IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 17 February 2023, accepted 26 March 2023, date of publication 31 March 2023, date of current version 6 April 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3263481

== RESEARCH ARTICLE

Anti-Saturation Coordination Control
of Permanent Magnet Synchronous

Wind Power System

DEHAI YU, WEIWEI SUN™, XIANGYU CHEN, AND MINGYUAN DU

Institute of Automation, Qufu Normal University, Qufu 273165, China

Corresponding author: Weiwei Sun (wwsun@hotmail.com)

This work was supported in part by the National Natural Science Foundation of China under Grant 62073189 and Grant 62173207, and in
part by the Taishan Scholar Project of Shandong Province under Grant tsqn202211129.

ABSTRACT This paper is concerned with the anti-saturation control problem of a permanent magnet
synchronous wind power system. By virtue of adaptive sliding mode control method and port-controlled
Hamiltonian (PCH) control method, a new coordination controller is designed, which removes the input
saturation effects and compensates the uncertainties of system model parameters. The controller takes
the exponential function with parameters as the coordination function. By adjusting the parameters of
coordination function, the designed coordination controller can respond to input saturation more quickly
and improve the system’s dynamic performance. The effectiveness of the proposed strategy is demonstrated
through simulations. The comparison results with the traditional control approach are also presented. It is
shown that the proposed strategy can realize the speed tracking control of the generator and improve the
maximum wind energy capture of wind turbine, so as to further improve the utilization efficiency of wind

energy.

INDEX TERMS Permanent magnet synchronous wind power generation system, saturation compensation,
adaptive sliding mode control, port-controlled Hamiltonian system, coordination control.

I. INTRODUCTION

Wind energy has become an effective resource to solve the
energy crisis because of its wide distribution, green, clean and
huge accumulation, etc. The most important utilization form
of wind energy is wind power, which is the renewable energy
with the most mature technology and the most large-scale
development prospect at present, and has great value for the
sustainable development of society in the context of global
environment changes [1]. At present, doubly-fed induction
generator (DFIG) and permanent magnet synchronous gen-
erator (PMSGQG) are keys to the wind power generation system
at home and abroad. In engineering applications, PMSG is
directly connected with the wind turbine shaft, which saves
the gearbox compared with DFIG, and reduces the main-
tenance difficulty of the unit. In addition, PMSG does not
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need excitation, so it has higher efficiency and operational
reliability than the electric excitation generator with the same
capacity [2].

Wind power system is a complex energy conversion system
with strong nonlinearity. As the wind speed changes rapidly,
the optimal speed of the wind turbine also changes rapidly.
Due to the inertia of the system, the actual speed of the
PMSG will not change instantaneously. In order to achieve
fast tracking, the system will generate a large control input,
which will lead to input saturation. If we ignore the effect
of saturation, the saturation constraint will degrade system
performance to some extent or even damage the generator
in the PMSG system. In fact, the saturation phenomenon is
widespread in practical system, and there are many research
results about dealing with actuator saturation recently [3],
[4], [5], [6]. In [3], considering the problem of voltage sat-
uration in the control process of a robotic manipulator, the
influence of saturation on the control system was eliminated
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by introducing a hyperbolic tangent function to approximate
the saturation constraint. In [4], in order to reduce the influ-
ence of input saturation constraint on the unmanned surface
vessels, an auxiliary dynamic system was constructed, and
were estimated external disturbances through a reduced-order
extended state observer to improve tracking accuracy and
robustness. In [6], a wide area robust damping controller was
designed for thyristor controlled series capacitors (TCSC),
and the nonlinear effects induced by actuator saturation in
closed-loop systems were expressed by a generalized sector
condition to enhance the damping of inter-region oscillations
in the saturated state of actuators.

In addition to saturation constraint, there are also many
unfavorable factors in the operation of PMSG, such as current
coupling, model parameter uncertainty and external inter-
ference, which seriously restrict the control performance.
In view of the uncertain problems that exist in the motor
system, the conventional control method is difficult to realize
the optimal control for the PMSG system. Some scholars
have used the adaptive control method to estimate uncertain
parameter disturbances [7], [8], [9], [10] in the application
system online, so as to improve the stability and convergence
speed of the system. In [8], aiming at the uncertainty of
permanent magnet synchronous motor servo system, a new
adaptive control method for permanent magnet synchronous
motor servo system was proposed. By designing an adaptive
law, the uncertainty of parameters was compensated and the
convergence speed was improved. In the problem of control
for robotic systems with model uncertainty and input time-
varying delay, an adaptive controller was designed using
the Lyapunov-Krasovskii (L-K) functional method to ensure
that the robotic systems could be asymptotically stabilized
depending on the input delay in [10].

