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Abstract

We propose a torque and pitch control scheme for variable speed wind turbines with permanent magnet synchronous generator
(PMSG). A torque controller is designed to maximize the power below the rated wind speed and a pitch controller is designed
to regulate the output power above the rated wind speed. The controllers exploit the sliding mode control scheme considering
the variation of wind speed. Since the aerodynamic torque and rotor acceleration are difficult to measure in practice, a finite
time convergent observer is designed which estimates them. In order to verify the proposed control strategy, we present stability

analysis as well as simulation results.
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I. INTRODUCTION

Recently, environmental concerns are on the rise. In ad-
dition, because of the lack of fossil fuels, the interest in
renewable energy sources rapidly grows. Especially wind is
considered as one of the most efficient sources for generating
electricity [1]. Wind power system transforms wind energy
into electric energy through wind turbines and they are typi-
cally operated in two methods. One with fixed speed and the
other with variable speed [2]. Despite its simple structure, fixed
speed wind turbines have some problems with low efficiency,
poor power quality, and limitation of utility. Therefore, they
have been replaced by variable speed wind turbines in order
to reduce mechanical fatigue and enhance efficiency. A per-
manent magnet synchronous generator (PMSG) is used for
variable speed wind turbines because of its advantages such
as simple structure and high efficiency.

For variable speed wind turbines which can limit the inlet
wind power by adjusting the blade pitch angle there are mainly
two controllers. One is the power controller regulating the
output power and the other controlling the pitch angle of
turbine blades (pitch controller). For wind turbine systems
using PMSG, there exists a variety of control schemes such
as PI control [3], [4], sliding mode control schemes, etc.
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Although the PI control scheme is widely used, it shows a
limited performance, especially against uncertainties. Thus,
various controllers including sliding mode control scheme are
developed to provide better robustness. For power control, [5],
[6] propose the sliding mode control scheme below the rated
wind speed in order to maximize the generated power and [7],
[8] introduce high order sliding mode controllers to reduce
the chattering effect. For pitch control, most of the results use
PI control scheme and recently a sliding mode pitch control
scheme is presented in [9]. However, in [9] it is assumed that
the aerodynamic torque and the wind speed are measurable,
which is not realistic in practice.

This paper aims to provide controllers for the generator
torque and the pitch angle of the wind power system based on
PMSG. Both controllers are designed based on sliding mode
control scheme without the assumption that the wind speed
is measurable. Since the aerodynamic torque and the rotor
acceleration are difficult to measure, an observer is introduced
to estimate them. The observer is designed by using high order
sliding mode scheme based on the supertwisting algorithm and
provides estimate values of the aerodynamic torque (for torque
controller) and the rotor acceleration (for pitch controller). To
develop the sliding mode pitch control, the wind power system
is linearized with respect to the pitch angle relying on the
direct feedback linearizing (DFL) theory [10]. This approach
provides robustness with respect to external disturbances and
uncertain dynamics.

This paper is organized as follows. In Section II, the wind
turbine generator model is presented. Section III introduces an
observer and the proposed controller which achieve the objec-
tives of the torque control and pitch control. In Section 1V,
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Fig. 1. Wind turbine power coefficient.

(B* is the pitch angle maximizing the power coefficient)

the proposed controllers are verified by simulations. Finally,
Section V concludes the paper.

II. WIND TURBINE GENERATOR MODEL
A. Wind Turbine Rotor Model

The aerodynamic power P,, produced by wind turbine rotor

is given by
2 30 A

P’w — pTTv 2P( 76) (1)
where p is the air density, r is the radius of rotor, v is the
wind speed, C), is the power coefficient, A is the tip speed
ratio, and [ is the pitch angle. The tip speed ratio A is defined
as
TWy,

)\:

v
where w,, is the angular rotor speed.

