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ABSTRACT. In this paper, an extend state observer (ESO)-based command-filtered back-
stepping control strategy is proposed for a variable speed wind turbine (VSWT) using
VSWT’s input and output measurements. First, the dynamic model of VSWT is de-
scribed. Next, a model transformation is proposed for VSWT that we convert the VSWT
system into a strict-feedback form through state transformation. Then, an ESO is given
to estimate the unknown dynamic model. Next, the command-filtered backstepping con-
troller is proposed for the VSWT system. Finally, simulation results are given to demon-
strate the effectiveness and potential of the proposed constrained control scheme.
Keywords: Extend state observer, Control saturation, Command-filtered backstepping,
Variable speed wind turbine

1. Introduction. Wind is a kind of renewable energy with great potential. On the earth
there are about 10 billion kilowatts wind resources used to produce electricity, which is
almost 10 times more than the present amount of hydroelectric power [1-4]. With the
development of control theory, the wind power generator control system improves from
the initial fixed pitch and constant speed control to the current variable pitch and variable
speed control. Due to the great advantages of VSWT in the utilization of wind energy,
the VSWT has become the main control study object [5-10]. Because of the factors of the
inherent nonlinearity and uncertainty in VSW'T system, people have tried to use various
nonlinear control theories based on models on the control of VSWT systems in recent
years [8-11].

Backstepping is a method based on recursive Lyapunov for nonlinear dynamical systems
[12]. Tt breaks the whole system into several lower order systems which can deal with the
complex system with useful nonlinearities easily, so it has wider application range than
output feedback [13-16]. Due to the recursive structure, some state variables called virtual
controls and intermediate control laws are designed for the recursive controller.

Inspired by the work of technique [12,15,16], we give an ESO-based command-filtered
backstepping control approach for VSW'T in this paper. It is a constrained control strat-
egy after the model transformation of VSWT. The major advantages of this dissertation
are displayed as follows. In the design procedure of controller: 1) only the output mea-
surement of VSWT is required; 2) explicit model dynamics and structural information
of the VSWT do not need to be known; 3) the proposed control strategy can reduce the
impact of derivative signal and control saturation.

The rest of this paper is organized as follows. A brief description of VSWT is in Section
2. In Section 3, main results of ESO-based command-filtered backstepping control are
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proposed. Simulation results are presented to show the effectiveness of the proposed
technique in Section 4. Finally, some conclusions are made at end of this paper.

2. System Model and Problem Formulation. The basic composition of VSWT in-
cludes three parts which are wind turbines, growth container and generator. The block
diagram of VSW'T is shown in Figure 1.

[

FIGURE 1. Schematic block diagram for the structure of VSWT [§]

The rotor dynamic is described as
t
Jyw, =T, — K,w, — BT/ wy(T)dT — T} (1)
0

where J,., T, K,, w., B,, and T}, denote rotor inertia, aerodynamic torque, rotor external
damping, rotor speed, rotor external stiffness and low-speed torque, respectively. The
generator dynamic is given as

¢
Jowg = Ths — Kgwy — Bg/ wg(T)dr — T, (2)
0

where Jg, wgy, Ths, K4, B, and Tj represent generator inertia, generator speed, high-speed
torque, generator external damping, generator external stiffness and generator electro-
magnetic torque, respectively. Because of the gearbox ratio, the following relationship (3)
is obtained for the speed w,, wy, and torque Tj, Ths.

wg T
= = = — 3
ng W, Ths ( )
According to Equation (1) to Equation (3), since .J; # 0, we can obtain

1 t
Wy = — (Ta — Ky, — Bt/ wp(T)dr — Tg) (4)
Ji 0
where turbine total inertia .J;, turbine total external damping K, turbine total external
stiffness B, and generator electromagnetic torque 7T, are respectively defined as

Jo=J, + nzjg, K, =K, + nZKg, B, =B, + nng, Ty =ngTen
Therein, T;, and T, can be described as follows [6,9],
Ty =Ky w?, Tom = Ky - c(Iy) (5)
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where K, is the wind speed to power transfer parameter depending on factors like air
density, radius of the rotor, the wind speed and the pitch angle. ¢(/f) is the flux in the
generating system function. The electrical subsystem dynamic of VSWT is governed by
[9]

Ry 1

Iy = — 7 At T (6)

where I, uy, Ry and L denote field current, field voltage, resistance of the rotor field and
constant inductance of the circuit, respectively. Hence, from Equation (4) to Equation

(6), the dynamic model of VSWT can be described as

,
K, K B, [! K
o = St = St = 2 [ (ryar - P
0

ST s
fl(wr‘r@“,[f) (7>
. Ry 1
[f = _T[f + Euf

where angle 6, = fot wy(7)d7 and K, denote machine-related constant. Assume that
function fi(wy,0,,1f), Ry and L are all unknown. The control objective of this paper is
to ensure that output rotor speed w, can follow a reference trajectory wy. The controller
design and the stability analysis also require the desired reference trajectory to be first
order integrable, that is

T
/ lwa(7)] dr < 00
0

with 7" being finite (i.e., wg € £1 N Lo and wy, g € Lo).
3. Main Results.