In recent years, sliding mode control (SMC) [11], [12]
and port-controlled Hamiltonian (PCH) control [13], [14]
have been applied to the control of power systems and have
achieved remarkable results. The PCH control design is rela-
tively simple and has good control effect in terms of control
accuracy and system stability, but there exists slow dynamic
response speed and poor real-time performance [15]. SMC
has good real-time performance, fast response speed, strong
robustness, etc, but there is a large output chattering phe-
nomenon in the control process [16], which will reduce
the stability of the controlled system. It can be seen that
a single control method is difficult to control the system
well. By adjusting the control strength of the two control
methods, the coordination control strategy not only improves
the dynamic response performance and reaches the steady
state more quickly, but also improves the control accuracy and
steady-state performance of the robotic system in [17]. The
coordination control strategy was adopted to solve the control
problem of fast and efficiency with the difficult realisation of
the motor under a single control method in [18].

To the best of the authors’” knowledge, anti-saturation coor-
dination control of wind power generation system has not
yet been reported in the literature. Taking full advantage of
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adaptive sliding mode method and dissipative PCH method,
a new coordination control strategy is proposed in this paper
for direct-drive PMSG. Compared with the related existing
research results, the main contributions and innovations con-
sidered in this paper are as follows:

1) A new coordination control strategy is proposed for
the PMSG system with input saturation to simultaneously
achieve the goal of anti-saturation and compensate for unde-
sirable effects of system model parameters uncertainty.

2) The proposed coordination control strategy is new and
the control structure is simple. Under the control strategy, not
only the output chattering phenomenon of the sliding mode
control is weakened, but also the dynamic performance of the
system is improved.

3) A coordination function is chosen in the controller
which has two adjustable parameters. This kind of design can
coordinate the two control methods (SMC and PCH control)
more conveniently and more quickly compared with other
design strategies.

The structure of this paper is organized as follows.
Section II presents the problem formulation and preliminaries
for PMSG systems (modeling of the PMSG and description
of the research objective). In Section III, the anti-saturation
coordination control scheme of the PMSG system is pro-
posed, and the stability of the system is analyzed. Simulation
results are given to verify the validity and feasibility of the
designed controller in Section IV. In Section V, the conclu-
sions of this paper and future research directions are given.

Il. PROBLEM FORMULATION AND PRELIMINARIES

The direct-drive permanent magnet synchronous wind power
system is shown in Fig. 1.

Wind
Turbine Generator Converter Grid

RCEIEE=0

FIGURE 1. Configuration of the PMSG wind turbine.

The mechanical power P, and aerodynamic torque 7T,
extracted by a wind turbine from the wind are expressed by
the equation [19]

Ty = 0.5p RV Cy(\, B/,

Py, =Tho, 1)
R
Az Ok
v
where p is the air density, v is the wind speed, R is blade
length, C, is the power coefficient, and w is the rotor speed.
The power coefficient C,, is a function of the tip speed ratio A
and the blade pitch angle 8.
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The motion equation of the PMSG is

dw
JazTe—TL—Bw, )
where w = w./py, w, is the generator speed, p, is the number
of pole pairs, T, = T, + Ar is the mechanical torque

of the PMSG, where A7 is the uncertain load torque, J is
rotational inertia of generator, B is the friction coefficient. The
electromagnetic torque of the PMSG is

Te = pu(Vraiq — Vqia) = pul¥riq + (La — Ly)iaigl,  (3)

where iy, iy, Ly, Ly, ¥4 and v, are d-axis and g-axis compo-
nents of stator current, stator inductance and equivalent flux
linkage of generator, respectively. vy is the flux linkage of the
permanent magnets, L is the stator inductance. In the non-
salient pole PMSG case (Ly = L, = L), the electromagnetic
torque is written as

Te = pu¥riy- )

For direct-drive permanent magnet synchronous wind
power systems, the model of the PMSG can be described in
the d-q synchronously rotating reference frame as

dig . .
L = —Rsia + pnooLgiq + ua,
di, . ,
g— = —Rsiy — ppwLgiq — paoys + ug,
dr )
dw
J——Te_TL_Bw’
dr
o
de

where uy and u, are d-axis and g-axis components of stator
voltages, respectively, Ry is stator resistance, 6 is position of
rotor, (fd , fq, wy) 1s the desired equilibrium point of the PMSG
system, and ig, i; and w, are d-axis and g-axis components
of currents and gener speed at the desired equilibrium point,
respectively.

The motivation of this paper is to design a coordination
controller for the system (5) considering saturation and model
parameter uncertainty. The proposed controller can eliminate
the influence of input saturation quickly, track the input speed
and improve the stability of the system. In detail, the design
process will be divided into three steps: Firstly, design an
adaptive sliding mode controller to solve the problem of
current saturation and parameter uncertainty in the system,
so that the system can reach the steady-state quickly. Sec-
ondly, the controller based on the PCH model is designed to
improve the steady-state performance of the PMSG system.
Thirdly, through coordination function ¢ and c,, the final
coordination controller uy and u, are obtained to achieve
the maximum wind energy capture of the wind turbine and
improve the efficiency of wind energy utilization.

