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ABSTRACT In the case of asymmetric fault, the modern new power grid requires that the doubly-fed
induction generator (DFIG) still has good low voltage ride-through (LVRT) capabilities. To solve this
problem, a low voltage ride-through control strategy based on an improved model predictive current control
method in the two-phase stationary coordinate system is proposed in this paper. Firstly, the transient
characteristics of DFIG are analyzed, and an improved flux extraction method is proposed. The traditional
flux linkage measurement link is simplified by the method and the one-beat delay problem of model
predictive control is solved by controlling the step length. Then, the induced voltage and flux attenuation
are introduced into the model predictive control method. It can effectively eliminate the double-frequency
oscillation component in the DC bus voltage and electromagnetic torque. Therefore, the grid-connected
power quality is improved. Finally, an example shows that the control strategy has a good effect on the
realization of LVRT under asymmetric faults. The two control goals of self-preservation and support of a
double-fed induction generator during low voltage ride-through can be achieved.

INDEX TERMS Doubly-fed induction generator, low voltage ride-through, predictive current control, flux

measurement, two-phase stationary coordinate system.

I. INTRODUCTION
Wind energy has the characteristics of randomness and
volatility. In the process of grid-connected power generation,
it presents shortcomings such as strong output power fluc-
tuations and large impacts on the grid, which will affect the
normal operation of the grid [1]. Therefore, modern power
grids place high requirements on the grid-connected opera-
tion of wind turbines, requiring wind turbines to have high
reactive power control capabilities [2]-[4], [6], [7] and low
voltage ride-through capabilities during faults [5], [8]-[10].
The technical difficulty of a DFIG operating in LVRT is to
achieve the following two control goals at the same time,
namely self-protection and support. Self-protection mainly
suppresses stator and rotor overcurrent, rotor overvoltage,
and DC bus overvoltage, and protects the safety of the rotor
side converter (RSC) and DC bus capacitor. The support is
to continuously and stably provide reactive power to assist
the grid voltage recovery and reduce the possibility of grid
voltage collapse [11].

At present, scholars usually improve the control strategy of
the excitation converter to achieve the purpose of protecting
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wind turbines. Its advantage is to make full use of the capacity
of the DFIG to achieve LVRT. However, when the degree
of failure exceeds the capacity of the converter, hardware
equipment will be added as an auxiliary control. A method
for calculating the reference current of the grid side con-
verter (GSC) using the PR controller in the o coordinate sys-
tem was proposed in [2]. It is used for GSC to compensate for
reactive power, but it only controls the grid-connected power
quality and output power. A control strategy for active and
reactive power during the fault process was proposed in [3].
When the rotor current exceeds the threshold, the crowbar
will be used for auxiliary control. The series resonance fault
current limiter (SRFCL) framework designed in [4] effec-
tively reduces the reactive power required for wind energy
absorption from the grid during a fault. A new topology to
enhance the capability of fixed-speed induction generator-
based wind turbines (FSIG-WT) during fault ride-through
(FRT) was proposed in [6]. The auxiliary controller proposed
in [7] does not need to change the original structure of the
voltage controller. It controls the exchange of actual reactive
power according to the grid standard. A voltage compensa-
tion control strategy based on the nine-switch converter was
proposed in [5] to improve the LVRT capability of the DFIG.
The basic requirements of active power control and reactive
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power compensation were emphatically studied [8]. These
requirements have a special impact on the operation of wind
energy. An advanced PSO algorithm and K-means clustering
algorithm to achieve LVRT were used in [9]. It analyzes the
vital role played by the Crowbar circuit during fault and grid
restoration. The crowbar makes the output power smoother.
A grid adaptability test method for wind turbines was devel-
oped in [10]. It avoids the negative impact of unbalanced volt-
age on the induction generator and rotor converter. The above
control strategy has been improved to some extent during
LVRT, such as improving the quality of grid-connected power
or effectively suppressing the phenomenon of overvoltage.
However, they have not achieved reactive power control at
the same time while suppressing rotor overvoltage and other
phenomena. In addition, the control strategy in [3], [4], [6]
is not only improved but also the investment of hardware
equipment is increased or the topology is changed. This
greatly increased the cost of hardware. The essence of fault
control is to suppress the DC component of the flux linkage
caused by the fault, which is not analyzed in the above papers.
Some new control technologies such as internal model [12],
hysteresis [13], [14], and sliding mode [15] control have been
proposed one after another. Compared with traditional PI
controllers, these control techniques have great advantages
in suppressing rotor overcurrent, but they cannot accelerate
stator transient flux decay. The concept of optimal demagne-
tization was proposed in [16]. By selecting the appropriate
demagnetization coefficient, the current peak value of the
generator-side converter during the low voltage ride-through
is minimized. To support the restoration of the grid voltage,
scholars superimposed the de-excitation current command
with the normal rotor current command [17]. It completed
de-excitation control and reactive power support while con-
trolling the rotor converter, but the scheme required a larger
current capacity of the GSC. A de-excitation control method
based on grid voltage-oriented vector control is introduced
in [18]. This method can speed up the attenuation speed of the
stator flux linkage. But in this paper, only the simulation study
on the control of the three-phase symmetrical drop of the grid
voltage was carried out, and the study of the asymmetric drop
condition was not carried out.

