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Abstract

In the context of global energy transition towards low-carbonization, direct-drive permanent magnet synchronous wind power
generation systems have become one of the mainstream power generation equipment due to their unique advantages. However,
traditional control algorithms are difficult to cope with the complex operating conditions of the grid-side converter. This paper aims
to improve the grid connection control algorithm of the direct-drive wind power system. It proposes a collaborative algorithm based
on sliding mode control (SMC) for DC link voltage control and model-free predictive control (MFPC) for current control. Additionally,
a discrete extended state observer (DESO) is designed to observe the unknown state variables in the system to avoid the influence
of model mismatch. By comparing the simulation results of different algorithms of the control system under internal and external
disturbances, it is verified that the proposed algorithm can more effectively track the d-q axis target current and stabilize the DC
link voltage. The proposed method can help wind turbine generators operate efficiently in harsh environments, and has certain
theoretical and engineering value for improving the grid connection performance of direct-drive wind power and promoting the

consumption of new energy.
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1 Introduction

Against the backdrop of the global energy structure accel-
erating its transition towards low-carbonization, wind
power has emerged as one of the core pillars driving the
decarbonization of the energy system. The direct-drive
permanent magnet synchronous wind power system, as a
mainstream equipment in wind power generation, is char-
acterized by low failure rate, high reliability, and high effi-
ciency [1, 2]. The grid-side converter serves as the hub
for energy interaction between the wind power generation
system and the grid. Its control algorithm directly affects
the power transmission stability, power quality, and grid
adaptability of the system. In traditional vector control,
the proportional-integral (PI) control algorithm has issues
such as slow dynamic response and insufficient robustness
when dealing with complex working conditions such as
grid voltage fluctuations, wind speed changes, and varia-
tions in system internal parameters [3, 4]. To solve these
issues, advanced control algorithms such as fuzzy control,
feedback linearization control, model predictive control

and sliding mode control have been applied to the control
of wind power generation systems [2, 4—6].

Osman and Alsokhiry [7] proposed a sliding mode
control with an improved reaching law for the direct-
drive permanent magnet synchronous generator wind
energy conversion system. Compared with PI control,
it can achieve better control effects on current and DC
link voltage. Model predictive control (MPC) technology
has demonstrated unique advantages in the field of power
converter control by virtue of its multi-constraint process-
ing capability and rolling optimization mechanism [8].
He et al. [4] proposed an MPC algorithm that combines the
DC link voltage and power regulation terms into a single
cost function, eliminating the traditional cascaded control
structure and further reducing the DC link voltage error.
Ma et al. [9] proposed an MPC algorithm based on con-
straints including power, voltage amplitude, and ramping,
which enhances the power control performance of wind
turbines and their grid support capability.
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However, wind power generation systems are mostly
installed in harsh environments, which inevitably causes
changes in system parameters. The performance of tradi-
tional MPC highly depends on the accuracy of the system
mathematical model. When system parameters change or
external disturbances occur, the control system may make
misjudgments based on a mismatched model and fail to
select the optimal control quantity, thereby degrading the
dynamic performance and robustness of the control sys-
tem [10, 11]. To address this, in recent years, scholars have
proposed using a model-free predictive control (MFPC)
algorithm based on an ultra-local model to solve the impact
of parameter variations on the system [12, 13]. MFPC is
an improved scheme of MPC. It abandons MPC's depen-
dence on the system model and uses the input and output
data of the system for prediction and control, so that it can
still maintain good control performance when the model
parameters are uncertain or changing [14, 15]. To estimate
the unknown state variables in the ultra-local model, meth-
ods such as algebraic parameter identification technol-
ogy [16, 17], extended state observer [18, 19], and sliding
mode observer [13, 20] have been proposed by researchers.

This paper focuses on the grid-side connection control
of direct-drive wind power generation systems and pro-
poses a collaborative control algorithm (termed SMC-
MFPC) that integrates SMC for DC link voltage regu-
lation with MFPC for grid current tracking. This paper

designs a DESO to obtain the unknown state variables in
the ultra-local model. Simulation experiments are carried
out under disturbances including grid voltage dips, wind
speed fluctuations, and abrupt changes in filter inductance
to validate the effectiveness of the proposed control algo-
rithm and its performance enhancements, ensuring stable
and high-quality power transmission to the grid.

