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In view of the fact that the influence of positive and negative sequence decomposition, which is widely used in positive and
negative sequence decoupling control in control system, on the fault current calculation process is not deeply considered in the
existing transient analysis methods of permanent magnet direct-drive wind farm short circuit current, this paper proposes
a transient short circuit current calculation model that takes into account positive and negative sequence decomposition. The
influence of the transient characteristics of positive and negative sequence decomposition on the control system is studied, and the
mechanism of its action on the transient change of short circuit current is revealed. The positive and negative sequence decoupling
processes of the circuit equation are modified, and the characteristics of the coupling equation are analyzed. The difference in the
converter output voltage between the circuit equation and the control equation and the depth of its influence on the calculation
process is revealed. On the basis of quantifying the difference at the converter output voltage, the circuit equation and the control
equation are combined to form a short-circuit current calculation model with positive and negative sequence decomposition,
which accurately characterizes the transient characteristics of fault current under different voltage drops and effectively improves

the accuracy of the calculation results.

1. Introduction

Since the proposal of the dual-carbon target, various types of
clean energy generation methods have received widespread
attention in the industry [1, 2]. Among them, the permanent
magnet direct-drive wind power system has developed rapidly
in recent years due to its outstanding advantages of abundant
wind energy resources, stable wind speed, and so on [3]. In
order to ensure that the phase angle and frequency of the
voltage at the point of common coupling (PCC) can be de-
tected quickly and accurately when the permanent magnet
direct-drive wind power system is in the unbalanced operation
state, the low-voltage ride-through control, including the
positive and negative sequence decomposition link, is widely
used in the permanent magnet direct-drive wind power system

at present, so as to eliminate the disturbance caused by the
negative sequence component to the system and realize the
accurate phase lock based on the positive sequence component
[4, 5]. Based on the above, the positive and negative sequence
decomposition link has become an important part of the wind
farm control strategy. At present, the most common methods
of phase-locked loop based on positive sequence components
are the dual second-order, generalised integrator phase-locked
loop (DSOGI-PLL) [6], and the decoupled double synchro-
nous reference frame phase-locked loop (DDSRE-PLL) [7].
Compared with DSOGI-PLL, the algorithm structure of
DDSRF-PLL is more complex, and the decoupling structure of
DDSRF-PLL is mainly aimed at eliminating the influence of
the negative sequence fundamental frequency component,
while the ability to resist low harmonic disturbance is relatively
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weak [8, 9]. By contrast, the modelling process of frequency
characteristics of the positive and negative sequence de-
composition based on DSOGI-PLL is not only simple but can
also eliminate the disturbance of the negative sequence fun-
damental voltage. Therefore, DSOGI-PLL is more widely used
in practical applications [10].

When a fault occurs in the permanent magnet direct-drive
wind power system, which leads to a three-phase symmetric
drop of the voltage at the PCC point, it is of great significance
to accurately analyze the transient characteristics of the fault
current for the research of relay protection and fault treat-
ment. The analysis methods of fault current are usually di-
vided into steady-state analysis and transient analysis. Steady-
state fault current analysis generally considers the role of low-
voltage ride-through control and calculates steady-state
current through sequence network analysis, and many re-
search studies have been carried out in the industry [11]. Most
literature equivalents the wind farm in steady state after
a short-circuit fault to a controlled voltage source or a con-
trolled current source and establishes a composite network
under different fault conditions to simplify the modelling
program of fault analysis and calculation [12].

The analysis of transient short-circuit current considers
the influence of converter control, PLL, and other links and
calculates the transient current value by writing down control
equations and equivalent circuit differential equations.
Compared with steady-state current calculation, transient
current calculation is more complex. The industry has also
carried out extensive research and achieved some results in
consideration of its important role in studying the action
behavior of relay protection. On the basis of the compre-
hensive analysis of the converter power supply control system,
a calculation model of the fault current of the converter power
supply with a low-voltage ride-through control strategy is
proposed in [13], and the transient short-circuit current of the
converter power supply is calculated by using the transfer
functions in the complex frequency domain of both the
control system and converter [14], starting with the mathe-
matical model of the control system, which describes the
output current of the inverter after the fault in the form of
second-order, constant coefficient differential equations, and
the current expression in the transient process is obtained
analytically based on the steady-state value before and after
the fault and the transient change law affected by the control
parameters. The authors of [15] describe the positive and
negative sequence current after fault as second-order, con-
stant coefficient differential equations, and the short-circuit
current expressions based on the independent control strategy
of positive and negative sequence are derived. At last, it is
concluded in [15] that the transient current is independent of
the parameters of the outer power loop and is only affected by
the control parameters of the inner current loop. Both [14, 15]
regard the equation of the control system and the circuit
equation as constant coefficient equations, which do not
consider the influence of the nonlinear links in the control
system on the transient characteristics of fault current. In view
of the influence of nonlinear links in the control system on the
transient current, the study [16] describes the output current
as a second-order differential equation set with variable
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coeflicients when there is an error between PLL output an-
gular frequency and frequency compensation angular fre-
quency and proposes a mathematical method based on the
form of decoupling complex domain to solve the transient
current of dg-axis [17]. It puts forward the conclusion that the
dynamic process of PLL and its inductance connected to the
power grid makes the control system of the grid-side con-
verter of the wind farm produce positive feedback and amplify
the oscillation of subsynchronous frequency. By considering
the saturation characteristics of the current inner loop, the
nonlinear differential equations of symmetric transient fault
current are deduced, and an analysis method based on the
phase plane is proposed to obtain the analytical expression of
transient current in [18, 19] uses linear control theory to solve
the calculation problems caused by nonlinear links in the
converter control system. By setting PI parameters, the
second-order system is simplified into the first-order system,
and then, the fault current of the dg-axis is calculated by the
time-frequency domain transformation. The study [20]
proposes a calculation method of instantaneous asymmetric
fault current of converter, which analyzes compositions and
characteristics of the fault current and then concludes that
fault current is affected by a control loop, fault type, fault
distance, and a nonlinear limiter. None of the above studies
on transient fault current take into account the influence of
positive and negative sequence decomposition in the low-
voltage ride-through control strategy.