IIl. CONTROLLERS DESIGN

A. ADAPTIVE SLIDING MODE CONTROLLER DESIGN
Based on the backstepping method, an adaptive sliding con-
troller is designed in this part. The controller is insensitive
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to external parameters and has strong robustness, which is
used to enhance the steady-state performance of the system.
In addition, since the friction coefficient has little influence
on the system, in order to simplify the design of the controller,
we take the coefficient of friction B = 0.

Step 1: Given desired value of speed be w,, the speed
tracking error of the PMSG system is e, = w, — w. Its
derivative along the trajectories of (5) is as follows:

. ) . 1 .
€y =Wy —W =Wy — j(pnl”flq —Tp). (6)
Defining the state variable
Xsl = €y = Wy — W,
@)
[xs2 = [y xs1dt = [3(wr — @)dt,

we introduce the following sliding surface:
5 = X1 + X2, ®)

where c is the integral constant and ¢ > 0. By computing the

differential of s along the trajectories of (5), we obtain the

following equality:

T, i

§ = Xg1 + cxs =d),+—L —w—i—cew =v— MV,
J J ©)

where v = —}pnl/ffiq is the intermediate control vari-
ate, M = [—(&r + cep) — 11,9 = [J T1]T is the
parameter matrix to be estimated, which contains uncertain
parameter 77 .

Putting the system input saturation aside and only consider-
ing the model parameter uncertainty, we can obtain the virtual
control law

v =MD — ef(s)sgn(s) — ki s, (10)

where & € RZ is the estimated value of the uncertainty

parameter matrix ¢, ¢ > 0, k; > 0, f(s) = 1+11 and the
[s+1]

function f (s) is strictly positive definite.
From (9) and (10), the control current can be obtained

J
Pn wf
Adaptation law is designed as follows:

MV — ef (s)sgn(s) — kys). (11)

igr =

% = —rmTs, (12)

where I' = diag{yi1, 22}, v11, y22 > 0.
Select the Lyapunov function as follows:

Lo lop g5
Vo= = -0 I 9, 13
0=75s +2 (13)

where & = ¥ — ¥ is the estimation error.
Combining (9), (10), and (12), the derivative of Vjy can be
derived as follows:
Vo =si+ 919
=s(v — M) — T 1D +TMTs)
= —kis*> — ef (s)|s]. (14)
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From (13), (14), and s = x;1 + cx47, it can be known that the
tracking error x,1, the velocity error xy, and the parameter
estimation error ¥ are globally uniformly bounded. Because
9 = © — 9, the estimated parameter D is also globally
uniformly bounded. Taking the derivative of equation (14)
yields Vo = —2k|s$, SO Vo is bounded, and it is concluded that
Vo is uniformly continuous. According to Barbalat Lemma:
If function ¢ : Ry — R is uniformly continuous, and the
limy—s 0o fot ¢(s)ds exists and is finite, then lim;—  ¢(¢) = 0,
it can be known that the tracking error e, will tend to zero
with time 7, which means that the system output « will
converge to the reference track o, with time ¢.

When the wind speed changes rapidly, the reference speed
of the system’s input changes rapidly, so the speed error e,
also increases. In order to achieve the effect of fast track-
ing, the system may have a large control input, resulting
in input saturation of the control current, which may affect
the stability of the control system if not controlled. So we
need to design an anti-saturation control law to make the
system stable. g-axis input current saturation constraint is as
follows:

lqrM’ lqr z lqrM’

C ey ) - w o
igr = sat(zqr) =1 lgr lgrm < Tgr = Tgay (15)

lqrm’ lqr = lqrm’
where iy, iy, are positive constants, and iy, is the control

%

input to be designed, in order to design the control law of i,

the following auxiliary design system is introduced [20]:

IsK Aigy| + S A2
- 279 4 A,

—&x Ixl =36,
0, x| <,

(16)

X =

where x € R is the state of the auxiliary design system,
. >0,K = }Pnlﬂf, Aigr = igr — ij;r, 8 is a positive constant.
When the input saturation characteristic of the system is
considered, according to (15) and (16), the control current
can be obtained as
it = ——L (MY — ef(s)sgn) — ks — ), (A7)
pnwf
where 7 is a positive constant. As can be seen from (17),
when input saturation occurs in the system, in will be updated
continuously through the compensation term y to limit the
value of iy, within the saturation constraint and level off to
igr, 1.€., the excess part of the system control input current is
compensated.
When |x| > §, we select the Lyapunov function

1
Vi=Vo+ 5)(2- (18)

Combining (13) and (16), the derivative of Vi can be
derived as follows:

V1=V0+XX

VOLUME 11, 2023

IsK Aigy| + 3 A2
T2 ey + Adg)
X

. I . .
:m—;ﬁ—mem—zm;+wa (19)

=Vo+x(=

According to average value inequality, we have

. [N 1,
Aigrx < EAlq, + EX . (20)
Then substituting (14) and (20) into (19), the following

inequality can be obtained

1
—ki5® — ef ()Is| — (¢ — x> —Is- K - Aigy|

Vl =< 5
1
< —kis* — ef (s)Is| — (¢ — 5))(2- 21)

Take ¢ > % then V1 < 0.From (21), we can conclude that the
system (5) is asymptotically stable under the control law (17).
As s = x51+cxg and ¢ > 0, it can be seen from (18) and (21)
that e,, and ¢,, are globally uniformly bounded. According to
Barbalat Lemma, it can be known that the tracking error e,
will tend to zero with time ¢, which means that the system
output w will converge to the reference track o, with time ¢.