2 The model of grid-side converter

In a direct-drive permanent magnet synchronous wind
power generation system, the machine-side converter
(MSC) converts the wind energy absorbed by the wind
turbine into electrical energy, which is transmitted
through the DC link to the grid-side converter (GSC) and
finally delivered to the power grid. The MSC controls the
rotational speed of the wind turbine to reasonably capture
wind energy, while the GSC stabilizes the DC link voltage
and realizes grid connection. The direct-drive permanent
magnet synchronous wind power generation system is
shown in Fig. 1, and the current equation of the DC link is:

du de
dt

de v "l M
In Eq. (1), C,_is the capacitance of the DC link, and u
is the DC link voltage.
For the mathematical model of the grid-side three-phase

converter in the d-g coordinate system, let f, and fq denote
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Fig. 1 Control block diagram of wind power system



the lumped disturbances caused by external and internal
parameter perturbations of the system, which are finally
expressed in the form of an ultra-local model:

di, 1 | . 1

di :augd+[z—ajugd—ZRgzgd+a)zgq—Zegd+fd
=au, +F,

di 1 1 1

89 __ . .
W—augq +(z—aJugq —ZRglgq —(l)lgd —zegq +/;1
=au, +F,
@

In Eq. (2), L is the filter inductance, R, is the filter resis-

tance, €op> Cop Lo

the grid voltage and current respectively, Uy, and u,, are the

and i are the d-g axis components of

d-q axis components of the output voltage of the inverter,
and o is the angular frequency of the grid voltage. In the
ultra-local model, F, and Fq contain the structural infor-
mation of the known and unknown parts of the system,
and a is the input quantity proportional coefficient.

When the grid voltage vector orientation control is
adopted, e,=0, and the active power P, and reactive power
0, of the grid side inverter system can be expressed as

3

P =—e i
g gd gd

2 ()
Qg :_Eegdigq

According to the power conservation, from Eq. (1) and
Eq. (3), the relationship between i and Iy is as follows:

ua’viG
j o Mado @
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3 The proposed SMC-MFPC algorithm

The structural block diagram of the proposed SMC-MFPC
algorithm in this paper is shown in Fig. 1. The outer voltage
loop regulates the DC link voltage through the SMC algo-
rithm, the inner current loop uses MFPC to achieve pre-
cise tracking of the grid-connected current, and a DESO is
adopted to estimate the unknown disturbances of the sys-
tem. This approach ensures the constancy of the DC volt-
age while enhancing the power quality of grid connection
and the disturbance rejection performance.

3.1 SMC controller for DC link voltage
To achieve stable control of the DC link voltage, a slid-
ing mode controller is constructed to address internal and
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external disturbances of the system. Since the DC link
voltage is typically a constant value, the reference voltage
U, is set as a constant, based on which the sliding mode
surface is defined:

§= urcf _udc : (5)

To optimize the dynamic characteristics of the sliding
mode motion, an improved power reaching law with an
exponential reaching term is introduced based on [7], and
its expression is:

$=—s|s|ﬂ sgn(s)-ys (£>0, y>0, 0<B<1). (6)

This reaching law integrates the advantages of expo-
nential reaching and power reaching. Compared with the
traditional power reaching law, it can suppress sliding
mode chattering while ensuring fast state convergence,
and provides more flexible adjustment degrees of freedom
through ¢, y, and .

Differentiating the sliding mode surface s, combin-
ing with the system current relationship, and substituting
Eq. (1) for derivation, it can be obtained that:

§==u, =(i;—i,)/C, - 7

By combining Egs. (4), (6) and (7), and through the der-
ivation of controller design, the reference command of the
grid side d-axis current is finally obtained:

L 2uy, (.
iy = 32:4 (zM -C, (s|s|ﬁ sgn(s)+ys)) : ®)

Since i,, is the current output by the MSC, which con-
tains many high-frequency components after rectification,
a first-order low-pass filter is used to smooth the measured
signal when collecting its signal. The transfer function of
the first-order low-pass filter is shown in Eq. (9):

H(s)

1
slo, +1

(©)

Where o, is the cutoff angular frequency, and its magni-
tude should be reasonably selected. If it is too small, the
response will be slow and there will be a delay; if it is too
large, the filtering effect will be poor.