In view of the influence of positive and negative sequence
decomposition on transient characteristics of fault current
[21, 22], we propose a short-circuit analysis model of re-
newable energy converter under the control of positive and
negative sequence decoupling based on DSOGI. The fault
transient current is analyzed by using the model in the
complex frequency domain, and the conclusion that the
transient characteristics of fault current are related to the
delay characteristics of positive and negative sequence de-
composition is presented. In [21, 22], both of them take the
positive and negative sequence decomposition link into
account in the analysis process of fault current transient
characteristics. However, they do not consider the influence
of the voltage drop process and the possible transient re-
sponse of the negative sequence current suppression strategy
caused by the positive and negative sequence decomposition
in the transient process.

In fact, the positive and negative sequence decomposition
links increase the nonlinear links in the control system,
resulting in more complex transient characteristics of the
converter output transient current; therefore, the influence on
not only the nonsymmetrical fault current transient char-
acteristics but also the symmetrical fault current transient
characteristics cannot be ignored. In view of such problems,
the analysis method of the transient current fault charac-
teristics considering the positive and negative sequence de-
composition link is deeply studied in this paper, and mainly
aiming at the situation of voltage symmetric drop at the PCC
point caused by external faults of the permanent magnet
direct-drive wind power system in order to accurately study
the effect of positive and negative sequence decomposition on
symmetric fault. This paper is organized as follows: Section 2
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studies the transient characteristics of DSOGI, and reveals the
reason why the transient properties should be considered.
Section 3 studies the calculation results of fault current
without considering the transient characteristics of DSOGI,
and the problems existing in the existing research are illus-
trated. Based on the transient characteristics of positive and
negative sequence decomposition described in Section 2,
Section 4 establishes the time domain short circuit calculation
model about fault current, and a fault current transient
analysis method is proposed based on this model. In view of
different voltage drops, in Section 5, the calculation results of
transient current under different voltage drops are obtained
by using the calculation model, and the transient charac-
teristics of fault current when considering the transient
characteristics of DSOGI are illustrated. Section 6 draws the
conclusions.

2. Control Strategy of a Grid-Side Converter of
Permanent Magnet Direct-Drive Wind
Turbine with Positive-Negative
Sequence Decomposition

The grid-connected delivery system of the permanent
magnet direct-drive wind power system is shown in Figure 1.
The stator windings of the permanent magnet wind gen-
erator are collected by the converter and then connected to
the transmission network by the transformer [23].

When the three-phase fault of the remote AC system
leads to voltage drop at the point of common coupling
(PCC), if the voltage drop is deep enough to cause the power
imbalance between the two ends of the DC side of the
converter, the chopper circuit on the DC side will be input to
keep the DC voltage stable. Therefore, the machine-side
converter has little influence on the transient current out-
put of the AC system. At this time, the transient process of
the fault current output from the wind farm mainly depends
on the response characteristics of the control system of the
grid-side converter (GSC) during the fault. Thus, this paper
mainly analyzes the influence of the GSC control strategy on
the transient characteristics of fault current.

2.1. The Positive and Negative Sequence Decomposition of
a Grid-Side Converter. In order to ensure that the PLL can
accurately lock the phase of the fundamental positive se-
quence component when the power grid is in a three-phase
unbalanced state, the voltage at the PCC point u,,. will be
decomposed into positive and negative sequence at first. The
basic structure of the DSOGI-PLL which is commonly used
is shown in Figure 2 [24, 25].

In the structure of Figure 2, “C” is the Clark trans-
formation matrix, and the “P” is the Parker transformation
matrix.

It can be learned from Figure 2 that the voltages at the
PCC point u,, u;, and u, are translated from the abc three-
phase coordinate frame to the afStwo-phase stationary co-
ordinate frame to obtain u,, and u;;:

3
u,, “a
PR (1)
p u

By using the second-order generalized integrator which
has the characteristic of frequency selection and can extract
the fundamental voltage component of the input signal u,,
the output signal qu,, which has the same amplitude with u,
but the phase lags u,, 90°, and the output signal u, which has
the same amplitude and phase with u,, can be obtained. Their
relationships can be expressed as

u, (s kwpry s
G =D Koms
Uy (s)  5° + kwpyy s + wpyy
2 @
u, (s kw
Gz(s):q a()_ PLL

T 2 Py
Uy () s+ kwp s+ wppy,

where k is the damping factor. In order to give consideration
to filtering effect and response speed, the value of k is usually
2. g is a phase shift operator with a lag of 90 degrees. qu/'; and
uk can also be obtained by equation (2).

The positive sequence voltages in the two-phase sta-
tionary coordinate frame u, and u; can be obtained by the

following equation:

L1
= 2 (- ),
(3)

1
u;g = E(qua + uﬁ).