Model predictive control (MPC) is an optimization algo-
rithm [19]. Its principle is to predict the future state val-
ues and output values according to the built system model,
and then carry out the rolling optimization of the control
quantity according to the evaluation function, and finally
select the optimal control algorithm. Scholars introduced a
model predictive control method applied to the field of power
electronics [20]. This paper described in detail the application
of finite control set-model predictive control (FCS-MPC) to
power converters. Some scholars have designed a predictive
control strategy based on the maximum wind energy tracking
model of the DFIG. This strategy kept the output power of
the wind turbine stable when the wind speed changes, but did
not apply the MPC to the excitation converter of the wind
turbine. Some scholars combined MPC with demagnetization
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control, but the flux linkage measurement link is complicated,
which affected the demagnetization effect [21], [22]. Other
scholars proposed improved demagnetization control [23].
The control system will dynamically adjust the demagneti-
zation proportional coefficient according to the depth of the
grid voltage drop, but this control method is only suitable for
symmetrical faults.

An improved model predictive current control (MPCC)
strategy based on a two-phase stationery («f) coordinate
system under asymmetrical power grid faults is proposed
in this paper. The complex flux measurement problems of
DFIG during LVRT and the problems of delay and large
computation in MPC control process were solved by this
strategy. First, a reference model was established based on
the structure of the DFIG to analyze its dynamic process in
the case of asymmetrical faults in the power grid. Then the
predictive model based on dynamic analysis was built, and the
control step length was set to the most suitable step length that
can offset the delay problem. And a new method of flux link-
age measurement was proposed in this paper. This method
controlled the rotor flux linkage to track the stator flux link-
age decay, to achieve the purpose of suppressing the rotor
overcurrent and suppressing the flux linkage fluctuation. The
fault ride-through control strategy was designed as described
above. Finally, it was verified on the MATLAB/Simulink
simulation platform that the control strategy can guarantee
the feasibility of support while protecting itself.

The control strategy proposed in this paper is different from
the traditional controller which only analyzes aspects such as
reactive power support or overvoltage. The attenuation of the
flux linkage is added to the fault analysis and controlled. And
it combines the MPCC with traditional control. This enables
the control under the fault to be scrolled and optimized to
obtain a better control process. At the same time, the delay
problem of the model predictive control is also suppressed
to a certain extent. This paper conducts simulation research
on the transient model of asymmetric faults. The simulation
results show that the rotor overvoltage and overcurrent phe-
nomenon in the case of asymmetric faults can be suppressed
to a certain extent by the control strategy. The DC bus voltage
fluctuation and the double frequency oscillation in the elec-
tromagnetic torque are also effectively suppressed, thereby
improving the grid-side power quality under the fault.

1. ANALYSIS OF TRANSIENT CHARACTERISTICS OF DFIG
IN POWER GRID FAILURE

A. MATHEMATICAL MODEL OF DFIG IN o3 COORDINATE
SYSTEM

To obtain a complete DFIG model, the parameters are equiva-
lent to the stator coordinate system, and the motor convention
is adopted. The mathematical model of DFIG in the three-
phase stationary coordinate system can be written as

., do
us = Rels + -
. dor
U = Reiy + d_tr — jorer ()
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Qs = Lsis + Lmir
$r = Lyiy + Ly (2)

Among them, u; and u, are the stator and rotor side volt-
ages, i; and i, are the stator and rotor side currents, Ry and
R, are the stator and rotor resistances, ¢; and ¢, are stator
and rotor flux linkages respectively, Ly and L, are the stator
and rotor inductances respectively, L,, is the stator and rotor
mutual inductances, and w, is the rotor speed.