The quadratic function of the sliding mode surface s is
selected as the Lyapunov function:

V=s/2. (10)

Taking the derivative of Eq. (10) and substituting the
proposed reaching law, it can be obtained that:

V=si=—¢|s" sgn(s)s—ys’ =—¢|s|"" —ys>. 1)
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Due to >0, y> 0, it is obvious that:

V<0 (s#0)
{V:o (s=0) (12

It can be concluded that the sliding mode control system
is asymptotically stable through Lyapunov's second method.

3.2 Design of DESO
After discretizing Eq. (2) with the sampling period 7,
it can be obtained that:

(13)

To obtain the values of F, and F in the ultra-local
model, this paper designs the DESO for the d-axis, and the
process for the g-axis is similar.

The comprehensive term F, of the system structure and
disturbances changes slowly, and when the sampling time
is small, it can be expressed as

F,(k)- (14)

Based on Egs. (13) and (14), the DESO is constructed
as follows:

F,(k+1)=

+, (i, (k) =1 (K) . (15)

In Eq. (15), /, and /, are the observer gain coefficients.
The observation errors of Iy

{fgd (k) =iy (k) =i, (k) (16)

Fy (k)= F (k)= £, (k)

and F ', are:

Substituting Egs. (13) and (15) into Eq. (16) yields the
matrix form of the error equation:

[ 30 mid )

When the modulus of all eigenvalues of the state tran-

sition matrix AESO

observer is stable. For the selection of the magnitudes of

of the error equation is less than 1, the

[, and [, the pole placement method is used in this paper:

n2 _(2_ll)n+(1_ll +];lz):n2 —('71 +'72)?7+Th712~ (18)

When the modulus of the eigenvalues is close to 0,
the observer responds quickly but is susceptible to noise;
when it is close to 1, the observer has strong noise resis-
tance but slow response. Therefore, this paper designs the
eigenvalues to be 0.6.

3.3 MFPC controller for grid-side current
MFPC relies on two core elements: the prediction time
domain and the control time domain. The prediction time
domain covers the interval from the current moment to a
certain future moment, with a length that is an integer mul-
tiple of the MFPC sampling time (N, x T,), which is used
to define the prediction range of state variables; similarly,
the control time domain is defined by an integer multiple of
the sampling time (N, x T) to clarify the calculation inter-
val of optimal control variables, and N_ < N,.By establish-
ing a discretized model of the system and predicting future
states, model predictive control can quickly respond to sys-
tem disturbances and achieve precise control of power.
The observed quantities I:j , and I:“q obtained through
DESO replace F, and F, in Eq. (13), and are written in the
form of a matrix equation:

(k+l) Ai, (k )+Bu(k)+d(k)
[lgd k ]T
)J . (19)

In this paper, the control time domain step size N, is
selected as 1. It is assumed that the comprehensive terms
F,and F, change slowly and can be considered to remain
constant within a prediction horizon. Then, the prediction
model of the system is:

i, (k+1)= i, (k)+ Bu(k)+d (k)
2

i (k+2)=A%, (k)+(AB+B)u(k)+(A+E,)d (k)

i(k+N,)=4 ZABu NzlAd(k)

(20)

where E, is the 2"-order identity matrix.



Rewrite Eq. (20) in a more compact form:

I[k]=®i, (k)+Tu(k)+ D
LK) =[i, (k+1) i (k+2) - i (k+N,)]
(I):[A A - ANﬂ]T

N, -l T (21
F:[B AB+B - ZA"B}
D:[d(k) (A+E)d(k) - E]Aid(k)}

To ensure that the reference trajectory can smoothly
and gradually guide the system output toward the target
value, balance the tracking speed and stability, and reduce
overshoot and fluctuations, a first-order exponential refer-
ence trajectory is adopted:

iy (k+i)=i (k)= i (k)~i, (k)] (22)

ok ok ok T
Where lé’ (k) = |:lgd (k) lgq (k)]
dg-axis current, and i = 1, 2, ..., Np.

is the reference of

Thus, the reference trajectory vector can be written as
T
1, [k]= [imf (k+1) i, (k+2) -~ i, (k+N, )] .