The parker transformation is used to transform u and
ug to the dg-axis coordinate frame of positive sequence

which rotates synchronously with the three-phase co-
ordinate frame, and the dg-axis voltage components of
positive sequence at the PCC point u; and u are obtained.

The process of the Parker transformation can be expressed as

©E)
Ug Ug

The produce process of Opr; is as follows: the PLL
regulates 1 to zero by using the PI controller and error

adjustment which can obtain the angular frequency wpyy,
and then feedback the value to DSOGI. After wpyy is in-
tegrated, the phase angle fpr1, can be obtained and fed back
into the Parker transformation matrix:

Wprp = kaLL(_u:;) + Kiprr, J(—u;)dt + Wy,

Opr1, = wpr -

(5)

In equation (7), kpprr and kipy represent the pro-
portional and integral coefficients of the phase-locked loop
PI controller, respectively. The value of wy is typically set to
1007 rad/s.
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FiGURE 2: The structure of DSOGI-PLL.

2.2. Low-Voltage Ride-Through Control Strategy of a Perma-
nent Magnet Direct-Drive Wind Power System. According to
the standard of the low-voltage ride-through capability of
a grid-connected wind farm, the permanent magnet direct-
drive wind power system should not only keep connected to
the power grid during the low-voltage ride-through but also
provide reactive current to support the grid voltage [26, 27].
The control strategy of GSC after failure is shown in Figure 3.

The basic principle of the low-voltage ride-through
control strategy is when u,,. drops, the control system
should detect the drop magnitude of positive sequence
voltage at the PCC point upcc and determine the reference
value of active current i; and reactive current iy according to
the drop magnitude of upcc. When the magnitude of upcc
does not drop to 90%, the control strategy remains un-
changed; it means that the dg-axis current reference values

of current inner loop control i; and i; are generated by the

voltage outer loop control which are the same as the normal
control strategy. When the magnitude of upcc drops to 90%,
the GSC is required to provide a certain reactive power
support. In order to improve the speed of reactive response,
i, is generated without the outer loop control, but the outer
loop control of reactive power is switched to the direct
current inner loop control, and ij is decided by i;. The final
control target is the output fault current of GSC iy, after
external fault does not exceed 1.2 times the rated current
according to the tolerance ability of short-circuit current of
converter [28, 29].

Based on the low-voltage ride-through control strategy,
ijand i; can be regarded as functions about upcc; thus, their

relationships can be expressed as

ig =gy - &(Upcc - Upcc) + € (Upec — 0.1) - \/1~22 —(15x(0.9- ”Pcc)z)

q

| +1.2 = &(upec — 0.1) x 1.2,

] —e(upec — thec) - \/1.22 ~ (1.5 % (0.9 ~ upec)’).
ir = e(upcc — 0.1) - 1.5 % (0.9 — tpec) — € (tpee — 0.9) - 1.5 x (0.9 — tpec)

(6)
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Figure 3: Control strategy of a grid side converter.

where e(upcc) is the step function; and i;_; and i_; are the

current inner loop reference values generated by the voltage
outer loop, and can be expressed as

i;—pi = kup (ch - udc) + kui J (MZC— udc)dt,
(7)
igpi = kyp(Q = Q) +ky J (Q" -Q)dt.

Upcc represents the PCC point voltage when the d-axis
control strategy switches to direct current control and can be
expressed as

(1.2 (i) (®

According to (5), taking the system working in rated
state during normal operation as an example, the change
process of iy and i is shown in Figure 4 when the magnitude
of upcc drops by more than 10% after failure.

It can be learned from Figure 4. That before the failure i;
is 1p.u. and i is 0p.u. when the system is running in the

rated state. When the magnitude of upcc is more than 90%,

iy and iy will still be determined by the outer loop control;

when the magnitude of upcc is less than 90%, the control of
q-axis will switch to current inner loop control. At this point,
iy changes with the magnitude of upcc, while ij is still
generated by outer loop control. When the magnitude of
upcc is less than upcc, the control of d-axis will be switched
to direct current control, and i}; is calculated according to the
root (1.22—1'; 2). When the magnitude of upcc is less than 10%,

iy reaches the limiting value of 1.2 p.u., and ij is 0 p.u.

10% 1'90% 1-

pec

FIGURE 4: The reference value of dg-axis current.

3. Transient Current Calculation Based on
Existing Research Methods

The existing method of calculating the GSC output currents
iy, iy, and i, do not consider the positive and negative se-
quence decomposition. In the process of solving, the circuit
equation between the voltages at the PCC point u,, u;, and
u, and the output voltages of GSC v,, v,, and v, are
transformed to the dg-axis coordinate frame of positive
sequence, and then the equation is solved simultaneously
with the equation of inner loop control [12]. The circuit
equation in abc three-phase coordinate frame can be
expressed as



6
vﬂ iu uﬂ
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vy =L E 1y + U (9)
v i u
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In equation (9), L is the equivalent inductance of the
filter between v,, v, and v, and u,, u;, and u.. When the
circuit equation in three-phase coordinate frame is trans-
formed to the dq-axis coordinate frame of positive sequence,
the influence of positive and negative sequence de-
composition link on the process of coordinate trans-
formation is not taken into account in the existing research
method since the research object is the three-phase sym-
metrical fault. Therefore, the circuit equation in the dg-axis
coordinate frame of the positive sequence is obtained by
multiplying both sides of equation (9) by the Parker
transformation matrix P directly, which can be expressed as

vy=L—i, - wPLLLi:; +u,
dt
(10)
vh= Lif + wpr Li5 +u
q ~ dtq PLL*~*d q’

k.

d
0= ~L—ij + wpr Lij +[ i

dt

d
0=-L—i

i wpyy i + [kip(i

where ij and i; can be obtained by solving (9) with the

Runge-Kutta method. The object of study is a three-phase
short-circuit fault. Therefore, the transient component of
negative sequence is very small and is generally not con-
sidered. i,, i, and i. can be obtained by directly performing
the Parker inverse transformation on the dg-axis current of
positive sequence.