It is worth pointing out that the above analysis only con-
tains the result when the states of the auxiliary design sys-
tem (16) satisfy the condition |x| > 4, i.e., there exists
input saturation. If |x| < 4, it means that there does not
exist input saturation, we have Aig = 0, ie., iy = i;r
and the control input iy, is bounded. Thus, ij;r is bounded.
The stability analysis can be easily proved by considering
equations (18)-(21) when |x| < 8.

Step 2: Defining g-axis current tracking error e; = i
taking the derivative of it and combining (5), we have

« .
gr g

eq =18 —ig
: 1 . :
= lj;r - Z(uq — Rsig — puwlLsiq — pnwVyr). (22)

Let e, = —kgyeq, where kg, > 0. Combined with the above
equation, the actual control item ug, of g-axis voltage u, can
be obtained as

Usg = (Ry — Lsksq)iq + pnowLsiq + inlﬁf
+ Lyih, + Lyksgif,.  (23)

Selecting the Lyapunov function V, = V| + %eqz, and
combining (21), we get

Vz = Vl + eqéq
1
< —ef (5)ls| — kis® — (¢ — 5))(2 — ksgeg? < 0. (24)

Step 3: Define d-axis current tracking error e; = ier —ig.
Taking the derivative of it and combining (5), it yields

. . S “ 1 . .
eq =iy —lg =Ly — L—(ud — Rgig + paowLsig).  (25)
S

Let g = —ksqeq, where kgq > 0. Combined with the above
equation, the actual control item u,; of uy can be obtained as

usg = (Ry — Lksg)iq — inLsiq + Lsizr + Lsksdi;;r- (26)
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Selecting the Lyapunov function V3 = V, + %edz, and
combining (24), we get

V3 = Vi +eqéq

IA

1

—ef @)lsl = k1s® = (€ = )x* = ksgey” — ksaea®

<0. (27

In conclusion, the adaptive sliding mode controller of the

system is designed as

usa = (R — Lyksq)ia — pnwLsiq + Lg%,

+ Lsksa i:yr )

Usqg = (Ry — Lsksq)iq + pnowLsiq + ppovyy

+ Ly, + Lsksqiy,.

(28)

where i';r =0, i’Z, = —I%W(M;) — IflS —nx — &f (s)sgn(s)),

where the analytic expressions of s, % and X are given by (9),
(12) and (16) respectively.

B. CONTROLLER DESIGN BASED ON PCH MODEL
In this subsection, we propose a PCH model-based controller
for system (5).

Take D = diag{Ly, Ly, J} and let the system state vector
x, the input vector u and the output vector y be as follows:

[x1 Lgig id
x=|x|=|Lig | =D |,
| X3 Jow w

Ued

u= Ueg | >

_id

y= |1l (29)
w

Select the Hamiltonian function as

He) = 3x™D e = S (ha® + o’ ), (30)
X) = —x x==(—x —X —x37),

2 2L, L T
then the system (5) can be modeled as the following PCH
model:

. 0H (x)
x=[J(x)— R(X)]—x + gx)u, an
0H
y= gT(x)ﬁ,
pe
where
0 0 PnX2
J(x) = 0 0 —pn(x1 + 7)) |,
—pnXx2 pn(x1 + Yy) 0

R(x) = diag{Rs, Ry, 0}, g(x) = diag{1, 1, 1}. (32)

Obviously, J(x) € R3%3 is an antisymmetric matrix, which
reflects the internally interconnected structure of the system,
R(x) e R¥3isa positive semi-definite matrix, which reflects
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the additional resistive structure of port, g(x) reflects the port
characteristics of the system, and its matrix form is deter-
mined by the mathematical model of the controlled system.

Let ¥ = [Lyig quq Jo, 1T be the desired equilibrium
point of the system (31). Through the energy shaping and
controller design for the system (31), the system can operate
stably at the desired equilibrium x. Therefore, the actual
speed w in the system (5) can track the desired speed w,,
achieving the maximum wind energy capture of the wind
turbine and improving the utilization rate of wind energy. For
a surface-mounted PMSG, in order to satisfy the control prin-
ciple of “Maximum torque/current”, the control of ;d =0is
usually adopted when the system operates at the equilibrium
point.

