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Abstract — In this paper an optimal control structure for
variable speed fixed pitch wind turbines is presented. The
frequency separation of the short term and the long term
variations, adopted in the wind modeling, has resulted in a
two loops control structure. The low frequency loop is
based upon a nonlinear (on-off) controller, and the high
frequency loop results from a LQ stochastic problem. The
proposed approach allows to using the advantages of the
on-off control (i.e. robustness), while realizing a trade-off
between the energy conversion maximization and the
control input minimization that determines the mechanical
stress of the drive train. The effectiveness of the whole
structure was tested on an electromechanical wind turbine
simulator.

Index Terms — Wind energy, variable speed operation,
on-off control, linear quadratic optimization

I. INTRODUCTION

The wind energy conversion systems (WECS) based
on variable speed fixed pitch horizontal axis wind
turbines (HAWT) are generally controlled in the sense
of maximizing the energy captured from the wind. This
task is accomplished by the control subsystem which
manages the variable speed operation of the wind
turbine, adjusting the aerodynamic efficiency of the
fixed pitch wind turbine. This efficiency is expressed by
the power coefficient, C,, which presents a maximum
value for a well-determined tip speed ratio, 4, (fig. 1),
implying that the power characteristic of the wind
turbine has a maximum for each wind speed (fig. 2). All
these maxima form the so-called optimal regimes
characteristic (ORC), as illustrated in fig. 2.

If A, is known, the (optimal) control may be
implemented by tracking the corresponding value of the
shaft speed, like in [1].
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Fig. 1. The power coefficient vs. the tip speed
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Fig. 2. The optimal regimes characteristic (ORC)

When the value of A,, is not known, the control
objective is defined as tracking the maximum of the
power characteristics (fig. 2).

In the literature, various methods are proposed for
maximizing the power harvested from the wind. For
example, this is the case of the so called “Maximum
Power Point Tracking” (MPPT) controller, which uses
minimal information from the system [2], and of the
fuzzy control techniques [3], yielding more flexible, but
quite context dependent controllers. The sliding mode
techniques have been also used for controlling the
generated power [4].

All the above listed methods have as exclusive goal
the maximization of the energetic efficiency, while
ignoring the large torque variations, related to the
system’s reliability. This aspect has been considered in
[5] and [6], by imposing the minimization of the
generator torque variations, Al'g(¢), which results in the
mechanical fatigue reduction of the drive train. In this
case, the control subsystem solves a Gaussian linear
quadratic (LQG) optimization problem [7] — associated
with the liniarized aerodynamic subsystem — expressed
by a combined criterion:

I:E{a-[/l(t)—/iopt]z}+E{A1"f;(t)}, (1

where E{-} is the statistical average symbol and the
positive coefficient & makes the trade-off between the
energetic efficiency and the mechanical stress.

The linearized system’s parameters depend on the
operating point (wind speed); this aspect has been
considered by wusing a gain scheduling adaptive
structure, combined with a Kalman filter for state
reconstruction.



Starting from the frequency separation principle in
the wind speed, introduced in [8], this paper proposes a
control subsystem, which optimizes the combined
criterion (1) with no use of adaptive structures. The
control algorithm relies upon separating the seasonal
(low frequency) and the turbulence (high frequency)
wind speed components from the Van der Hoven wind
model [9]. As consequence, the proposed control
structure is formed by two loops, separately driven
respectively by the two components of the wind. One
loop is built to reach the stationary optimal conversion
regime using a nonlinear (on-off) controller, and the
second loop is designed to optimize the dynamic regime
of the wind turbine, using a LQG controller.

The rest of the paper is organized as follows. In the
next section is presented the modeling of the wind
energy conversion system. Section III states the control
problem and details the general two loops control
structure. The proposed control subsystem has been
tested on a real time electromechanical simulator,
described in section IV. Some experimental results,
concerning both of the control loops, are discussed in
section V. The concluding remarks end this paper.

II. MODELLING

The variable speed WECS (fig. 3) is formed by: the
wind turbine (the aerodynamic subsystem, S)), the
gearbox (S;), the electromagnetic subsystem (the
asynchronous machine and the static converter, S,) and
the control unit (S).