The power coefficient model C), (A, 5) used in our paper is
taken from [11] and given by

Cp(M\,B) =1 <621 —c3fB —caf” — C5> e T

r
1 1 0.035

T~ A10088 143

where the coefficients ¢;, ..., ¢g and x depend on wind
turbines. In Fig. 1, C,, is plotted with respect to the tip speed
ratio \ for various values of the pitch angle 3. The values for
ci, ..., cg and = used in the paper are given in Appendix.
Using (1), the aerodynamic torque T, is given by

P,  prriv?Ch(N, B)

T, =—=""00—_2""7
Wm 2\

2

B. Drive Train and PMSG Model
We consider a one-mass drive train model given by

. _P(T,
We = j (NJrTe) 3)
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where w, = Pwy; = PNwy, is the electrical rotor speed, wy
is the mechanical rotor speed, P is the number of pole pairs,
J is the inertia of turbine, N is the gear ratio, and 7T is the
generator electromagnetic torque. Note that in our setting, 7T,
is negative for generating.

The voltage and torque equations of PMSG in the syn-
chronous reference frame [4] are given by

d
ug = Rgig + —Lgiqg — weLqi

dt
o4 .
Ug = Rsig + %quq + we(Lgiq + &)
3 . )
T. = §P((Ld — Lg)igiq + ¢ig)

where ug,u, are the dg axis voltages, ig,i, are dq axis
currents, s is the stator resistance, Lg, L, are the dg axis
inductances, and ¢ is the permanent magnetic flux. If the
PMSG has a uniform air gap, then L; = L, = L and voltage
equations can be expressed with respect to currents.

: s . . 1

iqg = —7 U + Welq + 7 td “4)
. R, . . wep 1

1qg = ffzq — Welg — I + Zuq %)
T. = ngbz'q.

III. CONTROLLER DESIGN

In this section, we propose a torque controller and a pitch
controller using the sliding mode control scheme. At first, an
observer is developed to estimate the aerodynamic torque and
rotor acceleration. Secondly, a torque controller is designed
for two objectives. One objective is to reduce the copper loss
by setting the d axis current to be zero and the other is to
maximize the generating power by tracking the maximum
power operating point. Two sliding surfaces are designed for
these objectives. In the case of the pitch controller, a sliding
surface is designed to maintain the rated rotor speed so that
the generated power is regulated.

From the equations (3), (4) and (5), the wind power system
is represented by

R

1d = I 1d Welg Lud

. R, . . wep 1

lg = ffzq — Weld — I + Zuq (6)
P (T,

oL (tw _p

We 7 (N + e)

where the dq axis voltages are control inputs and 44, iq, and
w, are state variables.

We assume that the system (6) satisfies the following
conditions.

Assumption 1: The wind speed and pitch angle is in the
range of 0 < v < v < @, B* < B < 90° respectively.
Moreover, there exist positive constants Wy, Wi, B, and V}
such that |w.| < Wo, [%=| < W1, |%| < B, and || < V1.
O

Assumption 1 is technical and the bounds are used to
derive the control laws. The wind power system is operated
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in the specific range of wind speed. In practice, if the wind
speed is out of some range v < v < v, then the system will
be shut down, or does not generate any power. In addition,
in order to generate maximum power and to keep the rated
power, the pitch angle (in degree) should be between 5* and
90°. The pitch angle 5 = 90° means that the wind power
system is shut down so that no power is generated. It is
assumed that the time derivatives of the rotor speed, pitch
angle, and wind speed are bounded. It is also assumed that
the rotor speed is bounded.

A. Observer Design

The estimated aerodynamic torque and rotor acceleration
are used in the torque controller and the pitch controller. In
order to estimate them, we use the sliding mode observer [8]
based on the supertwisting algorithm [12].

. P

the = ST, + w1 — ple|Fsgn(e), e = e — we

. —u, |u| > Uy

v = { —asgn(e), |ul <Uy M
1 . JN

u=u; — ple|2sgn(e), T, = 5 W

From (3) and (7), the dynamics of e is derived as

é:

P 1
———Ty +u1 — ple|2sgn(e).

JN

According to supertwisting algorithm, e and é converge to

zero in finite time, and thus 7, w. can be estimated. U,

a, and p are the positive constants satisfying the following
equations.

P
1
qUM>‘JN , O<g<l, a>C
P . 2 (a+C)1+q)
C>|=—T.l, .
—’JN PP\ @=0) (-9

In order to apply the supertwisting algorithm, 7, and T,
should be bounded, which is assured by Lemma 1.