(23)

To obtain the optimal control quantity that minimizes
the gap between the reference value and the predicted out-
put, and considering the limit of the actual control voltage,
a constrained cost function is defined as

minJ (u(k))= |1, [£]- 1, [k]"; (k)
= |@i, (k)+Tu(k)+D-1,, [k]||2Q Hu (k) - (24)

s.t. ||u(k)||§ <ul

In Eq. (24) Q is the state weight matrix, which is used

to allocate priorities for the accuracy of tracking reference

values of different state variables; R is the control weight

matrix, which is used to limit the amplitude of control inputs.

0= diag(qpqz,--uqm,)) (ql,qz,---,qmp > 0) 25)
R =diag(7;,r,) (1,1, >0)

Thus, Eq. (24) is a convex optimization problem,
and the optimal control quantity is solved by the KKT
(Karush-Kuhn-Tucker) conditions. The Lagrangian func-
tion is defined as

L{u(k).2) = (w(k))+ 2 (k) -2 )- (26)
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In Eq. (26), 4 denotes the Lagrange multiplier, and the
KKT conditions are:

@7

A>0
2 (k) =2 ) =0

By combining the equations in Egs. (26) and (27), the

optimal control quantity #*(k) can be solved as follows: First,
set A =0. If u(k) satisfies the constraint conditions in Eq. (24),
it is the desired optimal control quantity at this moment.

u(k)=—H"f
H=T'Qr+R (28)
f=r"0(®i (k)+D-1,)

If u(k) does not satisfy the constraint conditions in

Eq. (24), the constraint is activated, and at this time 4 > 0,
then the optimal control quantity is:

u(2)=—(H+1E,)" f. (29)

Since 4 is unknown, it needs to be solved by Newton's
method. The steps are as follows:

+ Substitute u(A) into the constraint |u(2)[] = u2,, and
construct the objective function:
_ 2
g(2)=|-(H+2E,)" £ ~ui =0 (30)

* By solving 1 through Newton's method iteration, the
process stops when the difference between /lj and /ljﬂ
is sufficiently small. And the iteration formula is:

A
),M:Aj—g( ’) , (31)
g'(%)
J
where the derivative of the objective function is:
g'(A)=-2f (H+21E,)" f. (32)

The purpose of the constraint conditions in Eq. (24) is
to enable MFPC to jointly constrain the grid-side current
components u,, and u,,. In contrast, traditional PI control
can only limit the amplitude of a single control variable,
failing to achieve optimal control. If the amplitude of the
control voltage vector of the grid-side converter, namely

Uy = "u(k)"2 , exceeds its rated amplitude u__, current

max’
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prediction errors may occur due to voltage differences,
damaging the current tracking performance.

4 Simulation results and analysis

To validate the effectiveness and advantages of the control
algorithm proposed in this paper and clarify the impact
of different control strategies on system performance, this
paper designs multiple sets of comparative simulation
experiments, and the MSC and GSC adopt unity power
factor control. For the hierarchical control structure of
"voltage outer loop - current inner loop" on the grid side
of the wind power system, cross-algorithm collaborative
comparison is carried out: When comparing the grid-side
d-q axis currents, power, and control quantities, SMC is
uniformly adopted for the voltage outer loop, and the inner
loop regulation effects of PI, MPC, and MFPC are com-
pared. When comparing the DC link voltage, the MFPC
is uniformly used for the current inner loop, and compari-
sons are made between the outer loop voltage control char-
acteristics of PI and SMC. To ensure the fairness of the
comparison, the core parameters of each control algorithm
are determined after repeated debugging, and the specific
values are shown in Table 1. Additionally, the prediction
time domain step size N, is selected as 3.

The main parameters of the system simulation model
are: the blade radius of a 2 MW wind turbine is 35.8 m,
the pitch angle is 0°, the moment of inertia is 15000 kg'm?,
and the MPC algorithm is uniformly adopted for the MSC
during the simulation. The DC link capacitor is 5 mF, the
nominal value of the filter inductor L is 0.6 mH, the filter
resistance R, is 2 mQ, the rated value of the grid line volt-
age is 690 V, the grid frequency is 50 Hz, the sampling
time 7 is 0.1 ms, the cutoff angular frequency w, of the
low-pass filter is 50 rad/s, the g-axis reference current is
0 A, and the reference voltage u,, is 2000 V.