It is assumed that the magnitude of upcc drop to 7% of
the rated voltage when an external fault occurs, and the
calculation results of equation (12) are compared with the
simulation results of the control system containing positive
and negative sequence decomposition link. The results are
shown in Figures 5(a) and 5(b).

It can be seen from Figures 5(a) and 5(b) that due to the
absence of the influence of positive and negative sequence
decomposition link, i and i; obtained by the existing re-

search method have a large error in comparison with the
simulation result, and the overshoot and oscillation attenu-
ation characteristics of their transient process cannot be re-
flected. Therefore, the existing research method is no longer
suitable for studying the transient characteristics of fault
current with positive and negative sequence decomposition.

According to the analysis in Section 3, in order to ac-
curately analyze the transient characteristics of the fault
current containing the positive and negative sequence

ok

(ig

*

q
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where i} and i; are the dg-axis output currents of positive
sequence by GSC; and v; and v are the dg-axis output

voltages of positive sequence by GSC.
The equation of current inner loop control can be
expressed as [22]

Vipi = [kip (i —iy) + Ky J (i5 - i;)dt] — woLiy +uyg,
= [kip(i; —ir) +ky J(i; - i;)dt] + woLij + 1,
(11)

are the output voltage modulation

V+
q-pi

+
q-pi
signals of GSC generated by the inner loop of the control
system. k;j, is the proportional gain and k;; is the integral time
constant of the inner loop PI controller.

The existing method suggest that v; = vj_; and

where v}_pi and v

vh=vt

q = Yq-pi’
By combining equation (10) with equation (11), taking v} and
+
q

ferential equations of i; and i; can be obtained:

v! as intermediate variables and eliminating them, the dif-

—ig) +ky J (iy - i;)dt] - a)OLi;,
(12)

—iy) +ky J(i; - i;)dt] + wpLi},

decomposition link, the transient process of the positive and
negative sequence decomposition link should also be taken
into account.

4. Study on Transient Process of Positive and
Negative Sequence Decomposition

4.1. Analysis of the Transient Response of DSOGI-PLL.
The transient response process of DSOGI-PLL is studied by
taking the symmetrical fault of the AC system as an ex-
ample. It is supposed that a three-phase fault occur in the
AC system at 2s, and at this time, the magnitude of upcc
will drop to 7% of the rated voltage. When there is
a symmetrical fault in the line, the voltage at the fault point
can be regarded as the voltage will change to 0 in a very
short time. Due to the short line of the permanent magnet
direct drive wind power system, the voltage at the PCC
point can also be regarded as the instantaneous sudden
change voltage, thus simplifying the calculation of sub-
sequent fault current. The waveform of the voltage at the
PCC point in the two-phase stationary coordinate frame
u.is shown by the blue curve in Figure 5. It can be con-
sidered that the change of u, caused by external fault is
basically seen as an instantaneous drop, and the specific
expression can be expressed as
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FiGure 5: GSC’s output current of the positive sequence under external three-phase fault. (a) d-axis output current of positive sequence and

(b) g-axis output current of positive sequence.

uy, = U cos (wyt) +[0.07U sin (wp; £) — U cos (wt)] - e(t — ;).

After the SOGI link, the output waveforms of u, and qu,, are
shown by the red and yellow curves in Figure 6, respectively.

It can be learned from Figure 6 that the transient process
of the output signal u, of the SOGI link after failure is not
exactly the same as the input signal u,. The amplitude and
phase of u, cannot track the changes in the amplitude and
phase of u.,. Under the simulation parameters in this paper,
about 20ms of transient process are needed to achieve
steady-state tracking. qu, also tends to be stable after
a transient process of about 20 ms.

U o QUq, Up, and qug generated by the SOGI link are used
to calculate the dg-axis voltage components of positive se-
quence at the PCC point u; and u, by (4), and the com-
parison results of u;, u; and the voltages of dg-axis ug, u,
that do not include the positive and negative sequence
decomposition link are shown in Figures 7(a) and 7(b).

It can be learned from Figures 7(a) and 7(b) that after the
positive and negative sequence decomposition, both u} and
u, have transient processes for a certain period of time, and
the amplitudes change greatly. However, u; and u, obtained
without positive and negative sequence decomposition have
small amplitude changes and short durations in the transient
processes.

It can be learned from the analysis of the transient
characteristics of DSOGI-PLL that when the voltage at the
PCC point drops, the output signal of the SOGI link will go
through a transient process to track the amplitude and phase
of the changed actual three-phase voltage, although the
actual three-phase voltage at the PCC point can be ap-
proximately regarded as instantaneous drop. As a result, uy
and uy also need to go through a transient process to reach
the steady state. It can be learned from equation (4) that u}
and u, will affect the drop process of the positive sequence
voltage upcc at the PCC point and then affect the change
processes of current reference values of dg-axis iy and i;

through equation (6).

