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A Dynamic Equivalent Method for PMSG
Based Wind Farms Under Asymmetrical Faults
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Abstract—In this paper, a dynamic equivalent method applica-
ble to the direct-drive permanent magnet synchronous genera-
tor (PMSG) based wind farms under asymmetrical faults is pro-
posed. Firstly, PMSGs are clustered based on their different ac-
tive power characteristics under asymmetrical faults. Further,
single-machine equivalent models (SMEMs) are constructed for
different clusters of PMSGs. In particular, an SMEM with
multi-segmented slope recovery is introduced for PMSGs with
ramp recovery characteristics. Further, a collector network
equivalent method for wind farms applicable to both symmetri-
cal and asymmetrical faults is presented. Moreover, an iterative
simulation method is used to gain the required clustering indica-
tors before the fault actually occurs. Eventually, the effective-
ness of the proposed dynamic equivalent method is verified on
a modified IEEE 39-bus system.

Index Terms—Permanent magnet synchronous generator
(PMSG), asymmetrical fault, negative-sequence control, dynam-
ic equivalent method, anticipated contingency.

1. INTRODUCTION

UE to the advantages of renewability and environmen-

tal friendliness, wind power has been widely devel-
oped. However, because of the randomness and fluctuation
of wind power, it can have a significant impact on the stabil-
ity of the power grid [1]. Therefore, it is very important to
study the impact of large-scale integration of wind power on
power grids. Currently, the capacity of coal power units is
generally above 100 MW, and there is no lack of coal power
units with a capacity of more than 1000 MW [2]. However,
the capacity of a wind turbine unit is typically 1.5 MW or 2
MW [3]. Replacing the output power of a single coal power
unit would require hundreds of wind turbine units. There-
fore, a wind farm generally contains tens or hundreds of
wind turbines [4]. If each wind turbine is modeled in detail,
it will cause problems such as large memory consumption
and low simulation efficiency [5]. Hence, in order to analyze
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wind farms more efficiently, it is urgent to propose an accu-
rate dynamic equivalent method for wind farms.

Nowadays, most studies focus on the equivalent modeling
of wind farms under symmetrical faults. However, asymmet-
rical faults are the most common ones in power grids [6],
[7], which will cause overvoltage on the non-faulted phase
[8], [9]. In order to study the response characteristics of
wind farms, equivalent models of wind farms under asym-
metrical faults need to be established.

There are two types of equivalent methods for wind
farms: single- and multi-machine equivalent methods. The
first type of methods usually utilize indicators such as wind
speed [10] and pitch angle [4] to equalize the wind farm in-
to a single wind turbine. Nevertheless, these methods ignore
the differences in response characteristics among wind tur-
bines, making it difficult to accurately model the wind farm.
Multi-machine equivalent methods first cluster wind turbines
into several groups, and then establish a single-machine
equivalent model (SMEM) for each cluster of wind turbines.

In the existing multi-machine equivalent method, some
equivalent methods utilize wind speeds [11], [12] or geo-
graphical location [13] to cluster wind turbines. However,
these methods ignore the impact of fault severity and it is in-
accurate to cluster wind turbines without considering the
fault conditions.

In [14] and [15], wind turbines are clustered into different
groups by observing the responses of crowbar systems. How-
ever, the crowbar action characteristic in asymmetrical faults
also depends on the negative-sequence voltage and negative-
sequence control, making these methods challenging to be
applied to asymmetrical faults. There are also methods that
adopt variables such as wind speeds, terminal voltages, ter-
minal currents [16], [17], and rotational speeds [18] as clus-
tering indicators. Then, clustering algorithms are applied to
cluster the wind turbines. Nevertheless, these indicators are
all positive-sequence parameters under symmetrical faults.
Due to the negative-sequence control, these positive-se-
quence indicators are not sufficient to reflect the operation
characteristic differences among wind turbines when asym-
metrical faults occur.

There are also equivalent methods that consider adaptabili-
ty under asymmetrical faults. In [19], wind turbines are clus-
tered based on their terminal voltages obtained from the
power flow calculation. Furthermore, an equivalent modeling
method for the zero-sequence network of the wind farm is
proposed to improve the effectiveness of the equivalent mod-
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el under asymmetrical faults. However, this method im-
proves the effectiveness of the equivalent method under the
asymmetrical fault only by estimating the zero-sequence im-
pedance of the collector network. Without considering the
impact of the negative-sequence component and negative-se-
quence control, the method cannot cluster wind turbines ac-
curately. In [20], the negative-sequence control to mitigate
power and DC-link voltage oscillations is considered. An
equivalent method suitable for symmetrical and asymmetri-
cal faults is established using an improved back propagation
(BP) algorithm. However, only the effectiveness of the meth-
od in solving short-circuit currents is proven. The output ac-
tive power and reactive power of the wind farm are not ana-
lyzed. These studies attempt to propose equivalent methods
applicable to asymmetrical faults, but all have their limita-
tions. Moreover, there is no literature that presents the theo-
retical correlation between active power and fault severity
under asymmetrical faults, making it hard to cluster wind tur-
bines accurately.