4.1 External disturbances

Wind speed variation and grid voltage sag faults are con-
sidered as external disturbances to the wind power system.
The initial wind speed is 8 m/s, which gradually increases

Table 1 Controller parameters

Control Loop PI SMC  MPC & MFPC
Grid-side d-¢q Proportional gain: 5 p 73‘_71%’; 11076
axis currents Integral gain: 60 ]r: 1% 105
. . &:500
DC link voltage Plii]:;)rizna;ii?g}d 2 £:0.7
gral gain: 7 300

to 12 m/s at 0.3 s, and then gradually decreases to 11 m/s
at 0.8 s. The grid voltage sags to 80% of the original value
at 1 s and recovers at 1.2 s. The specific time-varying con-
ditions are shown in Fig. 2.

Under the conditions of wind speed and voltage
changes, the simulation curve of i , is shown in Fig. 3.

As can be observed from Fig. 3, all three current control
methods are capable of achieving steady state regulation of
Iy under the action of external disturbances. However, it
can be seen from the local enlarged view that during the
grid voltage sag period, the amplitude of the current ripple
under the PI control strategy is the largest. The MPC control
strategy has the optimal current smoothness and steady state
performance, while the control effect of MFPC lies between
the two methods. It should be pointed out that although there
are obvious differences in current ripple among different
control methods during the transient period, due to the large
moment of inertia of the wind turbine generator set itself
and the fact that the output active power will be adjusted by
the controller on the generator side, finally, the steady state
d-axis currents of the three control algorithms after external
disturbances can all converge to a similar level.

Under the condition of external disturbances, the simu-
lation curve of Iy is shown in Fig. 4.

It can be observed from Fig. 4 that, since external dis-
turbances affect the active power and the d-axis current
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-600 |
-8000.0 011 0:2 0?3 0?4 0?5 0:6 0?7 0f8 0?9 110 ltl 1?2 1f3 1?4 1.5
Time (s)

Fig. 2 External disturbances
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Fig. 3 The d-axis current under external disturbances
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Fig. 4 The g-axis current under external disturbances

to a greater extent, the g-axis current can stably track the
reference value of 0 under all three control algorithms, and
the control effects are very similar.

Under the condition of external disturbances, the simu-
lation curves of active power and reactive power output by
the system are shown in Fig. 5.

It can be seen from Fig. 5 that the active power and
reactive power of the three control methods can be sta-
bly input into the power grid under external disturbances,
and can quickly adjust and output the power when the grid
voltage changes abruptly at 1 s and 1.2 s.

The simulation curve of the voltage vector amplitude of
the system control quantity under external disturbances is
shown in Fig. 6.

Fig. 6 demonstrates the ability of the three methods to
constrain the magnitude of the control variable. It can be
seen that the magnitude of the control voltage vector Ups
is restricted below u _  when using the MPC and MFPC
methods. In contrast, due to the PI control's ability to
only limit the magnitude of a single control variable, Upiy
exceeds u_ at some moments. Meanwhile, the ripple situ-
ation of the dg-axis current under the three algorithms can
also be indirectly inferred from the curve of Uy
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Fig. 5 The power under external disturbances
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Fig. 6 The amplitude of the control voltage vector under

external disturbances

When subjected to external disturbances, the DC link
voltage curves under PI control and sliding mode control
are shown in Fig. 7.

As is clearly illustrated in Fig. 7, the DC link volt-
age regulated by the PI control strategy exhibits a more
significant overshoot and a longer settling time in com-
parison to that under the SMC scheme. Specifically, the
maximum voltage fluctuation of the PI-controlled sys-
tem reaches 181 V, whereas the counterpart for the SMC-
based system is merely 69 V, highlighting the superior
dynamic performance of the latter in suppressing DC link
voltage deviations.