(13)

According to the analysis in Section 4.1, the transient
fluctuation processes of u; and u, calculated after the
positive and negative sequence decomposition is obvious.
Therefore, the influence of this decomposition process
should be taken into account in the transient analysis of
symmetrical fault current.

4.2. Circuit Equation in dq-Axis Coordinate Frame of Positive
Sequence including the Positive and Negative Sequence
Decomposition. Since the control of the GSC is based on the
dq-axis coordinate frame of positive sequence, in order to
study the transient characteristics of the output fault cur-
rents i, i, and i, of GSC, it is necessary to transform the
circuit equation between the voltages u,, u,, and u, at the
PCC point and the output voltages of GSC v, v;, and v, from
the three-phase coordinate frame to the dg-axis coordinate
frame of positive sequence. Due to space limitations, this
paper analyzes and calculates the positive sequence current
under symmetric faults and verifies the accuracy of the
calculation model. According to the analysis in Section 2.1,
the transformation process of the circuit equation is changed
after the positive and negative sequence decomposition is
added to the control strategy. Therefore, the coordinate
transformation process of the voltage equation should be
analyzed in detail.

The equation in the af3 two-phase stationary coordinate
frame can be obtained from equation (6) by the Clarke
transformation:

/ .1 !
Vo d Iy Uy
=L— + ,

(14)
i)\

!
i
where v, and vé are the output voltages of GSC in the two-

phase stationary coordinate frame; i, and ié are the output
currents of GSC in the two-phase stationary coordinate
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FIGURE 6: Input signal and output signal of SOGI link.
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FIGURE 7: The voltages at the PCC point of dg-axis. (a) d-axis voltage and (b) g-axis voltage.

frame. According to the analysis in Section 2.1, the SOGI link
can use the transfer functions in the complex frequency
domain to represent the relationship between the input
signal and the output signal. Therefore, before the positive
and negative sequence decomposition, the Laplace trans-
form of equation (14) is first carried out to obtain the circuit
equation in the complex frequency domain of the two-phase
stationary coordinate frame:

v (s) siy (s) — i, (to) u., (s)
! = . ! . ! + ! > (15)
v (s) sig(s) — ig (t) ug (s)

where i, (t,) and ié (tp) are the initial values of the output
currents of GSC in the two-phase stationary coordinate
frame when the fault occurs.

The coordinate transformation method adopted by the
SOGI link is applied to equation (15), and the GSC output
voltages v} (s) and VE (s) of positive sequence in the two-

phase stationary coordinate frame are

Vi () 3610 5629 L () — 1, (t)
i B %Gz(s) %Gl(s) ) ~iplt)
G 560
.
2629 3G (9 4

(16)

The transfer functions G,(s) and G,(s) in equation (2) are
substituted into (13) and simplified to obtain

Vi (s) siz (8) = iy (£) 1t (5) (fl (s) >
. =L + - + + +L >
v (s) sig () = ig (to) ug (s) f2(s)

(17)



International Transactions on Electrical Energy Systems

where i (t,) and i;;(to) are the initial values of positive se-
quence currents output by GSC in the two-phase stationary
coordinate frame at the fault moment; and f,(s) and f,(s) are
the oscillation attenuation components generated in the
simplification process, and the specific expressions can be
expressed as

F19) =82 (1) = 561 (91 (1) + 3G (Vi (1),
(18)
f2(s) =ig(to) = %Gz (8)ig(to) = %Gl ()ig(to)-

d

+ +
vy=L—i;—
d dtd

9
Transform (14) into the time domain:
Ve g [ g 1)
= La + +L , (19)
+ -+ +
Vg ig ug f (1)

where i; and ig are the GSC output currents of positive

sequence in the two-phase stationary coordinate frame.

Parker transformation is applied to equation (19) to
obtain the circuit equations in the dg-axis coordinate frame
of positive sequence:

wPLLLi; +uy + L(cos Opyy f (t) +sin Opyy f (1)),

(20)

d
vy = L—ig + wpp Lig + uy + L(=sinOpyy £ (£) + cos Opyp f5 (1)),

9 dt 1

where v;; and v are the calculated output voltages of GSC in

the dg-axis coordinate frame of positive sequence by the
DSOGI-PLL link. In the low-voltage ride-through control
strategy, the output voltage modulation signals of GSC
generated by the inner loop of the control system in the dg-
axis coordinate frame of positive sequence vg_pi and V;—pi are
determined by the output results of the current inner loop of
the positive sequence. If the transient response of the
positive and negative sequence decomposition leads to
Vi# Vg and vy #vi vy and vy will not be used as in-
termediate variables to eliminate and simplify the equations
when the circuit equation of the dg-axis coordinate frame of
the positive sequence and the equation of the low-voltage
ride-through control strategy are combined. Therefore, the
following mainly focuses on the relationships between v}

+ + +
and Vi_pi a8 well as v, and Vaopic

4.3. Analysis of Transient Characteristics of GSC Output
Current in the dq-Axis of Positive Sequence. The inner loop of
the control system is often designed with the steady-state
circuit equation of the main loop. When the positive and
negative sequence decomposition link is added to the
control system, the dg-axis output currents of positive se-
quence by GSC iy, iy, and the dg-axis voltages of positive
sequence at the PCC point u; and uy are used for the current
inner loop control to calculate the output voltage modu-
lation signals v;_; and v;_; of GSC in the dg-axis coordinate
frame of positive sequence. The response equations of
current inner loop control can be expressed as

Vi = e 5 = 3) + s [ - 13)d] = woiy +

Vo i = [kip(i; —iy) +ky J(i; - i;)dt] + woLij + 1.