3.1. Model transformation. Define new state 1 = w,, 2 = &1 = @, = fi(w,, 6,, If).
Then the time derivative of x5 can be expressed as

Z"Q = fl(wraewlf)
afl(wraeralf) . 8f1<wfr79r7[f) afl(wraeralf) r
= 8
R N L . PR ®)
= f(Z) + g(@)uy

where O fi(wr. 60 17)
— w'f’? Ty
f(@) = flwr, 0, 1) = 1Tffl(wr70ra Iy)
+ 8f1(wr, 97«, If)w . Rf . ]f . 8f1(wr, 9,«, ]f)
00, " L-0I;
and O fi(wn by 1))
N o 1 (A)r, rydf
g(w) _g(wrvemlf) - LaIf
with Z = [w,, 0,, I;]*. Hence, the dynamic model of VSWT (7) is now transformed as
.jl'l = T2
iy = f(Z) + g(Z)uy (9)
Yy=a1

To account for the uncertainties in VSWT parameters, we rewrite the dynamics (9) as
Zi)l = T2
j?g = d(t) + golUy (10)

Yy=x
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where g, is the best available estimation of ¢(Z), while Ag is associated uncertainties.
The variable d(t) = f(z) + Aguy is the combined uncertainty and may also include other
sources such as external disturbance in the system.

3.2. Extend state observer design. We assume that only power angle (w, = y) can
be measured in (7). So in this paper, the third-order ESO is designed, which is used to
estimate the state x5 and combined uncertainty d(t). Define the combined uncertainty
d(t) as an extended state x3. Let x3 = d(t), £3 = w, where w is an unknown function.
We assume that |w(t)| < r. Then system (10) is equivalent to

Z).’Jl = X9

To = 23 + gouU

T (11)
r3 =W
y=mn

In order to estimate the state x5 and the combined uncertainty d(t), we design the fol-

lowing third-order ESO [12,14]:

&>

1=y — Ly

RS

2 = T3 + gouys — lofal(y, oy, 01) (12)

T3 = —l3fa1@a g, 02)
y=1

where § = y — ¢y = x1 — 1 and 21, To, T3 are the observers of xy, xo, 3. 0 < ay < 1,
0<az<1,0,>000>0,10 >0,i=1,2,3 are parameters of observer (12). And the
nonlinear function fal(-) is defined as

v|%sgn(y), |v] >0
fal(e, a,0) = v (13)
V<o

ogl—a’
Letting T' be sampling period of control, in general, ¢ is selected as ¢ = 5 ~ 107.
Until now, there is no reliable theoretical analysis method available for third-order ESO.
Fortunately, according to [12], if suitable parameters of observer (12) are selected, the
following results can be obtained.

r 1/az
lim |i’2| < ll (-) = €4

t—o0 l3

(14)

~ r 1/aa
lim |d| = lim |Zi‘3| <l (—) = &g
t—o0 t—oo l3

where Ty = x5 — 29, d=d—d and T3 = xr3 — x3. Hence, we know the suitable observer
parameters can make the state estimation errors z;, o and combined uncertainty error
d = Z3 uniformly ultimately bounded (UUB).

Equation (15) denotes the uniform form of observers (12):

ilél = 122 + K1
{ . )

.%QZbU—FKJQ

where k1 = =117, ke = &3 — lofal(g, a1, 01) and b = g,.
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3.3. Command-filtered backstepping controller design. According to above re-
sults, Equation (15) is a strict-feedback form obviously, so the backstepping control can
be adopted for a controller of VSW'T. The traditional backstepping control has an obvious
disadvantage that it can be easily affected by differential expansion and control saturation
problems. Some researchers have proposed a constrained command filter into the adaptive
backstepping control system to solve this problem [15,16]. Command filter can eliminate
the negative impact of the control saturation and derivative signal. The traditional back-
stepping control and command-filtered backstepping control are very different in design
idea and design process. The structure of the ESO-based command-filtered backstepping
control algorithm is depicted as Figure 2.

f ¢ v = f ¢ \
X X : u :
! I A Subsystem 2 [Command | ™2 i Subsystem : Y
1 controller Filter | > ™ controller >
A j