Considering the fault severity and the initial operation
states of PMSGs, PMSGs are clustered into three groups un-
der symmetrical fault in [21]. At the same time, the paper
proposes a method to obtain the clustering indicators before
the faults occur. This method solves the problem that the
clustering indicators are hard to obtain when considering the
severity of the fault. However, the method in [21] cannot be
used for asymmetrical faults. On the basis of [21], the nega-
tive-sequence control of PMSGs is considered in this paper,
and the method is extended to asymmetrical faults. Current-
ly, there are two commonly used negative-sequence control
methods, one for mitigating active power and DC-link volt-
age oscillations [22], [23], and the other for balancing the
grid voltage by reducing the negative-sequence voltage [8],
[24]. In this paper, the above two negative-sequence control
methods are analyzed to find the correspondence between ex-
ternal fault conditions and wind turbine response characteris-
tics based on PMSGs. The equivalent method proposed in
this paper is a multi-machine equivalent method, which can
be divided into two parts: clustering and equivalent model-
ing. The equivalent modeling method is similar in meaning
to the “aggregated approach”, both involving aggregating
wind turbines within the same cluster into one equivalent
unit. In the equivalent modeling process, the recovery charac-
teristics of PMSGs are considered. Moreover, this paper pres-
ents an equivalent method for collector network that is appli-
cable to both symmetrical and asymmetrical faults. Further,
the clustering indicators are calculated by an iterative simula-
tion method under asymmetrical faults, making the method ap-
plicable to anticipated contingencies. The main contributions
of this paper are given as follows.

1) Using positive- and negative-sequence terminal voltag-
es and wind speeds as clustering indicators, a clustering
method is proposed for PSMGs under asymmetrical faults.
All possible response characteristics under two different neg-
ative control methods are analyzed. Further, the clustering
boundaries are derived theoretically.

2) This paper extends the existing modeling method to

asymmetrical faults. It also proposes an improved equivalent
method for collector network based on equal average voltage
drop, which ensures the consistency of the output reactive
power before and after equivalence.

3) An iterative simulation for solving the positive- and
negative-sequence terminal voltages is presented. Under
asymmetrical faults, due to the presence of negative-se-
quence control, it is necessary to further calculate negative-
sequence indicators and compare them with existing meth-
ods. Based on the proposed dynamic equivalent method and
the decoupled sequence network, the clustering indicators
can be obtained before the fault actually occurs.

The paper is organized as follows. The structure and con-
trol method of the PMSG is presented in Section II. The
clustering boundaries for the PMSG are introduced in Sec-
tion III. The dynamic equivalent method for PMSG based
wind farms is proposed in Section IV. An iterative simula-
tion method for solving clustering indicators is introduced in
Section V. The method verification is demonstrated in Sec-
tion VI. Conclusions are summarized in Section VII.

II. STRUCTURE AND CONTROL METHOD OF PMSG

This section will introduce the structure and the two com-
monly used negative-sequence control methods of the PMSG
applied in this paper.

The structure of the PMSG adopted in this paper is the
same as that in [21]. As for the control system, the machine-
side converter of the PMSG can control the terminal current
of the synchronous generator according to the boost circuit,
thereby changing the rotor speed to ensure that the wind tur-
bine operates at the optimal tip speed ratio state, achieving
the maximum power point tracking (MPPT) control. On the
DC side, when the voltage of DC capacitor reaches the
threshold, the chopper circuit will operate to prevent over-
voltage. The control method of the grid-side converter
(GSC) will be introduced in the following parts. The topolo-
gy and control method of the permanent magnet synchro-
nous generator (PMSG) are shown in Fig. 1, where SVPWM
represents the space vector pulse width modulation; and PR
represents the proportional resonant controller.

A. Negative-sequence Control for Mitigating Imbalance of
Grid Voltage

During normal operation, PMSG adopts the positive-se-
quence voltage-oriented vector control. At this time, the ac-
tive power and reactive power are controlled by the d-axis
current and the g-axis current, respectively. The reference
value of active power is determined by the constant capaci-
tor voltage control. In order to meet the unit power factor
control, the reactive power is generally 0.

When an asymmetrical fault occurs, the PMSG needs to
inject an appropriate amount of positive-sequence reactive
current into the power grid and absorb negative-sequence re-
active current from the power grid to reduce the imbalance
degree of grid voltage according to the grid code [25]. The
reference values of the positive- and negative-sequence reac-
tive currents are:
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Fig. 1. Topology and control method of PMSG.

I;=K*(09-U")1,

1;=KU"I,
where the superscripts “+” and “—” denote the positive- and
negative-sequence components, respectively; /" is the refer-
ence value of positive-sequence reactive current injected by
the PMSG; /; is the reference value of negative-sequence re-
active current absorbed by the PMSG; K" and K~ are the
positive- and negative-sequence reactive current factors, re-
spectively; U* and U~ are the magnitudes of positive- and
negative-sequence voltages, respectively; and /, is the rated
current of the PMSG.

After meeting the requirement of the grid code, the re-
maining capacity of the converter should be used to output
the maximum possible positive-sequence active power to
maintain the stability of the DC-link capacitor voltage [24].
Meanwhile, the negative-sequence active current is main-
tained at 0. Thus, the reference values of negative-sequence
current and positive-sequence g-axis current can be derived

by:

(M

L=I;
=1

qref

2

where 7, and I, are the reference values of negative-se-
quence current and positive-sequence g-axis current, respec-
tively.

In order to keep the output current within the maximum
current limit of the converter, the positive- and negative-se-
quence currents should satisfy the following inequality:

I e + I ]max (3 )

ref ref
where [ e is the reference value of positive-sequence current;
and [, is the maximum current limit of the converter. Com-

bining (1)-(3), the reference value of positive-sequence ac-
tive current can be derived by:

Il;f{f: min {Idreﬂ ’ Ia;rmax }

\/(Imax_KiUilN) (I(;ref)

where 7, is the reference value of the positive-sequence d-
axis active current; /,,, is determined by the constant DC
voltage control; and /. is the maximum allowable positive-
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sequence d-axis current.
In summary, the positive- and negative-sequence dg-axis
components of the current can be derived by:

Lyy=min {7, L}

1,=K(09-U")I, 02<U"<0.9
~KU; 1

-KU; I

©)

I (;"ef:
I

qref =

where 1, and I are the reference values of the negative-
sequence d- and g-axis terminal current of the PMSG, re-
spectively; and U, and U, are the negative-sequence d- and
g-axis components of the terminal voltage in per unit, respec-
tively.

