j0.487)(}, L3,
L6 impedance is (0.117 +j0.292)(), and L4, L5 impedance is (0.019 + j0.049)Q2.

Figure 7 shows the distance point of failure, respectively. The electric nearest and
farthest doubly fed DFIG1 and, DFIG4 short-circuit current test results are compared with
the model calculation.

3

24
P Koo, | eemernane Calculation

. Experimental
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(b)

Figure 7. A point voltage three-phase short-circuit fault comparison of short-circuit current calculation
and measured value of each wind farm. (a) Comparison of DFIG; short-circuit current calculated
results and experimental results. (b) Comparison between calculated and measured DFIG,4 short-
circuit current of doubly fed wind farm.
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Effective values can be extracted from the instantaneous values of the short-circuit
current of DFIG1 and DFIG4 measured using the full Fourier algorithm. Figure 7a,b show
that the effective values of the short-circuit current of DFIG1 and DFIG4 at the 0.5 s fault
instant are 2.25 p.u. and 1.76 p.u., respectively. However, the results calculated in this
paper are 2.31 p.u. and 1.72 p.u., and the errors are only 2.7% and 2.4%. In the case of fault
steady state, the error is only 1.7% and 1.4%. Therefore, the method proposed in this paper
is effective.

In order to make the experiment more accurate, we carried out multiple sets of experi-
mental tests for different fault point conditions under symmetrical working conditions and
obtained the results shown in Figure 8, whose errors are all less than 4%.

Error at initial Error at steady

— ~
o o
~ ~
[ ~
[ca] <]

D, 1 S 6 :
103’1'234 “2345 3 4 ot
% . 1 12 10c?

2, wov

Error at 20ms
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~ 1 ~
& 04 Ho
Opj o5
42 3 ot
@ : 1% 1002

Figure 8. Error between the calculated results of the short-circuit current model and the measured

results in three-phase short-circuit.

For further analysis, Figure 9 shows the comparison results of short-circuit cur-
rent measurement of the positive sequence loop and negative sequence loop of DFIG;
and DIFGy.

Fxp ofPosivtive
Steady Positive ——Cal ofPosivtive
hitialPositive Cale=1.32 ~  ssessesess Exp ofNegative
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Figure 9. Cont.
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Figure 9. The measured short-circuit current is compared with the calculated results when the two-
phase short circuit of the grid voltage occurs at terminal A. (a) Comparison of DFIG; experimental
and calculated results for positive and negative sequence short-circuit current; (b) comparison of
DFIG, experimental and calculated results for positive and negative sequence short-circuit current.

It can be easily seen from Figure 9 that after the occurrence of the 0.5 S fault, the error
of the comparison results of the positive sequence short-circuit current of DFIG1 and DFIG4
was only 2% and 2.3%, while the error of negative sequence short-circuit current was only
2.1% and 1.5%. After entering the fault stable state, the error of the positive sequence
short-circuit current was only 1.6%,and 1.7%, and the error of the negative sequence short-
circuit current was only 1.1% and, 1.6%. Therefore, good results can still be achieved when
asymmetric voltage drop conditions occur against the power grid.

In addition, we carried out multiple sets of experimental tests on different fault points
for asymmetric working conditions, and obtained the results shown in Figure 10. The
errors were all less than 4%, which verifies that the calculation method in this paper also
has considerable accuracy for asymmetric working conditions.
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Figure 10. Calculation error between calculation results and experimental results for two-phase
short circuit.

5.2. Experimental Verification of Fault Analysis Method for Doubly Fed Wind Farm Group

Figure 3 is taken as an example to verify the short-circuit fault on the connected grid
side of the doubly fed field group. Tables 1 and 2 show the positive and negative sequence
short-circuit current comparison of the branches corresponding to DFIG1-4 when point
A is in symmetric drop and asymmetric drop, respectively. It can be seen that the short-
circuit current amplitude error is only 2.5% and the phase angle error is only 10.43% under
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the symmetrical drop condition. This is much smaller than the calculation error of the
traditional calculation method using the equivalent synchronous generator.

Table 1. The calculated values of the model were compared with the experimental test values in the

case of a three-phase short circuit.

Branch Current I, Branch Current Iy 4 Branch Current Iy 5 Branch Current Iy ¢
Amplitude  Phase Amplitude  Phase Amplitude  Phase Amplitude  Phase
kA Angle/(°) kA Angle/(°) kA Angle/(°) kA Angle/(°)
Before fault 0.057 23.09 0.084 26.37 0.084 27.96 0.115 18.94
Experimental value 0.091 —28.81 0.126 —24.7 0.117 —22.41 0.202 —31.36
Calculation results 0.093 —34.57 0.129 —28.43 0.12 —25.46 0.207 —41.79
Traditional method 0.189 —41.31 0.253 —38.23 0.243 —37.81 0.415 —46.59

Table 2. The model calculated values were compared with the experimental test values when the two

phases of AB were short-circuited.

Branch Current Iy, Branch Current I 4 Branch Current I'5 Branch Current I'y ¢

Positive Seq

Negative Se Positive Se Negative Se Positive Se Negative Se Positive Se Negative Se
g q q g q q g q q g q

Amp Ang Amp Ang Amp Ang Amp Ang Amp Ang Amp Ang Amp Ang Amp Ang

kA 1) KA 1) kA 1) KA 1) kA 1) KA 1) kA 1) KA 1)
Before fault  0.057  23.09 0 0 0.084 2637 0 0 0.084 2796 0 0 0115 1894 0 0
Experiments 0073 —21.61 0042 —2306 0.104 —173 0057 —2348 0.101 —1508 0051 —2337 0.155 —2493 0107 —235
Calculation  0.075 —26.78 0.041 —23.82 0106 —2409 0056 —246 0104 —2253 0049 —2129 016 -28215 0.105 —25.7
Tr;i‘tzggal 0141 3796 0062 —1942 0193 —3342 0081 —2026 0.185 —30.69 0075 —2085 0294 —4125 0134 —21.41

6. Conclusions

Because the traditional method is simple and equivalent to the synchronous generator,
the fault analysis method is not applicable to the wind power generation mode of cluster
development and centralized grid connection in our country, the influence of the LVRT
control strategy on short-circuit current calculation is comprehensively considered in this
paper, and the RTDS model is established. The coupling relationship between the wind
farms and the voltage of the grid node is further given, finally, the grid fault analysis
method suitable for doubly fed wind farm group access is proposed.

(1) The control strategy adopted during the fault period will have a great influence on the
short-circuit current characteristics of doubly fed wind turbines. China’s new wind
power grid-connected standard puts forward requirements for the output reactive
support current of doubly fed wind turbines during the fault period, and it is necessary
to calculate the short-circuit current of doubly fed wind turbines and its influence.

(2) There is a strong coupling relationship between the short-circuit current of each
wind farm in the wind farm group and the voltage of the grid node. The coupling
relationship must be considered to obtain a more accurate output short-circuit current
of each wind farm.
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