According to the mathematical model of the DFIG in the
three-phase stationary coordinate system, it can be seen that
the model is not only a time-varying or coupled, but also a
nonlinear equation. These characteristics are not conducive
to the design of the controller, so coordinate transformation is
needed to simplify the model. The model is transformed from
the three-phase stationary coordinate system to the two-phase
stationary coordinate system, and a mathematical model of
vector control is built for its stable operation. The subsequent
optimization control algorithms in this paper are all carried
out in the o coordinate system. In the two-phase stationary
coordinate system, the control strategy can save Park coordi-
nate transformation and reduce the introduction of parameter
0, in the calculation. In addition, the conventional stator flux
orientation method is affected by the cross-coupling term
of the positive sequence component in the counterclockwise
rotating synchronous coordinate system. When the load is
unbalanced, it appears as harmonics in the d-q coordinate
system. Therefore, it is necessary to control the current in
the d-q coordinate system. The feedforward decoupling of
the cross-coupling is performed, and the controller design at
this time becomes complicated. Rewriting equation (1), the
mathematical model of the stator side and rotor side of the
DFIG in the o reference frame is expressed as follows:

d(psaﬁ
dt

d@raﬂ
dt

Rewritten equation (2), the stator and rotor flux linkages in
the af reference system is expressed as follows:

Usa = Rsisotﬁ +

Urap = Rriraﬂ + _jwrﬁorotﬂ 3)

Psapf = inmﬂ + Lmiraﬂ
Prap = Lrirozﬂ + Lmisaﬁ 4

According to the state space equations of stator flux link-
age and rotor flux linkage, it can be deduced that the follow-
ing relationship exists:

L .
Prap = _rgosaﬁ + GLmlsaﬁ (5)
Ly,
g2
where o is the leakage inductance coefficient, o = lLr L’:‘ .The
relationship of the rotor flux linkages is ¢rqp = ¢ro + J®rg-
In the same way, the relationship between the rotor voltage
and the stator flux linkage is obtained:
Ly, dos

ur=L—sz+(ULr+Rr)ir (6)
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In the a8 coordinate system, the active and reactive power
output from the stator side of the DFIG are respectively:

: 3 A
Py +jOs = —Eusaﬁ X g @)
where
3 . .
Ps = _5 (uSOtlSC{ + usﬁlsﬂ)
3 . .
05 = _5 (us;‘}lsa - ”sozlsﬂ)

According to the above, the state space equations of the
DFIG after grid connection are obtained, and these equations
can be used as the model basis of the improved MPCC
strategy.

The DFIG often uses steady-state stator flux orientation
vector control during LVRT. However, this control strategy
ignores the transient process of the stator flux linkage of
the DFIG, and the stator flux linkage cannot be accurately
oriented when the fault occurs, so it is not suitable for the
operation of the DFIG when the fault occurs.

B. DYNAMIC ANALYSIS OF ASYMMETRICAL POWER GRID
FAULTS
Compared with the three-phase symmetrical drop, the sta-
tor flux contains a negative sequence component during an
asymmetrical drop of the power grid. The existence of the
negative-sequence component of the flux linkage makes the
negative-sequence component of the grid voltage relative to
the rotor have a greater slip rate, which will lead to more
serious rotor overvoltage and overcurrent. Therefore, the con-
trol of LVRT under asymmetric faults should be paid more
attention to.

Equation (3) is also valid under unbalanced faults, and it
can be written in the following equation:

dora

Urg = Ryiyg + a + wrorp
. %
Urp = errﬂ + Trﬂ — WrPra ®)

Combining equation (3) and equation (5), after eliminating
the rotor flux, equation (8) can be rewritten as:

L2\ [di
o= (1) (%)
A

L d
+ = (ﬂ +Q)r(psﬁ>

L\ ar

€ra
L2 diyg
ug = Ri —i—(L——m)( —a)i)
rB rirg r Ls dt rlra
L, (de
+ L_’: (7&3 - wr‘pxa) 9

e

The rotor voltage is composed of two parts, which can be
seen from equation (9). They are the rotor back electromotive
force related to the stator flux and the rotor loop voltage drop
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determined by the rotor current and rotor winding parameters.
That is to say, the vector of the rotor voltage is determined
by both the stator flux linkage and the rotor current. This
is consistent with the influence factor of equation (6) on the
rotor voltage.