Under the above negative-sequence control method, the
PMSG can inject and absorb the required reactive power
while outputting the positive-sequence active power to main-
tain the stability of the DC-link capacitor voltage. If the posi-
tive-sequence active current is less than the normal operation
value due to the converter capacity limitation after the fault
clears, the rising rate of the active current is restricted to re-
duce the mechanical stress on the PMSG [26], [27].

B. Negative-sequence Control for Mitigating Oscillation of
Active Power

The instantaneous power can be deduced as:
P :PuutO+P¢2 Cosze +P32 Sin29

Qoul Quuz()+ Qc2 cos 29 + Q s2 Sln 20

where 6, is the grid angle, which can be presented as
0.=ot, and o is the grid angular frequency; P, is the aver-
age active power in P, O, IS the average reactive power
in Q,, and P, P, O, and Q,, are the coefficients of the
second-harmonic components of the active and reactive pow-

er, respectively. Some of them can be derived as:

(6)

P v u; U U
Qo0 _ é U; - ; Uz; -Uy; ]q+ 7
P, 2\u;, U, U; US|,
P, v, -U, -U; U;I,

where U,, U, U,, and U, are the positive- and negative-se-
quence dg-axis terminal voltages, respectively.
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When using negative-sequence control for mitigating sec-
ond-harmonic components of the active and reactive power,

the reference values of currents can be derived by:
-1

Ly u;, U, U, U P
I t;rref — Ut; -U; U(; -U; x % Qfef (8)
Lyl U U U U 310
L. Lu, -u;, -U; U; 0

where P, and O, are the reference values of average active
and reactive power of the PMSG, respectively.

For convenience of calculation, the reference value of re-
active power is set to be 0. Additionally, in order to main-
tain the DC-link voltage, the reference value of the active
power is set as the normal operation value. If the output ac-
tive power is limited by the converter capacity, the reference
value of active power will be set as the maximum value
within the converter capacity. At this time, the reference val-
ues of currents can be derived by:

Iqref — 2P'”Lff Uq (9)
|~ 3D |-U;
Loy -U,

where P, and D can be expressed as:

P,,=min{P.P,,} (10)

(11)

where P, is the active power before the fault occurs; and
P ... 1s the maximum active power under converter capacity

limitation, which will be introduced in Section III.

D= () +(U;) = (Uy) = (uv;)

q

III. CLUSTERING BOUNDARIES FOR PMSG

In this section, the active power dynamic response charac-
teristics of a single PMSG will be classified in various opera-
tion scenarios, considering the negative-sequence control.
Under different control methods, the meanings of dg-axis ref-
erence currents remain the same, but the expressions differ.

A. Clustering Boundaries Under Negative-sequence Control
for Mitigating Imbalance of Grid Voltage

If the converter capacity is sufficient, the active power of
the PMSG will restore to the normal operation power during
the fault. If the external fault is severe, most of the convert-
er capacity is used to mitigate the imbalance of grid voltage.
The output active power of the PMSG is limited by the con-
verter capacity and unable to reach the normal operation val-
ue. Therefore, during the fault period, we can divide the ac-
tive power of PMSGs into two clusters. The active power
can restore to the normal operation power or the active pow-
er is restricted by the converter capacity.

Since the energy accumulated by the second-harmonic
component of active power on the DC-link capacitor in one
cycle is almost 0, it can be considered that the DC-link ca-
pacitor voltage is only related to the average active power.
To identify the operation boundaries of these two response
characteristics, we have hypothesized a critical operation
condition. When the average output active power during the
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fault is equal to the normal operation value, and the current
of the converter is equal to the maximum value at the same
time, the normal operation power is the critical active power
of these two clusters of response characteristics under the
fault. It can be considered that the actual currents are the
same as the reference values owing to the fast control of the
PMSG [28]. Therefore, the initial critical active power is giv-
en as:

PO:Pfault:Pcril
+ 7+
[dref_ Idmax ( 1 2)
_ 3 + + + + - - - -
P_/ilult - E ( [dre d + [qrg/Uq + [erf d + Iqrzf/Uq )

where P, is the average active power of the PMSG during
the fault; and P, is the first critical active power. Due to
the positive-sequence voltage-oriented vector control, U, is
equal to 0. Substituting (4) and (5) into (12), P, can be de-
rived as:

cri

dmax —

3
cril = 2

After the fault clears, the positive-sequence voltage ampli-
tude is close to 1. When P,>P,_,,, the active power is less
than the normal operation value during the fault. At this
time, we can obtain /=1, according to (4). If the posi-
tive-sequence d-axis current at the moment of fault clearance
1, is higher than the d-axis current during the normal opera-
tion /,, the active power will exceed P, and restore to P,
due to voltage restoration after the fault clears. If 7, <1,
the active power will recover at a fixed rate.

The second critical initial active power is to determine
whether the PMSG will recover at a fixed rate, which can be
derived by:

: \/(lmax—K’U’IN)z— [k (09-0)1,]
(13)
Po=20 U

dmax

1, I o= I deri2

dmax —

3 . (14)
P,.,= 5 LiedUso

where /,,,, is the second initial critical d-axis current; P, is
the second critical active power; and U, is the positive-se-
quence voltage before the fault starts, which is approximate
to 1.

Based on the above analysis, the characteristics of active
power are divided into the following three clusters.

1) When P <P, 1,1, The average active power is

re

the same as P, during the fault, which can maintain the ca-
pacitor voltage stability.

2) When P SPy<Pp L=l
power is less than P, during the fault.
3) When P,>P,,, I1,,=I;.. The average active power
will recover at a limited slope after the fault.

The characteristics of active power of PMSG are shown
schematically in Fig. 2. The blue curve represents the active
power response characteristics, while the red curve shows
the average active power. ¢, is the time of fault start; ¢, is the
time of fault clearance; and ¢, is the time when the PMSG re-

stores to normal operation.