(21)

In the control system, the modulation method of output
voltages of GSC v,, v, and v, is the dg-axis voltages of
positive and negative sequence V[;fpv v;_pi, Va_pid and Vi
obtained from the current inner loop of the positive and
negative sequence are transformed to abc three-phase co-
ordinate frame by parker inverse transformation, and then
superimpose them to generate the three-phase modulation
wave, whose values are equal to the output voltages of GSC
v,, v, and v,. Therefore, the relationship can be expressed as

" 1 1 1/;*Pi 1 1 vl;l-Pi
Vo =C PéPLL + +C P:GPLL v ’
v, q-pi q-p1
(22)

where “Pgp;; " is the Parker inverse transformation matrix
of positive components, and “P_gp;; ' is the Parker inverse
transformation matrix of negative components.

According to the coordinate transformation process
described in Section 4.2, coordinate transformation, in-
cluding positive and negative sequence decomposition link,
is performed on equation (22). After the positive and
negative sequence decomposition link is applied to equation
(22), the decoupling of positive and negative sequence
equation can be obtained. With the positive order equation
being taken into consideration only, the relations of v, v‘;,

+ +
Vi_pis and Vypi €an be expressed as

. n . +
v, = cos Opyp - g (£) * (COS Oprr - Vgpi = sinBpyy - Vq*pi)
. . + +
+5in Opy; - gy (£) * (sm Oprr, - Vig_pi + €08 Opy . - Vq—pi)’
(23)

+_

Vg

. 4 +
cos Opy;p - g, (t) * (sm Oprr - Vapi + €08 Opy . - vq_pi)

. + . +
= sinfpy - g (£) * (COS Oprr, - Va-pi — S Opry - vq—pi)’

(24)
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« »

where “ * ” stands for convolution, “-” stands for the product,
and g, (t) and g, (t) are the expressions of SOGI transfer
functions G;(s) and G,(s) reduced to the time domain,
respectively.

According to equations (23) and (24), by the coordinate
transformation, including the positive and negative se-
quence decomposition, the circuit equation on the left side
of the equal sign can obtain the positive sequence compo-
nents v; and v, which are the same as those in equation

(20), and the specific relationships between vj and v} and

Vi and vy, are obtained. It can also be learned from
equations (23) and (24) that v} # vd_ . and v +vh

In order to Verify the accuracy Pof the ‘conc qlusmn of
Vi # vy, and vg # v i, the AC system is set to have a three-
phase fault at Zs in the simulation, and the magnitude of
positive sequence voltage at the PCC point upcc drops to
about 7% when it reaches the steady state.

The parameters used in the simulation are shown in Table 1:

The simulation waveforms of v, vq, v i and v _pi are
obtained by PSCAD/EMTDC as shown in Figures 8(a)
and 8(b).

It can be learned from Figures 8(a) and 8(b) that the
dynamic processes of vj and vj_;, v, and v;_; are signifi-
cantly different, which verifies the correctness of the analysis

results of v #vj_; and v; #v,_; obtained from equations

(23) and (24) in Section 4.3.

It can be learned that the positive and negative sequence
decomposition link makes the circuit equation transformed
to the dg-axis coordinate frame of positive sequence have
great changes compared with the existing research method.

(1) The positive and negative sequence decomposition
link makes the circuit equation have two more
transient attenuation components f;(¢) and f,(f) in
the process of coordinate transformation.

(2) The positive and negative sequence decomposition
link makes the output voltage modulation signals of
GSC in the dg-axis coordinate frame of positive se-

quence v;_; and v;_; no longer equal to the calcu-

lated output voltage of GSC in the dg-axis coordinate
frame of positive sequence v;; and v by the positive

and negative sequence decomposition link.
Therefore, it is necessary to propose a research method

that can take (1) and (2) into consideration in order to
accurately analyze the transient characteristics of iz and i,.

+ .t _ _L7-+
Va = Vapi = ~h gla

— Ld+
a " Yapi T TFgla

L +uy + [kip(i; —iy) +ky J(i;

.+
- wPLLqu -

+ wpp Liy — L[sin Opy f1 () -
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5. Study on Transient Characteristics of Fault
Current including Positive and Negative
Sequence Decomposition

5.1. The Solution Method of dq-Axis Output Current of Positive
Sequence by GSC. According to the analysis in Section 4,

there are differences between v; and vj_; and v; and v,_; due

to the transient responses of positive and negative sequence
decomposition link. Although (20) and (21) can represent
their relations, it is difficult to obtain the specific differences of
their transient processes according to the equation. Therefore,
in order to find out whether there is a transient process
expression with obvious law between v and v}_ —pi and v; and

the waveforms of v} — v}_ ot and v\ —v' . should be

Vg-pi a "q-pi
observed first, which are shown in Figure 9.

According to Figure 9, when the magnitude of positive
sequence Voltage at the PCC point upcc drops to about 7%,
Vj— Vi and vi —vi_; can be approximately regarded as
attenuating and oscrllating waveforms, and they tend to be
stable after a transient process which means the differences

of both vj—v; ; and vj —v;  are 0. These transient

processes fluctuate greatly and last for a long time, the
durations are about 80 ms.