When an asymmetric fault occurs in the power grid, the sta-
tor flux linkage can be divided into three flux linkages. Two
of them are determined by the stator voltage, which are the
positive sequence flux ¢y rotating in the positive sequence of
ws and the negative sequence flux gy, rotating in the negative
sequence of —wy. The remaining part is free flux ¢gy. The
slip rate of the stator transient DC flux linkage and negative
sequence AC flux linkage is much greater than the normal
stator flux linkage. A large transient back electromotive force
will be induced in the rotor winding during flux rotation. This
back electromotive force eventually leads to overcurrent of
the rotor and relatively large electromagnetic torque pulsation
is caused at the same time. The traditional PI controller only
controls the positive sequence component, and the simulta-
neous control of the positive and negative sequence com-
ponents cannot be realized. Therefore, the control method
of the sequence component is improved in this paper. The
total stator flux is derived from the mathematical model of
DFIG in the three-phase static coordinate system [24], which
is equation (1). The stator flux is changed to an integral term:

%=/%—&mm (10)

Since the free component of the flux linkage is a DC
component with a relatively slow-changing speed, it can be
obtained by filtering with a low-pass filter. At this time,
the combined value of the free component and the negative
sequence component of the flux linkage can be obtained,
as shown in the following equation:

1 dos

(ps_jjsdt

=200 + @5 (11

Rewrite the above equation as:

o=ax [V @oa+es) - gl (12)

Equation (12) is discretized, and the sampling period is
Ts, where Ty = 50us. Then the trapezoidal equation is
introduced. The results will be used as the kth flux linkage
value in the subsequent predictive control process, and the
following flux linkage measurement method can be obtained:

200 \° |, >
(%) +ei

Hk)y =
1
200 = 5 [ — oy ]
Osk)y = @s1(k) + Ps2(k) + Psf (k) (13)

The flux measurement process is shown in Figure 1.
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FIGURE 1. Flux link measurement link structure.

IIl. IMPROVED MODEL PREDICTIVE CURRENT CONTROL
The principle of predictive control is divided into three basic
steps. First, a predictive model is established, then the future
dynamics of the system are predicted, and finally, the results
of constraints after optimization are applied to the system.

A. BUILD A PREDICTIVE MODEL

According to the principle of model predictive control, the
time interval P in the forecast time domain should not be less
than the time interval M in the control time domain, that is,
P > M. Considering the delay problem of model predictive
control, the time interval of the control time domain is short-
ened in this paper. It is mentioned that the model predictive
current control has the characteristic that it is almost impos-
sible to obtain the control current of the next 3 cycles in the
kth cycle [25]. No matter if the sampling time of the converter
is shortened to 1/2Ts or 1/4Ts, its control current is consistent
with the kth current. Moreover, the MPC can only make a
trade-off in terms of stability and rapidity, which means that
the two cannot be perfectly compatible [26]. If the sampling
frequency is too high, high requirements will be imposed on
the control chip, and the control system will have a large error
at this time [27]. To make the excitation converter have as fast
aresponse speed as possible, and the one-beat delay problem
in the timing control should be considered [28], the sampling
time of the excitation converter to 1/27 is shortened in this
paper. At this time, the prediction time-domain P is equal to
2M . Tt applies the optimal combination of switching functions
attime #(k+1) determined at time 7(k) to time #(k+2), thereby
an ideal combination of switching functions is obtained. The
derivation of the prediction equation is shown in Figure 2.
Among them: x(k) is the sampling time; i(k) is the sampling
current corresponding to the sampling time; i(4) is the current
sampling value; i(m) is the predicted current value; x(k) —
xtk — 1) = Tg/2; x(m) — x(4) = T,/2. The principle of
action in Figure 2 is that i(3) is sampled at x(3). It is predicted
that the control value at time x(4) will be applied at time x (m2).
The obtained control value i(4) will be directly compared by
the value function to obtain the final control signal. In the
event of a fault, the current value fluctuates in a large range.
The repeated iterations of model prediction make the value at
each moment be effectively processed. The predicted value
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is essentially the result of processing based on the value
obtained at the current time x(3). And the predicted value
belongs to the future value, so it will not affect the prediction
model at the current moment.

i s
- ————p

FIGURE 2. Schematic diagram of prediction formula derivation.