The average active
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Fig. 2. Characteristics of active power of PMSG.

Further, we can obtain the critical wind speeds V_, and
V.., according to the wind power curve:
Vuril :f_l(Pcril)

(15)

Vo= 71(P criZ)
where 7~ is the inverse function of the wind power curve.
According to (13) and (14), the clustering boundaries are
shown in Fig. 3. The two orange planes above and below re-
fer to the rated wind speed V, and the cut-in wind speed V,
of the PMSG, respectively. The orange plane perpendicular
to the U'-U~ plane represents the situation where the posi-
tive- and negative-sequence voltage drops are equal. The pos-
itive-sequence voltage is usually greater than the negative-se-
quence voltage during an asymmetrical fault, so only the
right-hand part of the plane needs to be analyzed. The three
clusters I-III labeled in Fig. 3 correspond to the three clus-
ters in Fig. 2.

12 Vn:l/l.l7 m/s

Vv, (m/s)

0.4
U’ (pu.)

Fig. 3. Clustering boundaries under control for mitigating imbalance of
grid voltage.

Y puy 0 02

In order to show the clustering boundaries more clearly,
we take the case where the negative-sequence voltage drops
to 0.2 p.u. as an example, and draw the clustering boundar-
ies based on the positive-sequence voltage and the wind
speed, as shown in Fig. 4. When the positive- and negative-
sequence terminal voltages and the operation wind speed of
a PMSG are known, it can be quickly determined which
cluster the PMSG belongs to.

B. Clustering Boundaries Under Negative-sequence Control
for Mitigating Oscillations of Active Power

Under the negative-sequence control for mitigating the sec-
ond-harmonic component of active power, the response char-
acteristics of the PMSG can also be divided into three clus-
ters, as shown in Fig. 2.
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By comparing the maximum output active power during
the fault with the active power during normal operation, it
can be determined whether the active power characteristics
belong to Cluster I or Cluster II. When the PMSG outputs
the maximum active power, the positive- and negative-se-
quence currents should satisfy:

Jti# (5,)+ Jl1a) + (1) =1
Substituting (9) into (16), we can obtain:
2P

SpUr+ur) =1,

(16)

an

By simplifying (17), P,,;; can be derived by:
P P

max

3

max — 5

cril =

, ()

(U+ -U ) I max

Similarly, comparing the magnitude of the positive-se-
quence d-axis current at the moment of fault clearance with
1,, we can determine whether the active power will restore
at the specified slope. In order to solve the second critical
current, the reference active power is equal to the maximum
active power during the fault (P,,=P,,) at this time. The
second critical initial active power can be derived by:

—J+
IdcriZ - Idref

19
Io;rrefz 2PmaxU;/(3D) ( )
Substituting P, into (19), we can obtain:
[dcriZ = Ujlmax/( U+ + Uﬁ)
3 N (20)
P.n= 2 LienUdo

The clustering boundaries considering the negative-se-
quence control mentioned above are shown in Fig. 5.

IV. DYNAMIC EQUIVALENT METHOD FOR PMSG BASED
WIND FARMS

This section will introduce the dynamic equivalent method
for the three clusters of PMSGs above. Moreover, a collector
network equivalent method suitable for practical wind farms
is proposed in Section IV-C.
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Fig. 5. Clustering boundaries under control for mitigating oscillations of
active power.

A. Capacity Weighted Equivalent Modeling

The capacity weighted equivalent modeling is always em-
ployed to aggregate the wind turbines in the same cluster
[16], [29]. For the PMSGs in Clusters I and II shown in Fig.
2, the accumulated active power of PMSGs is consistent
with that of a single PMSG.

Thus, the two clusters of PMSGs can be equalized by ca-
pacity weighted equivalent modeling. The effectiveness of
this method has been theoretically analyzed in [30]. The
equivalent parameters can also be found in [30].

B. Dynamic Equivalent Method Considering Slope Recovery
of PMSGs Under Asymmetrical Faults

In this subsection, a dynamic equivalent method is applied
for PMSGs in Cluster III to more accurately reflect the char-
acteristics of the wind farm during fault recovery periods.
Due to the differences in terminal voltage and wind speed
for each PMSG in Cluster III, the duration of the slope re-
covery process also varies. Similar to the idea in [21], the
slope duration of each PMSG needs to be calculated to con-
trol the equivalent machine accordingly. Taking the negative-
sequence control for mitigating the imbalance of grid volt-
age as an example, the slope duration can be derived by:

L) 1)
where T, is the slope recovery duration of the i® PMSG;
I, is the second initial critical d-axis current of the i"
PMSG; I .0; 1s the d-axis current during the normal operation
of the i PMSG; and k is the limited maximum rising rate of
the d-axis current.

The initial currents of PMSGs can be derived by:

T,=

Py, =f (wa)
_ 2P, 22)
d0i = 3 U

where P, is the active power of the i" PMSG before the fault
occurs; and ¥, is the wind speed of the i" PMSG.

Under an asymmetrical fault, the positive-sequence d-axis
current at the end of the fault is determined by both the posi-
tive- and negative-sequence voltages, which can be calculat-
ed by:
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(23)

Lyyin,i = \/([max_KiUiilN)2_ [K+(O'9_ Ui+)1N]2

where e is the magnitude of grid voltage space vector during
normal operation. After ranking all PMSG slope recovery du-
rations, the rising rate of the equivalent d-axis current can be
limited by:

kim=(Ns=n+1)k t,_,<t<t, (24)

where N, is the total number of PMSGs in Cluster III; and ¢
is the time from the moment of fault clearance. The recov-
ery rate is maintained at k when 7>7, to model the over-
shoot process of the constant DC-link voltage control. The
schematic diagram of the proposed dynamic equivalent meth-
od is shown in Fig. 6.