A new Hamiltonian energy function H;(x) is constructed
to achieve the minimum value at x, and a feedback control
law u = «a(x) is introduced, so the closed-loop system (31)
can be rewritten as

0H,4(x)
0x

x = [Ja(x) = Rg(x)] (33)

which satisfies the partial differential equation

0H,(x) 9H (x)
[Ja(x) — Ra(x)] o —[Ja(x) = Ra(x)] P

+g®a(x), (34

where H,(x) = Hy(x) — H(x) is the external energy injected
into the system, J4(x) = J,(x)+J(x) = —J}(x) and Ry (x) =
R,(x)+R(x) = R}(x) > ( are the desired interconnection and
damping matrices, respectively, and

X
0H,(x) 0Hu(x) 0H(x) 1= 33
= — =-D" 'Xx.
0x 0x ox

For the system (33), the desired Hamiltonian energy func-
tion is defined as

1 T -1 11 -2

Hy(x) = E(x X)) D (x—Xx)= E(L_(xl —x1)
! B+ 1 %3) 36
+L—X(X2—X2) +;(X3—X3) ). (36)

The interconnection matrix and damping matrix in the
closed-loop system (33) are chosen as

0 =Jio  Ji3
Jux) = | Ji2 0 =3 |,
| —J13 23 0
_rl 0 0
Rx)=10 m 0 (37)
(0 0 0
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Substituting (29), (32), (35) and (37) into (34) yields

Uea = —r1ig — J12ig + J130 + Ry + r1)ig + J12
“ig — (13 + pux2) @y,
Ueqg = J12id — r2ig — J30 — J12ia + Ry + 12)ig

(38)
+ (J23 + pu(x1 + ¥p)) oy,
Ty = Jizig — J23ig — (J13 + pnx2)ia + (J23 + pn
(x1Yy))ig.
Choosing Ji3 = —é—‘;pnxz, Joz = —ppx1, J1o = 0 and
substituting them into (38), we get
Ued = —T1 {d _Pan.iqu . (39)
Ueg = —12ig + puLsiqw + (Ry + 72)lq +pnwfwr~
When 77, is known, we know from the system (5)
6 =w,
o= P¥ria T (40)
. J J
T; = 0.

However, in practice, 77, is usually uncertain and needs to
be estimated. Since the speed and current in the system can
be measured, the torque observer can be constructed by error
feedback

0=0+a6—0),

2 Pa¥rig f"L «
= - = 6 —0),
w 7 7 + ar( )

L = as@ — ),

(41)

where ay, ay and a3 are design parameters.
Define the estimation error

é:@—é,é)za)—d), ~LZTL—TL.

According to (40) and (41), we can obtain the error dynamic
equation as follows:

(42)

[Lﬁl' S e
l*ﬂl S ™

—a3 O 0

The characteristic equation of the load observer is

a
5 +a1s2+a25— 73 =0.
According to the Routh Criterion, the system (42) is asymp-
totically stable when a; > 0, ay > 0, —Jajaz < a3 < 0.
Assuming that all the poles of the observer are set at s,
where s, < 0, it follows from the above equation:

a) = 3s2, az = Js3.

ay = —3sp, >

Thus, the estimation error of 7y decays exponentially to zero.
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By the estimation of 77, it can be known from (4) that when
the system (31) operates at the desired equilibrium point,
we have

. T
lg = .
T pavy

Therefore, the PCH model-based controller is designed as

Ued = —T1ig — pulsiqw,

A

Ty
)Za'43

(43)

Ueg = —T2lg + pulsiqw + Ry +12)
+ pnVrwr.

C. COORDINATION CONTROLLER DESIGN

In this subsection, based on the above two control methods,
a new coordination controller is designed, which can reduce
the chattering phenomenon caused by sliding mode control to
a certain extent. The control strategy improves the response
speed and steady-state performance, and thus increases the
utilization rate of wind energy. Table 1 briefly describes the
characteristics of the three control methods.

TABLE 1. The characteristics of control methods.

Control Methods Characteristics

fast dynamic response speed
Sliding Mode Control strong robustness

output chattering
PCH Control excellent stability

slow dynamic response speed

fast dynamic response speed

Coordination Control excellent stability

output chattering is weakened

Define cg (1), e (1), €54(t), Coq(t) as the coordination func-
tions of the coordination controller. Set |w, — w| > e,
where € is a positive constant, the start time is #. When
detect speed error of system (5) has large fluctuation and
saturation occurs, the adaptive sliding mode control plays
the main role by adjusting the parameters of coordination
controller, and the system quickly reaches the steady state
through saturation compensation. Therefore, we design the
coordination function as follows:

Csa(t) = cyq(t) = e Ml
h(i—12k
Ced(t) =Ceq(t) =1—¢ h(t—t)*

where h, k are known constants, » > 0, k = 2,3,4---, and

Csd(1), Ced (1), Csq(t), Ceq(t) € [0, 1].
For the system (5), we design the coordination controller

2k
) )

(44)

as

uqg = csd()usq + Ceq(t)tea, (45)
g = Csq(Dtsg + Coq(Dleq,
where ugy, usy; and ueq, u.; are given by (28) and (39)
respectively.
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Remark 1: When the parameter 4 is fixed and k = 1,
the adaptive sliding mode controller plays the main role
in the initial operation of the system. After the system reaches
the steady state, the controller based on PCH model only
works for a short time and cannot achieve the function of
controlling the system with small energy loss at steady state.
When k& — o0, the adaptive sliding mode controller plays
the main control role for a long time, which can not reflect
the fast tracking effect of coordination control, and can not
reflect that coordination control that makes the system reach
the steady state faster. When the parameter & is fixed, the
larger the value of 4 is, the shorter the time for the adaptive
sliding mode controller to act as the main control. On the
contrary, the smaller the value of £ is, the longer the time for
the adaptive sliding mode controller plays the main control
role, which can not reflect the fast response performance of
the coordination controller.