Lemma 1: Suppose that there exists a sufficiently small
positive constant w} such that w. > wj. Then there exist
constants Ty and T} so that |T,| < Tp and |Tw| <T. &

Proof: The constant T can be found as follows. Repre-
sent T}, as

1 prr2v3 NPCy(N, B)
2 We '

Ty, =

Since C), is bounded by C} (see item 1) in Appendix), we
have

1 pﬂ'r v3NPC*
|Ty| < c————F = T

w*
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To find T3, we first note that T}, is a function of w,, 8 and
v. Note also that A is a function of w,. and v. Then,

Ty, . 0Ty ., 0Ty .
“w et o Pt

1 A oG, .

= (—Aprg + J@ aw:> We

A 0C, 3AC

N e

where A = MTQ+NP According to Assumption 1, it holds

that \d“’f < Wi, | | < B, and |%| < V;. Partial derivatives

of C) are computed in Appendlx We can also find constants

K1, Ko, and K3 such that \ P| < Kj, 8CP| < K>, and
ac“’| < Kj3. Thus, which is given by

A@C

We 811

ov
Amax [(Cy 3C,
Ty= 2o (22 g ) W+ KoB+ (=2 + Ky ) .
W wr v
where A = @. [ ]

B. Torque Controller Design

The torque controller should be designed to maximize the
generating power below the rated wind speed. To achieve this,
C,, should maintain the maximum value C),(Aopt, %) in Fig.
1. Thus the pitch angle ( is set to be S*. At the maximum
value of Cj, the aerodynamic torque is expressed as

prr°CyNopts )

Tovopt = = Kypw?
wop 2N2P2)3,  Teort opt@eopt
5 *
1’ Cp(Aopt, 5*) NPvXop:
Ko = 5 eopt —
T NN, 0 e r

where K, is the constant value and we,, is the rotor speed
when the wind turbine generates the maximum power at a
given wind speed. Note that we,,: is a function of the wind
speed v. In order to track the maximum power point, the
generator torque 7. should track the optimal aerodynamic
torque T7,0p¢ considering the gear ratio.

Thus the sliding surface for the torque controller is designed
as follows.

Sa =71 (idref — ia)
3
Sq = Koptwg + §NP¢’L(I

where v; < 0, igres is set to zero for minimizing copper loss
and S, is to maximize the generating power. If the system
trajectory reaches the sliding surfaces and the rotor speed
converges to its optimal value, then the objective will be
achieved.

The sliding mode torque controller is proposed as follows.

Theorem 1: Suppose that there exists a sufficiently small
positive constant w? such that w,(t) > w¥,Vt > 0 for system

(6). Then the sliding mode controller

ug = Rgig — wPqu + degn Sd (8)
4K0ptweL P
= - P
ta NPy J ( d’“)

+ Ryig + weLlig + wed — Kysgn(Sy) )
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with K4y > 0 and K, > 0, renders the closed loop system
trajectory reach the sliding surfaces Sy and S, in finite time.
O

Proof: We choose the Lyapunov function
e 1o
- §Sd + §Sq
Taking time derivative of V' yields
V ZSde + quq

R . . U
= — Sd71 (—le + Welq + Ld>

s, [2Koptwe§ (iﬂ“ T ‘;’quz’q) (10)
+2 NP¢( }z — Wi — i¢+ “LQ)] .
Substituting the control (8) and (9) into (10), one has
V:fvl%\sdl (1)
+ &%(Tw —T) — gzvp(%quq\.

Because the pitch angle (5 is fixed at 5*, the conditions of
Lemma 1 which are essential for operating observer properly
are satisfied. Thus, T, — Tw in equation (11) becomes zero in
finite time. Hence,

. Ky 3 1
= -y — — —NPop—K, .
v 4t I |Sd| B ¢L q|Sq‘

From the fact that Ky > 0 and K, > 0, it follows that
V < 0 when S; # 0 and Sq # 0. Therefore the system
trajectory reaches the sliding surface Sq and Sy in finite time.

|

Lemma 2: Suppose that v is unknown but constant. Sup-
pose also that there exists A* such that \* = max{\ €
RIA < Agpr, 257 = gty and let w, = ME
Consider the system (6) with the control given in Theorem 1
and suppose that w,(t) > w,,Vt > 0. If the system trajectory
reaches the sliding surfaces Sy and S, and remains there, then
we(t) asymptotically converges to weopt- &

Remark 1: The existence of the A* used in Lemma 2
depends on the parameters in (2). Noting that 5* = 0 in
our case, one can prove analytically (or numerically) that
< ()‘ﬁ ) = G (i"“ %) has two distinct real roots for the
parameters c1, 0,p tCG given in Appendix, which means that
the assumption holds true.