According to the characteristics of waveform shown in
Figure 9, MATLAB is used to ﬁt the oscillation attenuation

+ + +
waveforms v — v;_,; and v —v;_; with the third-order and

the fourth-order oscillation attenuation function, re-
spectively, when the magnitude of upcc drops to about 7%,
which can be expressed as

1529t o sin (271 x 40 x 1)

116.1¢t

v; - v;_pi =3.104 x e

-0.6628 x e~ X sin (271 X 65 X t) (25)
—1.212 x e "% 5 sin (277 x 50 x t)
+0.09204 x ¢ ¢,

vy =V, = —186xe T8 sin (2 x 38 x t)
+16.88 x e~ " x sin (27 x 40 x 1) (26)
+1.163 x e "% x sin (27 x 25 x t)
+0.05158 x e 181 sin (277 X 10 X t).

The circuit equation (17) and the inner loop control
equation (18) are combined and reduced to the equation
group shown in equation (24):

L[cosOpyy f; () + sin Opyy £, ()]

vy b [fop = i3) e [ G - 1) + woliy -

(27)
cos Opp 1 f 5 (t)i

- i;)dt] — w,Lij -
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TaBLE 1: Simulation parameter.
[ L uz. Q*
1007 0.000335H 1.45kV 0
kup ki kip ki
1 0.02 0.5 0.1
El E
& &
= =
-0.6 : : : : : -0.2 : : - - :
1.98 2 2.02 2.04 2.06 2.08 2.1 1.98 2 2.02 2.04 2.06 2.08 2.1
Time (s) Time (s)
— Y — v
Vipi —_— Vi
(@) (b)

FIGURE 8: Output voltage of GSC in the dg-axis coordinate frame

of positive sequence. (a) d-axis voltage and (b) g-axis voltage.
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q gpi

F1GuRre 9: The difference between the calculated output voltage of GSC a
of positive sequence.

In order to facilitate the solution, the integral terms are
eliminated by taking the derivative of both sides of (34) and
simplified into the nonhomogeneous second-order differential

[ 2.+ -+
dig _ Ky dig

?‘ L dt_(wPLL_wO)

+

itk di
ﬁzfpd_fJF(prL_wo)

d ) 1
+ I [cos Oprrf1 () +sinOppp f (1) —Z(v:; = Va(

nd the actual output voltage of GSC in the dg-axis coordinate frame

equations with variable coefficients about iz and iy, which are
shown in equation (25):

.t o%
dﬁ+ﬁi+_£%_&i*
dt L? L dt L*?

+

pi))]’

(28)

dl; kii o+ kip dl; kii e
dt "L T L a1

ar . .
B [sm Oprrf1 () — cos Oprp 15 (1) _E(V‘I _ vq(pi))]~
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Set the calculation time and calculation time step,
time: [0,0.15], time step: h=0.001

v

y (ipi,di,/dt, di /de) = &%, /df

Run the Eq. (31):
y g i, di,/dt, diq/dt) = dzz‘q/dtz

v

Set the initial value: i, iqu, di,,/dt, diqo /dt

v

Set matrix A as “nx4” matrix, and store the calculation results

in each column respectively: i, L di/dt, diq/dt

k=f(A(i-1),1)
k,=f(A (i -1, +k, - h/2,t,+ h/2)
ky=f(AG-1:)+k,- hi2,t,+ hi2)
k,=f(AG-1)+k, - ht +h/2)

A:)=A®-1,:)+h/6- (k +2-k,+2-k +k)

Output A(i,:)

Numerical solution completed

End

FIGUure 10: Numerical solution flowchart of the Runge-Kutta method.

Equations (25) and (26) are substituted into equation
(28) as known quantities, and the fourth-order Runge-Kutta
method is taken as an example to solve the dg-axis transient
current of positive sequence iz and i;. The specific solution
process is shown in Figure 10 [30]:

In Figure 10, the basic idea of the Runge-Kutta method
is to use a linear combination of function values at several
points to replace the derivatives of the Taylor expansion, and
then determine the coefficients according to the Taylor series
expansion, so that we can not only avoid calculating higher
derivatives but also improve the accuracy of the integral and
the order of truncation error.

5.2. Solution and Simulation of Transient Current Verification
under Different Voltage Drops. When the magnitude of
positive sequence voltage at the PCC point upcc drops to
about 7%, the comparisons between the calculation results
and simulation values solved by (25) of the dg-axis transient
currents of positive sequence iy and i; are shown in
Figures 11(a) and 11(b):

It can be seen from Figures 11(a) and 11(b) that the errors
between the dg-axis output currents of the positive sequence
solved by (25) and the simulated currents are basically small.
The simulation results show that the proposed method can
effectively improve the accuracy of the research results of fault
current transient characteristics by considering the positive
and negative sequence decomposition. Through comparing
the transient currents calculated by the existing research
methods in Figures 5(a) and 5(b) with Figures 11(a) and
11(b), it can be learned that the positive and negative sequence
decomposition link makes the transient currents have an
obvious overshoot characteristic and a long duration time,
which means the link has a great influence on the solution
accuracy of the transient fault currents.

In order to verify whether the solution method pro-
posed in Section 5.1 is suitable for different voltage drops,
the magnitude of positive sequence voltage at the PCC
point upcc is set to drop to 30% and 60%, respectively,
when it reaches the steady state in the simulation. The
waveforms of v} - v;_pi and v; -V are obtained as

shown in Figures 12(a) and 12(b).