An example is given to verify the effect of changes
the parameters & and 4 on the coordination function.
Given parameters k = 2 and 7 = 100, the simulation
waveform of the example shows the influence of the changes
of i and k on the coordination function consistent with the
above analysis. The simulation waveform is shown in Fig. 2.

h=100k =1 h =100,k = 1000

h =100k =2

. .
0 0

0 02 04 06 08 1 0 02 04 06 08 1 0 0.5 1 1.5 2
t/s t/s t/s

k=2,h=100 k= 2,h = 1000 k= 2,h = 10000

ols
0 02 04 06 08 1
t/s /8 t/s

/
0 0
002 04 06 08 1 0 02 04 06 08 1
[

FIGURE 2. Comparison waveforms of coordination function under
different parameters.

Therefore, in order to make the two control methods coop-
erate better and achieve an ideal control effect, the value of &
and & should be adjusted in the simulation test of the system
according to the actual demand to make the system reach the
desired stable operation state.

Based on the above analysis, to maintain the stable opera-
tion of the PMSG system with input saturation and parameter
uncertainty, a coordination controller is designed. The theo-
rem is follows:

Theorem 1: Considering the PMSG system (5), a
coordination controller (45) is designed to make the
closed-loop system asymptotically stable under input satura-
tion and parameter uncertainty so as to ensure that the output
speed of PMSG can track the expected speed, to achieve
the maximum wind energy capture of the wind turbine and
improve the utilization efficiency of wind energy.
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Proof: For the two cases of input saturation and model
parameter uncertainty, the stability analysis of the system (5)
is carried out under the coordination controller (45) by select-
ing an appropriate coordination function (44). Therefore, the
Lyapunov function of the system (5) can be selected as

V=Vs+ %(x -0 'x —3). (46)
Since J,;(x) is an antisymmetric matrix, we have
(aHd<x>)TJ " )a d< ) o,
Substitute (27) into (46) and take the derivative of it
V=Vt (aHd(x)) i
=V +(8Hd( a0~ R
< — ks —ef(s)ls| — (¢ — —)x - ksqeé — k€]
_ (BHai(x))TR G )8Hd(x)
< — (R )aHd(x). 7)

Since Ry is positive semi-definite, one gets

(aHdm)TR “ )aﬂdm N

It is easy to know that V is positive definite and V is negative
semi-definite. According to LaSalle’s principle, if the maxi-
mum invariant set of the system (33) is {x} and is contained
in the set

{x RnKaHd(x) Tp J(x )8Hd(x)

0},
then it can be proved that the system (31) is asymptotically
stable at the equilibrium point x.

According to Lyapunov stability theorem, we can con-
clude that the closed-loop system (5) under the coordination
controller (45) is asymptotically stable. This completes the
proof.

IV. SYSTEM SIMULATION RESULTS AND ANALYSIS
In order to verify the effectiveness of the designed coordi-
nation controller, the permanent magnet synchronous wind
power system with saturation and uncertain model parameters
is simulated in Matlab/Simulink environment. The system
control block diagram is shown in Fig. 3.

The parameters of the PMSG are shown in Table 2, and the
parameters of the controller are shown in Table 3.

The limit of control input current saturation is £4 A. Wind
speed is set as

6m/s, Os<t<3s,
v=118m/s, 3s<t<6bs,
12m/s, 6s <t <10s.
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FIGURE 3. System anti-saturation coordination control block diagram.
TABLE 2. Specification of the PMSG.
PMSG parameters Wind turbine parameters
Parameters Symbol | Value Parameters Symbol | Value
Rated power (kW) P, 4.5 Air density (kg/m?) p 1.25
Rated voltage (V) Un 380 Optimum tip speed ratio Aopt 8.1
Rated frequency (Hz) f 50 Turbine blade radius (m) R 5
Stator resistance (£2) Rs 2.875 Maximum power coefficient | C) 0.48
Stator inductance (H) Lg4,Lg 8.5 x 1073
Rotational inertia (kg - m?) J 8 x 1073
Pole pairs number Pn 5
Permanent magnetic flux (Wb) | vy 0.175
Friction coefficient (N - m - s) B 0
TABLE 3. Controller parameters.
Parameters k1 c al 5 Y11 Y22 Y22 k‘sq
Value 2 200 0.8 100 0.1 1 1000 1000
Parameters ¢ n é r1 r2 Sp h k
Value 10 900 0.1 0.1 0.1 -100 800 2
According to the principle of wind turbine characteristics, According to (48), the desired speed w, under different
in order to track the maximum power point, the desired wind speeds can be calculated as

optimal speed is as follows: 9.7 rad) 0s <1 <3
.72 rad/s, s <t <3s,

Aoptv 81w wr = 129.16rad/s, 3s <t < 6s,
Wy = = . (48)
R R 19.44 rad/s, 6s <t < 10s.
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FIGURE 6. Speed curve of PCH model-based control.