Proof: We choose the Lyapunov function V' = (we —
Weopt )% Assuming that the trajectory is on the sliding surfaces
and taking time derivative of V' yield

. P

V= N (w
where we used the assumptlon that v is constant and K is
given by K = 1 Jf,’xﬂ O (;‘f ) To determine V < 0 for w, >
w,, We consrder two cases.

Case 1. we — Weopt > 0:

We first note that weope > 0 by Assumption 1 and that A >

e Weopt)(K - Kopt)wga
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A BY) <

Aopt. After simple computation, one sees that Cp(
Cp(A*, %) when A # A,y and hence

Cp()‘,ﬂ*) Cp()‘optaﬂ*) C ( optaﬂ*)
A3 A3 A3,

which means K — K,,; < 0 and that V <O0.
Case 2. we — Weopt < 0:

By assumption we have w, < we < Weopt and A* < A < Aopt.
It is a simple matter of computation to have ﬁ ()‘ A1) —
§3 Eil/A(azAz —a A+ ao) with a; > 0. Let )\1,A2 with
A1 < Ay be two roots of asA? — a1\ + ap = 0. Noting

that & S0 = 1 (N0 30,3 5), one has
dd)\ Cp (AB In,,, < O since ﬁ\/\om = 0. This implies

that )\1 < Aopt < A2 and that, by contrnu1ty, there exists some
AT with 2 < AT < Aopt such that (A .’B ) 5 % (i‘\“‘”’ﬁ*)
Thus, from the definition of \*, it follows that K — K,p: > 0
for \* < A < Agpe. Therefore, V < 0 when W, < We < Weopt-

From the results considered in the cases 1 and 2, one
has V < 0 whenever w, < W, and as a result, w,(?)
asymptotically approaches weopt. ]

From Theorem 1 and Lemma 2, it follows that the wind
power system with the controller given by (8) and (9) can
generate maximum power provided that w, () > max{w,, w}}
and v is constant.

C. Pitch Controller Design

Assuming that the torque control works well, the generating
power is given by

Koptwg

NP
From this equation, we note that the generating power is
determined by the rotor speed w.. When the wind speed is
above the rated speed, the power should be regulated and this
is done by the pitch controller. In order to regulate the power,
we control the pitch angle 8 so that w, approaches the rated
value wl, which means that P, converges to its rated value.
Hence the target value of P, is given by
3

&:E%:E%:—

pr = _M
¢ NP
We design a pitch controller so that it only operates in the
range of w, > w].
Now, we consider the drive train model which contains [3.
If the torque control performs well, then the rotor dynamics
becomes

P (T,
.e:* ~7 Tp
We J<N+ )

P (1prr?v®NPCy(\, B)  Kopiw
J\2 weN N )

The pitch angle dynamics, which is modeled as a first order
system, is given by

12)

g1
E_E(uﬂ_ﬁ)

where ug is the control to be designed.
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In order to use the sliding mode control, we linearize the
equation (12) with respect to the pitch angle 5. To do this, we
define

T = We
. P P
x2w€J<+T) JiN(T‘w*Koptwg)-

Then one has

1 = T2
= — —_— A [ P

2 JN( Cpx% + z1 Oxr1 1Tz OB

A A
L 34G, facp@—mpt:cm) (13)
VI r1 Ov
PA 86’
JNTﬁiL'l 85
where A = 800 12 gsNP

We make the following assumption, which is true for the
parameters used in this paper.
Assumption 2: When z; > W, 66[; < 0 and there exists

a constant Cps such that 0 < Cpp < &
Before proceeding, let ¢ = (v +7)/ 2 Wthh is assumed to
be known and define

A prr?93 N P
2
Cp = Cp(A, B)|v=s
. P .
Tg = (Tw — Koptwg).