’ Ui77 Ui{ H Vwi ‘

| k= Ny Dk, 1

[‘;;“C‘X I (}I‘e/ g
1 drefl g

Slope limitation

]

khm

<<t,

n-1

Fig. 6. Schematic diagram of proposed dynamic equivalent method.

C. Collector Network Equivalent Method

This subsection improves the traditional collector network
equivalent method based on equal average voltage drop [31].
The collector network equivalent method ensures that the
output reactive power of the wind farm remains consistent
before and after equivalence.

The traditional collector network equivalent method based
on equal average voltage drop calculates the average voltage
drop weighted by the output active power of PMSGs. The
collector network parameters can be derived by:

N .
>PU,
i=1

Uave - N
2P,
= (25)
Upcc - Uave
Zy= N

where U, is the average voltage drop of PMSGs; U, is the
terminal voltage phasor of the i" PMSG; N is the total num-
ber of PMSGs; P, is the output active power of the i"
PMSG; Z,, is the parameter of the equivalent collector net-
work; U, is the voltage at the point of common coupling
(PCC); and I, is the output current of the i PMSG.

However, as the output active power of each PMSG con-
tinuously changes, the equivalent network parameters also
vary during a fault, making them challenging to be imple-
mented effectively. Moreover, under asymmetrical fault, the
terminal voltage contains second-harmonic components, mak-
ing it difficult to directly calculate the equivalent network pa-
rameters through the terminal voltage. Therefore, we pro-
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pose an improved method by ensuring consistency in the out-
put reactive power before and after the equivalence.

In the positive-sequence network, the sum of the output re-
active current of each PMSG can be derived by:

1.

where I, is the rated current of the i" PMSG; U is the pos-
itive-sequence terminal voltage phasor of the i PMSG.

Since the rated current of the equivalent PMSG is the sum
of the rated currents of each PMSG, the output reactive cur-
rent of the equivalent PMSG during a fault can be derived

by:

N .
1,=k(09- Uy (26)
i=1

1,.,=k(09-|U;,

N
)30 @7)
where U .y 1s the terminal voltage of the equivalent PMSG in
the positive-sequence network.

To ensure that the output reactive current of the wind
farm is equal before and after equivalence, Ue*q can be
solved through (26) and (27):

N .
zlw\w
— L:IN

S,

i

N
{0y
_ =l

S.

i

(28)

‘9‘7

-

i=1 i=
where S, is the capacity of the /" PMSG. Therefore, we can
calculate the average voltage drop weighted by the rated ca-
pacity of each PMSG. It will not only make the calculation
more convenient but also ensures the consistency of the out-
put reactive power before and after equivalence during a
fault. Based on this, the equivalent collector network parame-
ters can be derived by:

N .
>Su;

T+ =1
Up=""—

N

s,

i=1 (29)
7 - U,.-U,

eq

N .
Vi
i=1
where U*

e 18 the positive-sequence PCC voltage; and I is
the positive-sequence output current of the i PMSG.

Since the positive- and negative-sequence parameters of
the wind farm collector network are the same, we use the re-
sults calculated under the positive-sequence network as the
parameters of the equivalent network. The collector network
equivalent method in this subsection requires parameters
such as the terminal voltage and the output current of each
PMSG, which will be introduced in Section V.

V. SOLUTION TO CLUSTERING INDICATORS

In this paper, the clustering indicators are the positive-se-
quence terminal voltages, negative-sequence terminal voltag-
es, and wind speeds. The wind speeds can be acquired by
prediction or measurement. However, the positive- and nega-
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tive-sequence terminal voltages are generally difficult to ob-
tain before the fault actually occurs. In this section, the solu-
tion to positive- and negative-sequence terminal voltages is
presented, assuming that the PCC voltage is known. Then,
the actual PCC voltage is calculated by iterative simulation.
Eventually, the equivalent model of the wind farm can be ob-
tained.

A. Calculation of Terminal Voltages

The calculation method is introduced in a real wind farm
topology, as shown in Fig. 7.

1ttt 144 1ttt 4ttt 444 4 4+ 4 R e e e e

Fig. 7. Wind farm topology.

Due to the fast response of PMSGs, the terminal voltages
can be calculated by the static model of PMSGs when the
PCC voltage is known. In this subsection, we take the nega-
tive-sequence control for mitigating the imbalance of grid
voltages as an example.

We decouple the positive- and negative-sequence net-
works to calculate the positive- and negative-sequence termi-
nal voltages, respectively. According to (5), the output d-
and g-axis currents of the PMSG in the negative-sequence
network are only related to the negative-sequence voltage
dips, while the d-axis current in the positive-sequence net-
work is affected by both positive- and negative-sequence
voltages. Therefore, we can calculate the negative-sequence
terminal voltage under the negative-sequence network first,
and then calculate the positive-sequence terminal voltage.

1) Solution to Negative-sequence Terminal Voltages

In the negative-sequence network, the power of PMSGs

can be derived by:

P;=1.5(Uply+ Upl,y )
0;=15(Up Ly~ Uil

where P; and Q; are the output active and reactive power in

(30)

the negative-sequence network, respectively; U, and U, are
the negative-sequence d- and g-axis terminal voltages of the
i" PMSG, respectively; and e @0d I are the reference val-
ues of the negative-sequence d- and g-axis terminal currents of
the PMSG, respectively. Substituting (5) into (30), we can ob-
tain:

P7=0
Q;=—1.5K’((U‘;)2+(U;l.)z)INz—l.SK’(U;)ZIN D)

where U, is the negative-sequence terminal voltage phasor of

i

the i PMSG. The output current of PMSG can be derived by:
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P +jO;
U._

i

=

ni

(32)

where I, and U, are the output current and the negative-se-
quence terminal voltage of the i" PMSG in the negative-se-
quence network, respectively.