4.2 Internal disturbances
During the simulation, the actual value of the filter induc-
tor is changed to verify the ability of the proposed MFPC
to resist parameter variations. The filter inductor abruptly
changes from 0.6 mH to 0.3 mH at 0.5 s, and then abruptly
changes to 1.2 mH at 1 s. The wind speed is maintained at
12 m/s, and the grid line voltage is maintained at 690 V.
Under the condition of inductance parameter perturba-
tion, the simulation curve of Iy is shown in Fig. 8.

2400

T T
_» 2170 _» 2149

T T T
2181

T T
2 2060
/-\ e
2000 /—%: — N A
2069 \ L
2050
1600 | 1954 \ ——smc| |
~ 1848 [~ "ty
2
< 1200 | 4
=
800 - -
400 | 4
0 P S S S S S S S S S S
0o 01 02 03 04 05 06 07 08 09 10 1.1 12 13 14 15
Time (s)

Fig. 7 DC link voltage under external disturbances
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Fig. 8 The d-axis current under internal disturbances

It can be seen from Fig. 8 that the three current control
methods all achieve stable control of Ly when the internal
inductance changes. From the partial enlarged view, it can
be observed that during the period when the inductance
is reduced to half of the nominal value, the current ripple
under PI control is the largest; MPC control has the best
steady state performance, and the current ripple of MFPC
is slightly smaller than that of PI.

The simulation curve of Iy, is shown in Fig. 9. As can be
seen from Fig. 9, when the inductance parameter under-
goes abrupt changes, the three control methods exhibit
significant differences in their performance in regulating
the g-axis current. At 0.5 s, the inductance value suddenly
drops to 50% of the nominal value. At this point, the cur-
rent ripple under the PI control strategy is the largest; the
average current under MPC control has deviated from
the reference value by approximately 100 A; whereas the
MFPC control can achieve stable tracking of the 0 A refer-
ence value. At 1 s, the inductance value suddenly increases
to 200% of the nominal value. Among them, the current
under PI control stabilizes at 0 A after 0.2 s of adjustment;
the MPC control can no longer achieve zero-error track-
ing of the reference value, showing an obvious steady state
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0
-100
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2300 1 1 1 1 1 1 1 1 1 1 1 1 1 1
300 T T T T T T T T T T T T T T
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Fig. 9 The g-axis current under internal disturbances

error with an amplitude of about 150 A; in contrast, due
to the adoption of an ultra-local model that can be cor-
rected in real time, the MFPC control maintains an accu-
rate tracking effect with nearly zero adjustment time and
zero error throughout the process.

The simulation curves of active power and reactive
power output by the system under the condition of filter
inductance parameter changes are shown in Fig. 10.

It can be observed from Fig. 10 that due to the change
of inductance, although the active power of the three con-
trol methods can be effectively output, only MFPC always
maintains the reactive power at 0 var. PI has an adjustment
time, and MPC can no longer maintain the output of 0 var.

The simulation curve of the voltage vector amplitude of
the system control quantity under internal disturbances is
shown in Fig. 11.

As can be seen from Fig. 11, the PI control is no longer
able to effectively limit the amplitude of the control voltage
vector at this point, while the excellent constraint handling
capabilities of MPC and MFPC are demonstrated. The mag-
nitude of the dg-axis current ripples under the three algo-
rithms is also indirectly verified through the curves of Uy
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Fig. 10 The power under internal disturbances
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Fig. 11 The amplitude of the control voltage vector under
internal disturbances



When subjected to internal disturbances, the DC link
voltage curves under PI control and sliding mode control
are shown in Fig. 12.

It can be observed that under system internal distur-
bances, the SMC still exhibits significantly superior perfor-
mance to the PI control in terms of DC link voltage control.
Specifically, when the filter inductance parameter abruptly
changes from 0.3 mH to 1.2 mH at 1 s, the maximum voltage
fluctuation amplitude under PI control reaches 150 V, while
that under SMC control is only 93 V. This fully demonstrates
the stronger dynamic regulation capability of SMC.

5 Conclusion

This paper proposes an SMC-MFPC control algorithm for
the grid-side control of direct-drive wind turbines, which
can achieve the efficient and precise power generation tar-
get of the wind power generation system under internal
and external disturbances. First, an SMC algorithm for the
DC link voltage is designed. Then, aiming at the prob-
lem of grid-side filter inductance variation, an MFPC con-
trol method is proposed, and the comprehensive term of
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