JN
We define the sliding surface for the pitch controller as
follows.
Sp = w2 + 72(21 — W)

where y2 > 0 is constant. The sliding surface Sy is designed
so that the rotor speed converges to its rated value and remains
still. The proposed sliding mode pitch controller is given by

a+a A
ug =f — ll; 2 — Kpgsgn(Sg) (14)
where

ax —T2Kopt331§?2+72532

P A 8C
Qo = AC’
a2 JN p % JN 31‘1 8371
j__PA oG,
~ JNTgz; 0B

Sﬁ = Zi’g + ’72(.%1 — UJ;[).

Note that Kz is the controller gain to be chosen later and that
T,, is defined in (7).

Now we take the sliding mode controller gain Kz as
follows. Firstly, define

hzal—l—ag—ali_a&b
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where

P
NQKoptCsz + Y22

t J P A 80
a2 = JNAC JN Il 3561
i“%,ié%p
JN vz JN z1 Ov
~ PA 0C,
~ JNTsz, 98

We note that by Assumption 1, a1, as and b are bounded and
we can compute

m a1 +az ai+as > _ a1 +az| 4y + ag
b b b - b b
>0
where
TeWy [ 2K i WoW- % W:
oo TV (e Wil o W W
Cp,@ Amin T Wl
30* K3V; JN v W,
{T; Vi + 3T 1 + PZQ 1)
vwe We min
TsWoWi [ 2K ot W 1 JN
_ 670 1 opAt O—|—O; 2+ K1—|— '72
Cpﬂ A OJ We

with Apin = M and C, defined in Appendix. Note

that K is the bound for | ”| (see the proof of Lemma 1).
Finally we choose Kpg such that

Kﬁ < 0.

The following theorem states the convergence result.
Theorem 2: Consider the system (13) and suppose that
We > wi. Under Assumptions 1 and 2, the sliding mode
controller ug given by (14) renders the closed loop system
trajectory reach the sliding surface S in finite time. Moreover,
it holds that w, — w] and . — 0 as t — oo. &
Proof: We choose the Lyapunov function V = %Sg
Taking time derivative of V' yields

V =535
p A
=S, { = ( AC,— xz +=
AB dC, 3AC,, dl
z11g df vry, dt

dC

dl‘l
A dC, dv
z1 dv dt
PA dC’

JNTgl‘l dﬁ

—2Kopt$1$2) + V2T +

255<a1 +as — b8+ buﬁ).
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Applying the control input (14), we have

a1 + as

V:Sﬁ (a1+a2— ZA)

b— ngsgn(S'ﬁ)>

=Sg (h — ngsgn(S'/g)>
=Sgh + Sgh — Sgh — SgbKgsgn(Ss)
+ SpbKsgn(Ss) — SpbK ssgn(Ss)
=(Z2 — x2) (bK,gsgn(S’/g) - h)
+ Sgh — SzbKsgn(Ss)
<|bKgsgn(Sp) — hl|#a — wa| + (o — Kp)b|54].

In the above equation, Zo — xo is the derivative of the
observation error. Because the pitch controller is only operated
in the region of w. > w! and B is limited by Assumption 1,
the conditions of Lemma 1 are satisfied. Thus £ — x> becomes
zero in finite time. After that instant, it holds that Sz = Sps
since T3 = xo. Finally, it follows that

V < (0 — Kpz)b|Sg|.

Because V < 0 except at S3 = 0, the system trajectory reaches
the sliding surface Sz = 0 in finite time. After that instant,
the dynamics of the system is reduced to

1 = —ya(z1 — ).