To realize improved MPCC of LVRT, the voltage and
current are firstly sampled discretely to obtain:

du L Tutk)—uk —1)
dt[i}_Ts[i(k)—i(k—l)} (1
Compared with other controllers, the positive and negative
sequence of voltage and current does not need to be separated
from the improved MPCC strategy proposed in this paper.
This avoids the problem that the separation of positive and
negative sequence cannot be accurately controlled when the

voltage drops. The state-space model of a linear discrete-time
system is written as follows:

x(k+1) = Ax (k) + Byu (k) + Byd (k)

Ye (k +1) = Cex (k) (15)
where x(k) is the state variable, u(k) is the input control
variable, y.(k) is the controlled output variable, and d(k)
is the measurable external disturbance variable. The current
irq(k), irg(k) and other information are used as the state
variable matrix x (k). The mathematical model of the doubly-
fed machine is used as the input control variable u(k). Based
on the above parameters, the current values i, (k + 1) and
irg(k +1) at the next moment are predicted, and the predicted
results will be used as the controlled output variable y.(k).
First of all, it is assumed that all state variables of the system
can be measured in this paper, and the above equations are
rewritten as an incremental model:

Ax (k+1) = AAx (k) + B, Au (k)
+ By Ad (k)
Ye (k) = CeAx (k) +ye (k= 1) (16)
where
Ax (k) =xk)—x(k—1)
Auk)y =uk) —uk —1)
Ad k) =dk)—dk—1)

The measured value of kth at the current moment is
x(k), and Ax (k) = x (k) — x(k — 1) can be calculated.
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Ax (k) can be used as the starting point for predicting the
future dynamics of the system. From the above, the state
at the k£ + 1th can be predicted. This value is the state
increment:

Ax (k + 11k) = AAx (k) + BuAu (k) + BgAd (k) (17)

In equation (17), “k + 1|k” represents the prediction of
the k-th time to k + 1-th time, and the k-th time after the
symbol “|” represents the current time, where the value of
the k + 1-th time does not affect the output at k-th time.
After the state-space model is established, the conduction cur-
rent prediction equation is derived. Then, different command
values are given to the rotor converter through constraint
conditions.

B. CURRENT PREDICTIVE CONTROL ALGORITHM
In the case of voltage asymmetry faults, since the stator
transient flux linkage is not much and it will automatically
attenuate. It also has little impact on the overvoltage. For the
sake of simplicity, the influence of the stator’s transient DC
flux is temporarily ignored in the analysis of this paper. That
is, only the positive and negative sequence flux linkage and
current of the stator are considered.

Equation (9) can be rewritten as:

di . L, .

d_la = (Urg — €rq — Ryirq) / (Lr - L_r:l> — wrlyg

di . Ly .

drtﬁ = (urﬂ —erg _errﬂ) / (Lr - L_m) — wrirg  (18)
s

The change of the free component of the flux linkage is
ignored, and the induced electromotive force ¢j, and e} are
calculated. The incremental method is used to take Ai,, and
Aiyg as the output, and the forward Euler method is intro-
duced to replace the difference quotient with the difference
value. The results are the current control increment at the
k + 1th moment:

[ Aupg k) — Aeja(k) — Ry Alpgk) ]
Adrgy = Ts L, — L,zn/LS
| —or Airpey |
+ Adra(k—1)
[ Aurpy — Aejgy — R Airpy 7
Ai”ﬁ(k) = TS Lr - LyZn/Ls
L _CUrAiroz(k) i
+ Airgk—1) (19)

According to the predicted future state, the output of the
controlled object in the predicted time domain is calculated.
And the feedback proportional coefficients fi and f> are
adjusted according to the depth of the grid voltage drop.
At this time, the feedback current can be written as:

Aity (k) = fiMirg (k)
Aity (k) = frAirg (k) (20)
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From the above analysis, the predicted current expression
is obtained as:

irg (K +1) = iraref (k) + Ai;ka (k)
irﬁ k+1) = irﬂref (k) + Aitﬁ (k) (21

Among them, the predicted value of the rotor current in
equation (21) consists of two terms. They are the reference
value and the incremental value. The reference value iyqyef (k)
and i, grer (k) are the reference values obtained after the coor-
dinate transformation of the original control strategy. The
increment value A7, (k) and Aiy 4 (k) are the results after con-
sidering the change of induced voltage and the compensation
of negative sequence flux. Finally, i,o(k + 1) and i, 5(k + 1)
will be used as the converter control signal at the k+2-th time.
The improved RSC control scheme is shown in Figure 3.
The green area is the traditional MPC control measurement,
and the yellow area is the proposed improved MPCC strategy
based on the o8 coordinate system.

MPC| Rsc
Jk
gﬂ» Renference | ff e S{
Current Control >
7-—* Generation Sl
Tor,,, gT
a, Contraint "_‘ubus
r Prediction ontraints :
—
Model ref
M Tt ",
P : ap
@saﬂ -
C Flux
@ Measurement
Lsap 7
abe imbc

FIGURE 3. Improved rotor control strategy block diagram.

C. VALUE FUNCTION ESTABLISHMENT

Two goals of the control strategy in this paper need to be
achieved. They are to achieve low voltage ride-through and
ensure grid-connected power quality. These goals need to be
achieved through a value function, and other goals such as
reducing switching losses are not considered in this paper.
Based on the above, the predicted value and the reference
value of the current are obtained. Figure 4 shows the wave-
forms of the predicted current value and the reference current
value for single-phase grounding, two-phase short-circuit,
and two-phase grounding fault.

Next, the value function is created in equation (22).

8a=|ify (k+1) —irg (k + 1)
+ g+ D —irp(k+ 1) (22)
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FIGURE 4. Predictive and reference values of current.

The predicted value of the current and the reference value
are compared through the value function. The switch com-
bination corresponding to the current vector that minimizes
the value function is selected as the RSC trigger pulse signal,
which can realize the control of the RSC. The DC bus voltage
is very important for the stable operation of GSC and RSC,
and the stability of the DC bus voltage is directly related to the
power flowing through the bus [29]. To prevent the delay of
the system from deteriorating the performance of the system,
the delay is compensated according to the above-mentioned
shortening the sampling time to 1/275. And it is considered
to keep the DC bus voltage stable during the fault, the new
value function is constructed as:

+ A |uf, —uge|  (23)

8a = |if, (k+2) —irg (k +2)|+

The improved model predictive current control scheme is
shown in Figure 5.

IV. CASE SIMULATION AND ANALYSIS
A. SIMULATION OF CLSSCB BREAKING FAULT CURRENT
To verify the proposed improved MPCC strategy, an asym-
metric timing fault at the connection between the wind turbine
outlet and the grid is set up in this paper. The following three
working conditions of single-phase ground fault, two-phase
short-circuit fault and two-phase ground fault are analyzed as
examples. The improved control strategy is compared with
the traditional PI control and the control scheme used in [30].
In [30], the PWM is directly output to the power converter
without modulation. Later, the control strategy in [30] is
expressed as traditional MPC. The grid-connected topology
of the DFIG is shown in Figure 6.

Before the grid fault occurs, DFIG runs in a stable state;
at 3s, an asymmetrical fault occurs on the grid with a duration
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FIGURE 5. Improved model predictive current control block diagram.

of 0.625s. The main parameters of DFIG are shown in the
following table:

Grid
: If,
. Fault

Wind turbine

RSC  pcpus GSC

FIGURE 6. Basic structure of DFIG.

After the fault occurs, the voltage drop at the grid con-
nection point is detected by the excitation converter. At this
time, the system is switched from the original PI control to
the model predictive control strategy in the paper [30] or
the improved MPCC strategy. When a single-phase ground
fault occurs and the grid voltage drops to 40%, the simu-
lation waveform is shown in Figure 7; when a two-phase
short-circuit fault occurs and the grid voltage drops to 50%,
the simulation waveform is shown in Figure 8; when a
two-phase-to-ground short-circuit fault occurs, the grid volt-
age drops to 50%, the simulation waveform is shown in
Figure 9. From the perspective of energy flow, a sudden
drop in the grid voltage will prevent all the electrical energy
generated by the DFIG from being sent from the stator. The
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TABLE 1. Parameter of the doubly-fed wind turbine.