Further, when the PCC voltage is known, it can be regard-
ed as the voltage reference node. The updated terminal volt-
ages of PMSGs are:

U-=U,, +ZI, (33)
where U . is the PCC voltage in the negative-sequence net-
work; U - is the updated negative-sequence terminal voltage;
and I is the injected current composed of .

Since the injected currents of PMSGs are related to their ter-
minal voltages, the negative-sequence terminal voltages can
be solved by iterative method. The specific steps are as fol-
lows.

Step [: initialize the negative-sequence terminal voltages
of PMSGs and let U = Up’“

Step 2: update the negative-sequence terminal voltages ac-
cording to (31)-(33).

Step 3: if ‘U"—U" <o,, where o, is the allowable error

of negative-sequence terminal voltages, the negative-se-
quence terminal voltages of all PMSGs are available in U’".
Otherwise, let U= U"" and go to Step 2.
2) Solution to Positive-sequence Terminal Voltages

In the positive-sequence network, the output power of
PMSGs can be derived by:

P;rz 1.5(U¢;;I;reﬁ+ U qref)

0;=15( ~Ugl})

where U, and U, are the positive-sequence d- and g-axis
terminal voltages of the /" PMSG, respectively; and 1, and
1, are the reference values of the positive-sequence d- and
g-axis terminal currents of the PMSG, respectively. The ref-
erence values of the current are rewritten as:

I ,=K(09-U")I,

qrefi

(34)
et

qi*~ drefi

P
Idre;ﬁ =min { Idreﬂ i” [dmaxi }

Idmaxi: /( max -K- |U |] ) (]f;’éf)

where 1,,,, is the d-axis current reference value of the con-
stant DC-link capacitor voltage control; and /,,,,, is the max-
imum allowable positive-sequence d-axis current of the i"
PMSG. In order to maintain the DC voltage, the following

equation should be satisfied:

(35)

Ud+01 w0i=U, [+I drefli (36)
While Uy, is close to 1, 1,,,, can be derived by:
I i
= (37)

Since U; has been solved in the previous subsection, the
positive-sequence output currents of PMSGs are only related
to the positive-sequence terminal voltages. According to (35)-
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(37), we can also solve the positive-sequence terminal volt-
ages in the same way. As a result, if the PCC voltage is
known, we can obtain the positive- and negative-sequence
terminal voltages of PMSGs by the solution method men-
tioned above.

B. Iterative Simulation for Solving PCC Voltage

An iterative simulation for solving the PCC voltage is pre-
sented in this subsection. The simulation can obtain the PCC
voltage before the fault occurrence, which avoids the simula-
tion of the detailed method (DM) to obtain the clustering in-
dicators. The specific steps are shown as follows.

Step I: set U,.,=1 and U, =0.

Step 2: let Up"w U,..£0° and U[,‘LL U,..20° Use the
method introduced above to calculate the positive- and nega-
tive-sequence terminal voltages of PMSGs.

Step 3: establish the equivalent model of the wind farm ac-
cording to Section IV.

Step 4: the anticipated contingency is simulated based on
the equivalent model. Furthermore, the positive- and nega-
tive-sequence PCC voltages at the moment of the fault clear-
ance (U! and U, ) can be obtained by the simulation result.

pec pcc
Step 5: if ‘ e = Upee| <0, and ‘ e = Upee | <05, Where o,
is the allowable error, go to Step 6; otherwise, set U, .=U,.,
U,..=U,., and go to Step 2.

Step 6: once the actual PCC voltage is solved, clustering
indicators of each PMSG can be obtained, and the equiva-
lent model of the wind farm can be established.

In summary, the overall process of the proposed dynamic
equivalent method is illustrated in Fig. 8.

Sections IIL, IV, and V-A

Input wind speed and wind farm

‘ topology data, set PCC

| voltages to U = 1/0° and U, =0,

pec pu.
and construct initial

equivalent model

» Sections 11l and IV

P R Utilize obtained clustering
f Scctions V-B '| indicators and offline clustering |:
i| Conduct simulation analysis based on | ! boundaries to update

equivalent model. Obtain new equivalent model parameters
PCC voltages U, and U,  |it=rrmm s

pee pec

] iisection V-A

| U;C,C_ pcc| <, and Based on U, and U, solve
the terminal voltages of each
Unce™Upecl<0y? PMSG

Solve the terminal voltages of
each wind turbine and output
final equivalent model

Sections III, IV, and V-A

Fig. 8. Overall process of proposed dynamic equivalent method.

VI. METHOD VERIFICATION

The proposed dynamic equivalent method is analyzed on
the CloudPSS platform [32], [33] in a modified IEEE 39-bus
system, as shown in Fig. 9. A wind farm including 100
PMSGs is studied, as shown in Fig. 7.



470

Fig. 9. A modified IEEE 39-bus system.

A. Case I: Two-phase Short-circuit Fault at Bus 30

A two-phase short-circuit fault occurs between phases B
and C at bus 30, lasting for 0.2 s. The ground resistance is
0.001 Q. The wind speeds of PMSGs are shown in Fig. 10,
which are modeled with the Jensen model.

117 °

o [ ] ° [ ] b L] L ] L ]
> 107 o b 1 A S ° 4
E 9t s T e s * Tl e lelet | o 1 °
= A ° L NEIRYRI ] Tle A1 °
g 8r “n "“ ol : 4 .: o % o o : ) : ® ‘:’: °
E 7 L ° 00 ':. )t L] L] ° o‘. ‘:’ 0" ﬁu
°
61 °
5 1 1 1 L J
0 20 40 60 80 100
Number of PMSGs

Fig. 10. Wind speeds of PMSGs in Case 1.