As a result, the rotor speed x; asymptotically converges to
w! and the rotor acceleration x5 asymptotically converges to
zero, which completes the proof. [ ]

Corollary 1: The sliding mode controllers ug, 1, and ug
given in (8), (9) and (14) guarantee that P, — PJ as t — oo
provided that w, > w]. <

IV. SIMULATIONS

We design sliding mode controllers for a wind turbine with
a 2.4MW PMSG. In our case, the rated wind speed is 12m/s
and other simulation parameters are given in Appendix. Fig. 2
shows the wind profile. The mean wind speed increases from
11m/s to 14m/s at t=100s and then it keeps over the rated
value with the wind turbulence. The turbulence component is
assumed to have the Kaimal spectra, and in our simulation
the turbulence intensity is 12%. The pitch rate is limited to
8deg/s. The simulation result can be divided into two parts. In
the region w, < wg, the torque controller tries to maximize
the generating power, while in the region w, > w_j;, the torque
control and pitch control operate in harmony to regulate the
inlet power.

In Fig. 3, the performance of proposed controller is verified
with the wind profile shown in Fig. 2. Since the rated rotor
speed is wg = 142.5rad/s, it can be said from the figure that
before (about) 110s, the torque controller is operating, while
after 110s the pitch controller as well as the torque controller
is active. Fig. 3c shows that before 110s the power coefficient
is almost kept its maximum value Cpmax = 0.4382. Thus,
we can say that the torque controller shows good performance
against the wind turbulence in the region wy < wg.

In the power regulating region (or in the region wy > w;),
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Fig. 2. Wind Speed.
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Fig. 3. Simulation Results.

the controller should change the pitch angle so that the inlet
power is limited to its rated value, which means that w, should
be regulated to be wg. The results in Fig. 3 also shows that
the generator output power and the mechanical rotor speed
are regulated to their rated values after 110s, respectively. It
is mainly because of the behavior of the pitch angle in Fig
3d. From the simulation results, it turns out that the proposed
controller can successfully regulate the inlet power.

V. CONCLUSION

In this paper, we proposed a control scheme for the wind
turbine system based on a PMSG. An observer is constructed
to estimate the turbine torque and the rotor acceleration, and
with which a torque controller and a pitch controller are
designed employing the sling mode control scheme. In order
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to verify the proposed control strategy, the stability analysis
as well as simulations are performed. Simulation results show
that control objectives are well achieved in spite of the wind
turbulence. Experimental verification of the proposed scheme
is one of important future works.
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APPENDIX

1) Bounds of C,(\, )
We first note that under the condition of w. > w} > 0 and
Assumption 1, it holds that

1 < 1 < 1
I'* r Tt
1 _ _ 0.035 1 _ NPv
where & = —1ip3 and 55 = o
Moreover, we have
Qp <C, <y

o~ _ L6 2l
where C), = ¢1 (capr — 903 — 490" — ¢5) e and C), =
1 —<6
cieapre T, Thus, one has

|Cp| < Cp == max{|C,],|Cpl}.
2) Partial derivatives of C,(A, )

LRty N
P (X + 0.083)2 !
1
X <02 —c2tes c3¢6f3 + cace BT + C5¢6>
IC,(NB) e (OX |
% —e T 01{5(02 + c5c6 — CoCo s

+ cacefS + 0406593) — (3 + 04965171)}

dF _  —0.08 0.035x332

0C,(A(v,we), B) —r cg

Ow,e

T NPu(A+0.088)2°

1
X <02 - Czcﬁf + cacefS + cace BT + C5CG>

0C,(Mv,we), B) TWe
ov ~ NPv2(\ + 0.083)2

<6
T

€ C1

1 xr

X | co — CQCﬁf + 6386,8 + C4666 + C5Cgq
3) System Parameters

Rotor radius » = 41 m

Air density p = 1.25 kg/m3
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Resistance R, = 0.1

Inductance L = 0.005 H

Field flux ¢ = 10.68 V - s/rad
Equivalent inertia J = 8000 kg - m?
Number of pole pairs P = 2

Gear ratio N =77

Time constant of pitch actuator Tz = 0.1 s
Pitch rate limit Rg = 8 deg/s

C)p curve

Cc1 = 0.22, Co = 116, C3 — 0.47 Cq = 0

cs =95,c6 =125, =0

B* =0°, Aopt = 6.325, Cpmax = 0.4382

4) Controller Parameters
Observer
= 13000, o = 500000, Ups = 20
Sliding torque controller
Kg=—-1,K,=—10,7 = —1
Sliding pitch controller
72 =0.1,0 =15 m/s, Kg = —5000
w} = 142.5 rad/s
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