Assuming that the initial wind speed is 6 m/s, it suddenly
changes to 18 m/s at 3 s, and again changes to 12 m/s at 6 s.
Then the curve of wind speed change is shown in Fig. 4.

A. SIMULATION OF THE PMSG SYSTEM WITHOUT INPUT
SATURATION

First of all, the saturation constraint of the convertor cur-
rent at the machine side is not considered. At this time, the
anti-saturation auxiliary system does not work. Simulation
results are shown in Figs. 5-11.
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FIGURE 7. Active disturbance rejection and sliding mode coordination
control speed curve.
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FIGURE 9. Coordination control electromagnetic torque curve.

Fig. 5 shows that when the adaptive sliding mode
anti-saturation controller acts alone, the PMSG can quickly
track the given desired speed, but the output has chatter-
ing problem to some extent. It can be seen from Fig. 6
that compared with Fig. 5, when the controller based on
PCH model acts alone, the system output is stable, but the
response speed is slower. Fig. 7 shows the speed output
waveform of the PMSG system under the coordinated con-
troller composed of active disturbance rejection and sliding
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FIGURE 11. Coordination control load torque observation curve.

mode. It can be seen from the zoomed picture that the con-
troller can track the given speed more quickly compared
to Fig. 6 and has a smaller output fluctuation compared to
Fig. 5. Taking h = 200, k = 2 in Fig. 8, it can be seen that
PMSG under the coordination control can not only quickly
track the given desired speed, but also greatly reduce the chat-
tering phenomenon of output. The coordination controller
makes full use of the advantages of the two control methods
and the control effect is better than that of a single controller,
and the output is more stable than that of Fig. 7. Figs. 9-11
show the change curves with respect to time of the torque
and three-phase current of PMSG in coordinated control,
respectively. The curve of electromagnetic torque has a rapid
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response and small overshoot, and the torque observer can
play a good tracking effect on the uncertain torque parame-
ters. Meanwhile, Figs. 9-11 further verify the effectiveness of
the coordination control strategy.

B. SIMULATION OF THE PMSG SYSTEM WITH INPUT
SATURATION

The expected speed value of generator is w, = 29.16 rad/s
when PMSG operates at constant wind speed v = 18 m/s.
When PMSG is saturated, the anti-saturation auxiliary system
starts to take effect. By adjusting the parameters k and & of the
coordination function, the coordination controller can quickly
eliminate the effect of saturation. The simulation results are
shown in Figs. 12-15. In order to reflect the superiority of the
coordination control strategy proposed in this paper, we also
present the curve of speed trajectory under a single adaptive
sliding mode controller in the following simulation.

As can be seen from Fig. 12, when the motor is started, the
input current will be too large, resulting in input saturation.
The control input of the PMSG system is saturated, the input
of iy, is limited. The input current does not continue to grow
after reaching 4 A, and there is an overshoot phenomenon.
After the coordination control, the control input of the sys-
tem no longer has saturation limit phenomenon, and after
saturation compensation, the control input reaches stability
at 0.5 s. As can be seen from the Fig. 13 when generator
occurs input saturation, under the separate function of the
adaptive sliding mode anti-saturation controller, the output
of the PMSG system can steadily track the expected speed
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FIGURE 13. Speed curve of adaptive sliding mode anti-saturation control
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FIGURE 14. Coordination control speed curve under saturation
constraints.

value after a brief overshoot fluctuation with satisfactory
performance. So the adaptive sliding mode anti-saturation
control can quickly compensate for the saturation constraint
and realize the speed tracking control. However, the adaptive
sliding mode anti-saturation controller is accompanied by
large overshoot and poor stability. It can be seen from Fig. 14
that under the coordination control, the speed can quickly
track the expected value, and the overshoot phenomenon is
weakened compared to Fig. 13. Fig. 15 shows the three-phase
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FIGURE 16. Combined wind speed input change curve.

current curve of coordination control under saturation input.
It can be seen that in the saturation stage, although the current
curve fluctuates, the output can still be stable, which further
verifies the effectiveness of the coordination controller.

C. SIMULATION OF THE PMSG SYSTEM UNDER
COMBINED WIND SPEED

According to the characteristics of wind speed change,
we consider the combined wind speed model [21]. The nat-
ural wind divides into basic wind speed components vy, gust
wind speed component v, gradual wind speed component v,
and random wind speed component v,. Therefore, the wind
speed v in the wind power plant can be expressed as

V="vp+ Vg +Vc+ V.