Parameter Numerical value
Stator and rotor mutual inductance (mH) 0.0025
Rotor leakage inductance (mH) 0.002587
Stator leakage inductance(mH) 0.002587
DC bus voltage reference value (kV) 1.2
Rated Capacity (MW) 2
Rated voltage (kV) 0.69
Stator resistance(mQ) 0.0026
Rotor resistance(mQ) 0.0029

wind energy absorbed by the wind turbine will not change
significantly, which will first lead to an increase in the speed
of the turbine. There is a short-term speed drop under a two-
phase short circuit and two-phase grounding fault, indicating
that the rotor speed is lower than its synchronous speed at
this time. When the speed drops, the GSC is in the rectifying
state; later, the speed gradually rises, and the GSC is in the
inverter state. Figure 7-9 (a), (b), and (c) show the speed
changes under different working conditions. The rising speed
increases the slip energy flowing through the RSC, which
leads to an increase in the rotor current. It can be seen from
(d), (e), and (f) of Figure 7-9 that the quality of the rotor
current waveform is stable when there is no fault. After the
fault occurs, the rotor current generates a surge current due
to the existence of the negative sequence component of the
stator flux linkage. In the MPC scheme that does not use space
vector control, the PWM control signal will be directly passed
to the inverter through the minimized value function. The
(e) of Figure 7-9 show that the improved control strategy has
a certain inhibitory effect on the surge of current. Compared
with traditional PI control and traditional MPC, the MPCC
proposed in this paper makes the rotor current suppressed in
the fault process better. The stator and rotor currents oscillate
when the voltage drops. The degree of oscillation is not
only related to speed but also related to factors such as drop
depth and motor parameters. When the drop depth is too
large, the overcurrent will damage the power devices of the
motor.

When the terminal voltage drops, the stator voltage also
drops. (j), (k) and (L) in Figure 7-9 represent the voltage drops
of the b-phase stator under different working conditions.
The drop of the stator voltage makes the flux chain change
correspondingly, and the stator current will also have the
surge current. The flux linkage is suppressed by the improved
MPCC so that the stator current is suppressed. The (g), (h),
and (i) of Figure 7-9 show the a-phase waveform of the
stator current. It can be seen that the improved MPCC has
a more obvious effect on the stator and rotor current than the
traditional PI control and the traditional MPC. This is also
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conducive to controlling the stator to send reactive power

through the rotor current after the voltage
reactive power support to the grid.
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drops, to provide

To suppress the over-voltage and over-current phenomenon
on the rotor side when the grid voltage drops, it is necessary

to suppress the induced electromotive force on the rotor side.
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This induced electromotive force is generated by the AC com-
ponent of the stator flux and the DC component of the rotating
and cutting rotor windings. In the above analysis, the DC
component and its influence have been ignored. Therefore,
the essence of fault control is to suppress the AC compo-
nent of the flux linkage caused by the fault. It can be seen
from Figure 7-9, where (o) indicates that the electromagnetic
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torque under the traditional PI control has a large number
of double-frequency AC components generated by the flux
cutting. PI control cannot be effectively suppressed due to
its control limitations. The traditional MPC represented in
(n) has a certain inhibitory effect on the electromagnetic
torque. Although the amplitude is large, it will also have a
restraining effect over time. But because it does not suppress
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the double frequency AC component, the control is not stable
enough. The improved MPCC shown in (m) means that the
double-frequency AC component is suppressed so that the
electromagnetic torque decays quickly and the oscillation
amplitude is small. At this time, the fluctuation is unavoidable
but relatively stable.