The aerodynamic subsystem (S; in fig. 3) is modeled
like in [10], by the nonlinear wind torque characteristic,
FWT (Q’ v) :

=— 7z p-RP V.2
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where p is the air density, R is the blade length, Q is the
rotational speed of the low-speed shaft, v is the wind
speed, A is the tip speed ratio, given as:
PR )
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C,(A) is the power coefficient, as a polynomial of A (like
in fig. 1) [11], and Cr(A) is the torque coefficient.

The electromagnetic subsystem (S, in fig. 3) yields
the electromagnetic torque, I'g, in response to a torque
control scheme. The vector control is used as a dynamic
compensator of the electric machine. Therefore, the
dynamics of S, can be approximated by those of a first
order filter:

H(S)gr;(s)_ 1
& To(s) Ts+l’
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where T, is negligible versus that of the drive train (S5 in
fig. 3).
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Fig. 3. Wind power system’s structure

The electromechanical subsystem interacts with the
turbine rotor through the drive train; the dynamics of
this latter is expressed by:

do T
Jon——==2_T_,
dt n
where 7 is the ratio of the gear-box and J, expresses the

total inertia of the turbine, referred to the high-speed
shaft.

The control unit (S; in fig. 3) provides the electric
generator torque reference, according to a control
algorithm.

®)

The wind model is added to the general model of the
system. The wind can be modeled as a stochastic
process with two components (fig. 4), like in [9]: the
seasonal, slowly variable component, v, and the
turbulence, rapidly variable component, Av(7):

V(1) = v+ Av(r) (6)

The low frequency component, v, determines the
average position of the operation point on the wind
turbine characteristic, and Av(f) generates the high
frequency variations around this point. This high
frequency component is modeled as a zero mean
stochastic process obtained by coloring a white noise
with a first order filter having the time constant 7 .

The nonlinear model (5) is linearized around the
operating point corresponding to the maximal energy
conversion efficiency, characterized by A,
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Fig. 4. Van der Hoven wind model [12]



For a variable x of the model, the following notations
are adopted:

x=x| 'szx—;;Ez

optimal operating point ’

=B

Starting  from the nonlinear  aerodynamic
characteristic (2), one obtains the linearized dynamic
model of the turbine, as deduced in [13]:

)_Dc(t):A-g(t)+B~u(t)+L-e(t)’ 7
z2()=C-x(1)

— — T
where z(t):[AQ(t) Al (I)J is the state vector,

u(t) :E is the control input and the output
(measure) variable is defined as being the normalized
variation of the tip speed ratio: z(¢) :E(t) =AL/ 1.
Matrices in the above model are:
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where J, = Q. J, / l"_” has significance of time constant
and:
— C.(A)A-C,(A)
r=rA)=———=" ©)

C,(A)

is a parameter introduced in [6], which has the value of
(-1) for A,,; this parameter presents large variations
with the wind speed. Relation (8) shows that all the
liniarized system’s parameters depend on the operating
point or, equivalently, on the seasonal wind speed, v. It
can be shown that J, and T, are inversely proportional

with v. As for ¥, it is practically impossible to

compute its value, if the information about C,(A) is poor
or difficult to obtain (see (9)). Therefore, the system is
variant in relation to the seasonal wind speed, which is
an inconvenient for the control design.

III. THE CONTROL STRUCTURE

The control structure results from considering that the
two components of the wind speed (6) drive two kinds
of the system’s dynamics: the low frequency dynamics
are excited by the seasonal component, v, which
determines the average position of the operation point
on the wind turbine characteristic, whereas Av(f)
generates the high frequency variations around this
point [13].

This approach, called the frequency separation

principle, supposes the separate compensation of the
two dynamics [8].
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Fig. 5. Frequency separation principle

A nonlinear controller, using the seasonal component,
is designed to drive and maintain the system atz an
operating point on the optimal regimes characteristic,
whereas a LQ controller, using the turbulence
component, is computed to optimize the linearized
system’s behavior around this point.