The PCC voltage is calculated by iterative simulation and
the iteration result is shown in Table 1. The PCC voltage
converges after two iterations of simulation with the equiva-
lent model. Then, we can further compute the terminal volt-
ages of PMSGs, as shown in Fig. 11. The maximum percent-
age error is 0.089%. After obtaining the terminal voltages of
each wind turbine, the collector network parameters can be
calculated by the method described in Section IV-C.

TABLE I
ITERATION RESULT OF PCC VOLTAGE IN CASE |

Method U,. (p.u.) U,. (pu.)
Initial equivalent method with U,..=1 p.u. 0253 0226
and U,,.=0 p.u. ’ ’
Equivalent method 1 with U =0.253 p.u.
and U, =0.226 p.u. 0-253 0-226
DM 0.253 0.226

Moreover, PMSGs are clustered into three clusters accord-
ing to the clustering boundaries. The clustering results are
shown in Table II. The average active power of PMSGs is
displayed in the same figure, as shown in Fig. 12. The char-
acteristics are consistent with the analytical results, which
verifies the effectiveness of the clustering method.
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Fig. 11. Terminal voltage of each PMSG. (a) Positive-sequence voltage.
(b) Negative-sequence voltage.

TABLE 11
CLUSTERING RESULTS

Cluster Number of PMSGs
1
I 4-6, 9-12, 16-18, 22-25, 29-31, 36, 37, 41-43, 48, 49, 53-55,
59-61, 64-67, 71-73, 76-79, 82-86, 89, 90, 92, 93, 95-100
1 1-3, 7, 8, 13-15, 19-21, 26-28, 32-35, 38-40, 44-47, 50-52,
56-58, 62, 63, 68-70, 74, 75, 80, 81, 87, 88, 91, 94
< 0.8 o 15
3 O 7 L B —
= =
06 T 10
S 0.5k g
2 0aE— 2
a YU a
0.5+
£ 03 2
5 0.2 5
< 0.1 < 0
25 3.0 35 40 45 25 3.0 35 40 45
Time (s) Time (s)
(a) (b)
Fig. 12. Average active power of PMSGs in the same cluster in Case 1. (a)

Cluster II. (b) Cluster III.

The active power, reactive power, and PCC voltages of
the DM are compared using the traditional SMEM (SM) in
[34], the four-machine equivalent method (FM) in [11], and
the three-machine equivalent method (TM), i.e., the pro-
posed dynamic equivalent method. The results are shown in
Figs. 13-15. The DM refers to a comprehensive modelling
method of the wind farm without any equivalence simplifica-
tions, preserving all internal topologies and the structure of
each PMSG.

Due to the severe fault, the PMSGs all belong to Clusters
IT and III. Thus, the active power responses of various equiv-
alent methods are basically the same during the fault. How-
ever, the TM represents the recovery characteristic more ac-
curately than SM and FM. The reactive power and the PCC
voltage characteristics of various equivalent methods are ba-
sically the same.
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Fig. 13. Active power of various equivalent methods in Case I.
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Fig. 14. Reactive power of various equivalent methods in Case I.
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Fig. 15. PCC voltages of various equivalent methods in Case 1. (a) Posi-
tive-sequence voltage. (b) Negative-sequence voltage.

B. Case II: Single-phase Short-circuit Fault at Bus 30

In Case II, the wind speeds of each PMSG are the same as
those in Case I. And a simulation analysis is conducted for a
single-phase short-circuit fault with a duration of 0.2 s at bus
30. Compared with Case I, phase A is connected to the ground
through a larger resistance of 0.03 Q and the voltage dip is
slighter than that in Case 1. Further applying the iterative simu-
lation to solve the PCC voltage, the iteration results are shown
in Table III. After two iterations, the positive- and negative-se-
quence components of the PCC voltage can be obtained. More-
over, according to Section III, the PMSGs can be grouped, and
the clustering results are not presented for space reasons. Most
of the PMSGs belong to Clusters I and II.

Figure 16 shows the average active power of each PMSG.
Figures 17-19 compare the active power, reactive power, and
PCC voltages of various equivalent methods.

TABLE III
ITERATION RESULT OF PCC VOLTAGE IN CASE II

Method U, (pu) U, (pu)
" : : F—
Initial equlvalené rlrf}hgc(l) with U, =1 p.u. 0.647 0361
and U, =0 p.u.
Equivalent method 1 with U =0.647 p.u.
and Uy, =0.361 pu. 0646 0360
DM 0.646 0.360
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Fig. 16. Average active power of PMSGs in the same cluster in Case II.
(a) Cluster 1. (b) Cluster II. (¢) Cluster III.
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Fig. 17. Active power of various equivalent methods in Case II.
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Fig. 19. PCC voltages of various equivalent methods in Case II. (a) Posi-

tive-sequence voltage. (b) Negative-sequence voltage.

In Case II, only a small number of PMSGs have a ramp
recovery process. Therefore, the SM, FM, and TM are able
to perform the active power characteristics accurately after
fault clearance. Compared with SM and FM, TM can more
accurately present the active power characteristics during the
fault, as SM and FM struggle to differentiate accurately be-
tween Clusters I and II.

To reflect the effectiveness of the proposed dynamic equiva-
lent method more clearly, we present the average active power
of various equivalent methods in Fig. 20. The TM is more ac-
curate after fault clearance in Case I and more accurate during
the fault in Case II. In the FM, PMSGs are clustered based on
the wind speed. Even though the actual response characteris-
tics of these PMSGs vary under various fault conditions, the
clustering results of this method remain unchanged. This ren-
ders FM less effective in handling different faults.

o
(=]
o
(=

o
(=

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 13, NO. 2, March 2025

Wind speed (m/s)
© o =
S > '

&

oo

e
<
°

7 Py o, o 4 ° L | ° o,
0 20 40
Number

Wind speeds of PMSGs in Case III.