No matter what control strategy is adopted by the RSC
and the GSC during the fault period, it is required to ensure
the stability of the DC bus voltage. To ensure the stability
of the DC bus voltage is to ensure the controllability of the
GSC. This is a prerequisite for the normal operation of the
excitation converter and the effectiveness of the improved
control strategy. Figure 7-9 (p), (q), and (r) correspond to the
DC bus voltage changes of the converter based on PI control,

165216

traditional MPC, and improved MPCC, respectively. It can
be seen from the waveform before 3s that the DC bus voltage
is stable at about 1.2kV when there is no fault. When a fault
occurs, energy will be accumulated at the DC bus, and the
DC bus voltage will oscillate. Moreover, the voltage oscil-
lation under a two-phase fault is more serious than a single-
phase ground fault. The fluctuations can be suppressed by the
improved MPCC strategy and the suppression rate over time
during the fault period is accelerated. In the improved MPCC,
the DC bus voltage is taken into consideration to make
the suppression effect better, and the harmonic content is
reduced. It can be seen that no matter for single-phase ground-
ing, two-phase short circuit, or two-phase short grounding,
the improved MPCC strategy proposed in this paper is better

VOLUME 9, 2021



C. Ding et al.: LVRT Control Strategy for Asymmetric Faults of DFIG Based on Improved MPCC Method

IEEE Access

than the traditional PI controller and the traditional MPC in
ensuring the stability of the DC bus voltage. In addition, the
suppression effect of two-phase short circuit and two-phase
short grounding is more obvious than that under single-phase
grounding. At 3.625s, the grid voltage is restored, and the
magnetic field will suddenly change again to make the current
oscillate. Since the MPCC has a certain inhibitory effect on
the electromagnetic torque, the electromagnetic torque is in
a relatively stable state when switching to PI control, so the
fluctuation is not large. Therefore, the DC bus voltage is not
affected too much. But its fluctuation cannot be effectively
suppressed under the control of traditional PI for a long time.

Figure 10-12 are the grid-side current, voltage, and output
reactive power waveforms in the d-q coordinate system. They
are the waveforms of improved MPCC, traditional MPC,
and traditional PI control when the single-phase fault voltage
drops to 40%, the voltage drops to 50% under a two-phase
short circuit, and the voltage drops to 50% under a two-phase
short grounding. In the case of a grid failure, the quality of
the grid-connected voltage and current waveforms can be
improved by the improved MPCC strategy. The g-axis refer-
ence value u’q‘ aref of the GSC is based on the DC bus voltage
as the control target. Figure 10-12 (d), (e), and (f) show that
both the traditional MPC and the improved MPCC control
can suppress the ug, oscillation, which is consistent with
the above analysis of DC bus voltage. The above analysis
shows that the improved MPCC effectively guarantees the
stability of the DC bus voltage. At this time, the GSC is
in a controllable state and the control effect is better than
the traditional MPC. Therefore, the suppression effect on the
grid-side voltage and current waveforms is more obvious than
that of the traditional MPC.

Figure 10-12 (g), (h), and (i) are reactive power wave-
forms. It can be seen from the figure that when the voltage
drops, DFIG will inject a certain amount of reactive power
into the grid, and the measured reactive power will increase
at this time. The fault is cleared at 3.625s, after a short-
term transient, the reactive power will directly recover to
the steady-state value before the fault occurs. The analysis
shows that the stator overcurrent and the rotor overcurrent
are effectively restrained by the improved MPCC so that
the reactive power of the stator is in a controllable state
under single-phase grounding. Although the traditional MPC
has a certain inhibitory effect, it cannot effectively track the
reactive power.

V. CONCLUSION

The transient characteristics of DFIG under asymmetric faults
are analyzed in this paper and an improved MPCC method
without adding hardware protection equipment is proposed.
Based on the above analysis, the following conclusions are
obtained:

1) An improved MPCC strategy based on asymmetrical
faults in the power grid under the o8 coordinate system
is proposed in this paper. Different from traditional
PI and traditional MPC, the calculation amount of the
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improved MPCC strategy is greatly reduced. And in
this strategy, the positive and negative sequence sepa-
ration of the current is not needed. A new measurement
structure of flux linkage was proposed, which simpli-
fies the links of flux linkage. The model sampling time
is set to offset the minimum step length of the predictive
control delay, which effectively solves the problem of
one-beat delay in MPCC.

2) The simulation verification is carried out for the single-
phase grounding, the two-phase short circuit, and the
two-phase short grounding. The results show that the
two control objectives of LVRT, namely, self-protection
and support, are achieved by the improved MPCC
strategy.
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