Filter error
compensation | ¢

X, K. ~
P XKy

Extend State [«

~ Observer
X, K

FIGURE 2. Structure of the proposed ESO-based command-filtered back-
stepping control for VSW'T system

Define the tracking error e; and e;. The functions of e; and ey are written as
€1 = ilAl‘l — JT{, €g = ii‘g — JAT%C (16)
where x{ and ig are the filtered-command of z¢ and s, respectively. Therein, 2¢ = wy,
and wy is a reference trajectory. According to Equation (15) and Equation (16), é; and
€, can be obtained that

6 = &y + Ky — i (17)
€y = bu+ Ky — 1} (18)
The first Lyapunov function is defined as follows
Vi = %6?
The time derivative of V; is described as

V= e (;%2 T :'c{) (19)

The virtual controller of the outer-loop can be defined as
i =il — k) — e (20)

where h; is a preset positive definite constant. From Equation (19) and Equation (20),
we achieve the result that Vi < 0. Then, let ¢ through a filter [15,16], the structure of
the command filter is shown in Figure 3, and the dynamic model of constrained command
filter is defined as

Q1 q2
{%} - [2@” [SR (2;%71 (S (u) — q1)> _ q2]] (21)

f
{ql} = rf} and u = x¢
42 T

where
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FIGURE 3. Structure of constrained command filters

Therein, ¢, ¢, and 2/ denote the damping, the bandwidth of filter and the output of the
constrained command filter, respectively.
We define a new tracking error é; = e; — €, where € represents the filter error compen-
sation that can be written as
é=—hje+ @} —id (22)
We define an another Lyapunov function

1 1
‘/2 — 5@%4’56%

Then, the time derivative of V5 is described as the following
Vo = €161 + eaéy

(A f Y ~d _Af

=& (3:2 + Ry — 2] + hie — 3y —|—x2) + €9 (bu—ir Ko xz)

= —€ (hlél + i’g — fg) + es (bu + Ko — Z)}g)

= — hlé% + er1es + €9 (bu + Ko — fg)
When the global control law is selected as

u = b_l (-hgeg — K9 — €1 + jfg) (23)

We can get the result that the function V5 is rewritten as
Vo = — &} — hye3 <0 (24)

where hy is also a preset positive definite constant. From Equation (24), we have the
information that é;, ey are uniformly ultimately bounded. Moreover, we can obtain the
conclusion that the whole system is uniformly ultimately bounded combined with the
previous results in this paper.

4. Simulation Results. In this section, the simulation is shown to demonstrate the
validity of the proposed ESO-based command-filtered backstepping control algorithm.
In simulation, the system parameters of VSWT are chosen as same as [6,9], which are
considered as Ry = 0.02€2, L = 0.001H, J, = 24490, B; = 52, K; = 52, K, = 3, ny = 30,
K¢ = 17, C(]f) = 1000]f

And the reference angular velocity signal wy(t) is selected by the following case, which
is

wq(t) = 2 + sin(0.5¢t)

For the simulation, we choose ESO parameters as [; = 10%, I, = 10%, I3 = 10°, ag =
as = 0.9, 01 = 102, and 0y = 10%. The controller gains are selected as gy = —2000, and
hy = hy = 5000. The initial state values are w,(0) =1, and 1;(0) = 0.

The results of simulation are shown in Figures 4 and 5, where Figure 4 illustrates
the reference wy, actual rotor velocity w,, the field voltage u; (control input). Figure



Rotor Velocity (rad/sec)

4, (V)

1

est. error x

error d(t)

est

5 shows the estimation errors for xy, zo and d(t).

est. error x2

ICIC EXPRESS LETTERS, PART B: APPLICATIONS, VOL.7, NO.7, 2016

0.05F b

_005 | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50

Time(s)

F1GURE 4. The VSWT output and control input responses curve

o
[
|

_05 | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

20

o
T

-20 .

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

|
=
o
o
I

—-200 A

| | | | |
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time(s)

-300
0

F1GURE 5. The states estimation errors by ESO

1557

It can be seen from the response

figures, tracking and estimation errors converge to very small values, and further more

the ESO-based command-filtered backstepping controller achieves good performance.

5. Conclusion. In this paper, we have developed an ESO-based command-filtered back-
stepping control strategy, which provides an alternative to the VSW'T control problem.
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A model transformation is proposed for VSW'T dynamic model that converts the VSWT
system into a strict-feedback form through state transformation. This proposed control
approach of VSWT is particularly effective while the explicit analytical model of VSWT
is difficult to develop and the states are not fully measurable. Our focus of this paper is
on the uncertainty, and the incomplete measurable states. The simulation results have
validated the proposed nonlinear control algorithm.
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