The change curve of combined wind speed input is given
below, and the control effect of coordination control strategy
on the PMSG system under combined wind speed is verified.

Fig. 17 is the coordination control speed curve under the
combined wind speed input as shown in Fig. 16. It can be
seen from the figure that under the influence of the combined
wind speed, the output speed of PMSG can still fastly track
the given desired speed with small overshoot and output
stability. Fig. 18 shows the coordination control speed curve
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FIGURE 18. Coordination control speed curve under saturation
constraints at combined wind speed.

of combined wind speed under saturation constraint. It can
be seen from the figure that when the system is saturated,
the coordination control strategy under combined wind speed
can still make the output of the PMSG system fastly track
the given desired speed after a short overshoot and stabilize
the output. The fast response performance and anti-saturation
ability of the coordination controller are further verified.
It can be obtained from the above simulation results, the coor-
dination control strategy adopted in this paper can quickly
eliminate the influence of saturation and improve the stability
of the system when the input is saturated. It can weaken the
overshoot of output to some extent, and the speed tracking
control of the PMSG is realized. The proposed control strat-
egy improves the maximum wind energy capture of wind
turbine, and further improves the utilization efficiency of
wind energy.

Fig. 19 shows the PWM waveform generated by SVPWM
control in the simulation. As can be seen from Fig. 19, the
switching period of each PWM channel is 1 x 10~ s, the
switching frequency is 10k Hz, and the duty ratio is 0.9.

D. SIMULATION EXPERIMENT
Based on the semi-physical simulation platform, the PMSG
system is experimentally studied to verify the rationality
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FIGURE 19. PWM waves.

FIGURE 20. Experimental platform of PMSG semi-physical simulation.

TABLE 4. Motor nameplate parameters.

PMSG parameters
Parameters Symbol | Value
Rated power (kW) P, 4.5
Rated voltage (V) Un 380
Rated current (A) I, 12.8
Rated speed (rpm) Ry 1500
Rated frequency (Hz) | f 50
Rated torque (N - m) | T 28.65

and effectiveness of the designed coordination controller.
The PMSG semi-physical simulation experiment platform is
shown in Fig. 20. The PMSG parameters used in the experi-
ment are shown in Table 4.
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FIGURE 21. Speed output curve of PMSG system.

In the experimental study, the motor speed can be given and
changed by setting the frequency of the port corresponding
to the frequency converter, and the motor speed is the given
input speed. The relation between frequency and motor speed
is n = 60f /p, where n is the motor speed, f is the gener-
ator operating frequency, p = 5 is the pole pairs number.
Fig. 21(a) shows the output of the generator speed when the
frequency of the converter increases from OHz to SHz, i.e.,
the speed tracking when the motor starts. Fig. 21(b) shows
the output of the generator speed when the frequency of the
converter increases from 5Hz to 20Hz, i.e., the speed tracking
when the motor accelerates. Fig. 21(c) shows the output of
the generator speed when the frequency of the converter
decreases from 40Hz to 5Hz, i.e., the speed tracking when
the motor decelerates. As can be seen from Fig. 21, the speed
of the generator can also track the speed of the motor rela-
tively quickly. However, the generator speed output fluctuates
due to friction between the motor and the torque sensor.
Fig. 22 shows the output curve of the three-phase current
after the generator is connected to the grid. Fig. 22 shows the
current waveform has six cycles between 325.4 second and
325.6 second, so the period of each wave is 1/30 s, the angular
frequency is 60 rad/s, and the amplitude is 3 A. Therefore,
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the sinusoidal steady-state response of the three-phase current
is ISA = 3+/2 cos(60rt + &), ISB = 3+/2 cos(60rt — &),
ISC = 3+/2 cos(6071), respectively. Fig. 23 shows the curves
of Us and U, when the generator is connected to the grid
with O power. As can be seen from Fig. 23, after the generator
is connected to the grid, the g-axis voltage is positive, and the
d-axis voltage is maintained near 0, and the voltage output is
stable when the generator runs stably. From the above simula-
tion experiment results, it can be seen that the PMSG system
can still quickly track the given speed under the controller
designed in this paper, which verifies the effectiveness of the
controller.

V. CONCLUSION

This paper has proposed a coordination control strategy based
on adaptive sliding mode and PCH control methods for the
anti-saturation control problem of a permanent magnet syn-
chronous wind power system. In order to solve the problem
of saturation and model parameter uncertainty, an adaptive
sliding mode controller is designed based on an auxiliary sys-
tem, and further the PCH controller is designed to reduce out-
put chattering phenomenon caused by sliding mode control.
The proposed coordination control strategy makes full use
of the advantages of both control methods, which can ensure
the system with saturation and model parameter uncertainty
has quick dynamic response speed and good steady-state
performance so as to optimize the whole control process. The
simulation results have illustrated the rationality and effec-
tiveness of the proposed anti-saturation coordination control
strategy. One of the next research directions is to find optimal
selection range of coordination function to solve the control
problem of wind power systems with saturation constraints.
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