+ .
q-p1
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2.15

13

FIGUure 11: GSC output current of positive sequence when upcc drops to about 7%. (a) d-axis output current of positive sequence and

(b) g-axis output current of positive sequenc
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F1Gure 12: The difference between the calculated output voltage of GSC and the actual output voltage of GSC in the dg-axis coordinate frame
of positive sequence. (a) The difference of the d-axis output voltage of the positive sequence and (b) the difference of the g-axis output voltage

of the positive sequence.
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FiGgure 13: Continued.
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2 2.05 2.1 2.15

Time (s)

—_ ig calculated value
—_ ig simulation value

(d)

F1Gure 13: GSC output current of positive sequence. (a) i when upcc drops to 30%, (b) i;’ when upcc drops to 30%, (c) iy when upcc drops

to 60%, and (d) i; when upcc drops to 60%.

It can be learned from Figures 12(a) and 12(b) that the
deeper the voltage drop of upcc is, the smaller the oscillation

: + + + + Alats
amplitudes of v}; — Vi_pi and Vg = Vapi ar€ but the oscillation

trends of are similar.
The same fitting method as (22) and (23) is adopted to fit

Vi — Vi, and vi —vp . when the magnitude of positive
sequence voltage at the PCC point upcc reaches 30% and

60%, which are shown in (26) and (27):

+ + —124.6t

Vg = Vi, =—355%e X sin (27 x 45 x t)

—134.6t

_pl

- 1.491 xe X sin (271 X 65 X t)
- 157t (29)

+5.173 x e x sin (271 X 50 X t)

—116.6t

+0.93 xe x sin (27t X 30 x t),

—2.166t

0.006347 x e X sin (271 X 38 X t)

_V+
q q-pi
—202.
+ 1.467 x e 202

+0.512%xe
—-7.388 xe

x sin (27 X 40 x t)
—119.4t (30)
* xsin(2m x 25 X t)

T3 sin (27 x 10 X £).

When the magnitude of upcc drops to about 60%, the

expressions of v — v;_pi and v; - v;pi can be expressed as

140.7t

Vg = Vg = —2125xe X sin (27 x 45 X t)

+1.029 x e 13 x sin (271 x 65 x t)
+1.129 x e 1087 Gy

—142.2t

X sin (277 X 50 X t)

+1.386 % ¢ x sin (271 X 30 x t),

—224.4t

= —-1.000e x sin (271 X 38 X t)

—228.2t

=
|

<
|

+1.638 xe
+0.3017 x e
—3.653 x e ¥ x sin (27 x 10 x ¢).

x sin (277 X 40 X t)

-113.3t (32)

X sin (271 X 25 X t)

Equations (29) and (30), as well as equations (31) and
(32), are substituted into equation (28) as known quantities,
respectively, and the dg-axis transient currents of positive
sequence iy and iy when voltage drop reaches 30% and 60%
are calculated as shown in Figures 13(a)-13(d):

It can be learned from Figure 13 that the calculated
current waveforms are basically consistent with the simu-
lation waveforms, and the maximum error is less than 5%,
which verifies the accuracy of the proposed analysis method
of transient characteristics. The error between the calcula-
tion result and the simulation result is due to the approx-
imate simplification of the inverter outlet voltage variation
process in the calculation process to facilitate the solution,
while the simulation variation process is more complex, and
the accuracy of the calculation result is closely related to the
simplified result. However, through comparison, it can be
seen that the proposed method significantly improves the
accuracy of the calculation results.

6. Conclusions

This paper focuses on the scenario of a voltage-symmetric
drop at the PCC point caused by a three-phase fault of the
permanent magnet direct-drive wind power system, pro-
posing a fault analysis method for the output transient
current of the wind farm, which takes into account the
positive and negative sequence decomposition link of the
control system because it is part of the control system and
has an obvious transient response with a long duration.
Then, it accurately depicts the transient characteristics of the
fault current.

The computational principles proposed in this paper are
also applicable to wind turbine control systems employing
alternative positive-negative sequence decompositions. It is
only necessary to substitute the equations corresponding to
the DSOGI decomposition method used in this paper with
those associated with other positive-negative sequence de-
composition methods during the computation process.
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The main results obtained are as follows:

(1) The transient change process of the electrical volume
obtained after the positive and negative sequence
decomposition is studied, and it is shown that the
transient response of the positive and negative se-
quence decomposition leads to significant fluctuation
and a long duration of the positive sequence com-
ponent transient process. The reason why the co-
ordinate transformation process of positive and
negative sequence decomposition should be taken
into account when establishing the calculation model
of short-circuit current in the time domain is revealed.

(2) Based on the change characteristics of the positive and
negative sequence decomposition, the dg-axis positive
sequence circuit equation after the positive and negative
sequence decomposition transformation is derived, and
the characteristics of the circuit equation are analyzed.
At the same time, the relationship between the output
voltage of the converter in the circuit equation and the
modulation signal of the converter output voltage in the
control equation is derived. The analysis results show
that the transient difference between the two makes it
impossible to eliminate the converter output voltage as
the intermediate variable when the control equation
and the circuit equation are combined.

(3) A time-domain short-circuit current calculation
model is formed by combining the dg-axis positive
sequence circuit equation, the positive sequence
control equation, the converter output voltage dif-
ference relation, and a short-circuit current transient
characteristic analysis method for AC side faults of
permanent magnet direct drive wind farm is pro-
posed. The proposed method takes into account the
influence of positive and negative sequence de-
composition on the time domain short circuit current
calculation model and is suitable for situations where
the voltage of the PCC point has different sags. The
calculated results accurately represent the character-
istics of the dq-axis positive sequence current with an
insurge current and a long transient duration.
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