Fig. 21.

TABLE IV
ITERATION RESULT OF PCC VOLTAGE IN CASE III

Method Up. (pu) U, (pu)
Initial equivalent methf)d_with Up.=1p.u. and 0.661 0.174
pee ™
Equivalent method 1_ with U,,,=0.661 p.u. and 0.661 0.174
U,.=0.174
DM 0.661 0.174

Moreover, the PMSGs within the wind farm are clustered
using the clustering method. The average active power of
PMSGs within the same cluster is shown in Fig. 22. It can be
observed that the response characteristics of PMSGs in the
same cluster are consistent with the theoretical ones.
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Fig. 20. Average active power of different equivalent methods. (a) Case L.
(b) Case II.

In summary, SM and FM cannot reflect the active power
differences among PMSGs in different clusters, while the
proposed dynamic equivalent method can achieve accurate
equivalence under different faults.

C. Case III: Two-phase Short-circuit Fault at Bus 17

To wvalidate the adaptability of the proposed dynamic
equivalent method under different wind speeds, fault loca-
tions, and fault durations, Case III introduces a two-phase
short-circuit fault with a duration of 0.1 s at bus 17. The av-
erage wind speed of the wind farm is set to be 9 m/s. Wind
speeds for PMSGs are randomly sampled within 9+2 m/s,
which are illustrated in Fig. 21.

Similarly, the iterative simulation is used to solve the PCC
voltage. The iteration results are presented in Table IV. The
PCC voltage also converges to the actual value after two itera-
tions.
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Fig. 22.  Average active power of PMSGs in the same cluster in Case III.
(a) Cluster 1. (b) Cluster II. (¢) Cluster III.

Further, the output active power and reactive power of vari-
ous methods are compared, as shown in Figs. 23-25.

Table V shows the simulation time and the root-mean-
square errors (RMSEs) of active power for various methods.
The results indicate that the proposed dynamic equivalent
method can achieve more accurate equivalence for the wind
farm under different wind speeds, fault locations, and fault
durations.
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TABLE V

SIMULATION TIME AND RMSES OF ACTIVE POWER FOR VARIOUS

EQUIVALENT METHODS

Method  Simulation RMSE Simulation

Case [ Case 11 Case 111

RMSE Simulation RMSE

time (s) (%) time (s) (%) time (s) (%)
DM 549 491 516
™ 20 1.23 16 0.41 23 0.39
SM 14 6.10 11 10.01 10 451
M 15 2.90 12 5.84 13 2.27
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Moreover, it is also evident that the proposed dynamic
equivalent method can significantly improve the simulation
efficiency compared with the DM. This is primarily due to
the following reasons. () The terminal voltage calculation
process in Section V-A is algebraic calculation, and the time
it takes is negligible compared with the simulation time. 2
The iterative simulation process in Section V-B is based on
the equivalent model. Although it requires multiple itera-
tions, the simulation time per iteration is comparable to that
of an SMEM. (3 Before the PCC voltage converges, the sim-
ulation process is only carried out until the end-of-fault mo-
ment. As a result, while the proposed dynamic equivalent
method requires longer simulation time compared with the
SM, it still significantly improves simulation efficiency com-
pared with the DM. The simulation time shown in Table V
for the proposed dynamic equivalent method represents the
sum of the simulation time for multiple iterations, including
the time needed for constructing the equivalent model.

VII. CONCLUSION

Under asymmetrical faults, the proposed dynamic equiva-
lent method takes the effects of the fault severity and the
negative-sequence control into consideration. The PMSGs
are clustered into different clusters according to the charac-
teristics of their active power. Further, equivalent methods
are constructed for different clusters of PMSGs, respectively.
Moreover, iterative simulation for calculating the clustering
indicators is presented and applied to the anticipated faults.
Thus, the difficulty in obtaining clustering indicators is
solved. Eventually, the proposed dynamic equivalent method
is validated on a modified IEEE 39-bus system. The results
show that the proposed dynamic equivalent method has good
performance in terms of efficiency and accuracy.

It is worth mentioning that the control parameters of each
PMSG within the wind farm are set to be consistent for the
sake of theoretical study. When the control parameters of
each PMSG are different, the proposed dynamic equivalent
method is still applicable but needs to be modified appropri-
ately. Taking different reactive current factors K as an exam-
ple, the proposed dynamic equivalent method requires addi-
tional calculations for the clustering boundaries of each
PMSG under different K values, as well as the equivalent
control parameters of the equivalent model. In addition, the
clustering boundaries of each PMSG only need to be com-
puted once and do not require recalculation during applica-
tion. And the calculation process of equivalent parameters
does not cause additional computational load, merely substi-
tuting different K values for calculation. Thus, the varying K
values of each PMSG have little impact on the efficiency of
the proposed dynamic equivalent method.

In the future, the proposed dynamic equivalent method
can be applied to DFIGs, PV systems, and wind turbine clus-
ters. When applied to DFIGs, due to the more complex struc-
ture and control of DFIGs, their response characteristics are
more varied, and it is difficult to analytically solve the clus-
tering boundaries. Therefore, it relies on more complex
mechanism analysis when applying the proposed dynamic
equivalent method to DFIGs. As for PV systems, their mod-
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el structures are fundamentally similar to those of PMSGs.
Thus, the proposed dynamic equivalent method can be direct-
ly applied to PV systems, with only the need of minor ad-
justments in the clustering boundaries according to the con-
trol methods of PV systems. Regarding wind turbine clusters
containing multiple wind farms and other dynamic equip-
ment such as conventional units and constant-impedance
loads, these devices also influence the terminal voltage of
each wind turbine during faults. Their dynamic characteris-
tics should not be overlooked when applying the solution
method of clustering indices in this paper. These aspects can
be further studied in the future.
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