Fig. 5 presents the two loops of the proposed control
structure, separately driven by the two components of
the wind speed: the low frequency loop (LFL) and the
high frequency loop (HFL).

A.LFL: The control problem

The control problem associated with the LFL
concerns the stationary optimization, which means to
operate a wind turbine at variable speed such that its
operating point stay on the ORC. This is equivalent to
maintaining the power coefficient, C,, which depends
on the tip speed ratio, A, at its maximal value, C,(4,,,)
(see fig. 1). This is realized by tracking the wind torque
corresponding to A, as to (2):

T, (4,)=057p-R-Cr(2,) v (10)

In the above relation it is the seasonal component of

the wind speed, ;, that occurs, as this one determines
the (slowly) variation of the operating point.

B.LFL: The proposed structure

The LFL achieves the stationary optimization, that is,
the maximal power tracking, using the seasonal
component, which establishes the operating point. Fig. 6
presents the detailed scheme of this loop, which is
commented below.

The seasonal component, ;(t) , is extracted from the

wind speed, v(¢), by a low-pass filter of fourth order,
whose cutoff frequency must be at most the drive train’s
bandwidth. The output of the filter is used by a
nonlinear controller to zeroing the difference A-A,,.
That implies that the mostly variable parameter of the
system, y, is constant and the linearized system (7) is
invariant in relation to this parameter.
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Fig. 7 details the nonlinear controller structure. The
controller output has two terms:

Uy, =U, TUy,

where u, is the quasi-continuous component (slowly
variable, as it depends proportionally with the square of
the seasonal wind speed, v(f)’) and wu, is an
alternative component, resulted from switching between
two values, +f and —/, adjustable in the range of

maintaining the system’s stability. Therefore, the global
nonlinear control input is, in fact, the superposition of
an “equivalent” control and of an on-off control having
good properties of robustness:

(11

u, =C-v +f-sign| o(t) |,

A=

opt

where C=0.5-7-p-R-C, (/1 ) . u,, represents the

static component of the electromagnetic torque, i R
ensuring to reach the “static” optimal operating point on
the C,(A4) characteristic.

Because the electromagnetic subsystem behaves as a
first order filter, as shown in (4), it is necessary to
introduce a sample-and-hold element (S&H) to control
the commutation frequency of u, . As a consequence,

the amplitude of I is smaller than £ .
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Fig. 7. The nonlinear controller

C.HFL: The control problem

As the turbine is highly inertial versus the wind speed
variation, a control exclusively based on the stationary
optimization could be harmful to the mechanical
subsystems (to the gear-box for example), because of
the large torque variations involved.
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Fig. 8. The optimal high frequency loop
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Therefore, an optimization criterion of form (1),
whose second term expresses the minimization of the
torque control variations, is suitable to meet the
reliability requirements. This is called dynamic
optimization and may be formulated as a LOG
optimization problem, as shown in [13].

Taking into account the above definition of the state
model, the performance index (1) reflects a trade-off
between the output variable variations’ minimization
and the control input variations’ minimization and can
be put into the form:

I:E{f(t)-(cj -Ca)g(t)+ur(t)-R-u(t)} — min ,(12)
where R=1and C, =Ja-C.

D.HFL: The proposed structure

In fig. 8 is presented the optimal control loop, having
as performance criterion the one given in (12). This loop
is driven by the high frequency, turbulence component
and generates the dynamic electromagnetic torque,
AT ().

The unique optimal control input minimizing the
index expressed in (12) for the dynamic system given
by (7) is the full-state feedback law,

u(r)=-K-x(1), (13)
with the feedback matrix, K, as follows:
K=R"-B".S,

where S is the unique, symmetric and positive semi-
defined matrix satisfying the Riccati algebraic matrix
equation [7]:

S-A+A"-S+CT-C,~S-B-R"-B"-5=0
The described by
x(1)=(A—B-K)-x(t), is asymptotically stable (details

of the design procedure can be found in [13]).

closed loop  system,

IV. EXPERIMENTAL RIG
A small scale real time electromechanical simulator
of a WECS (fig. 9) has been used to validate the
proposed control strategy. The simulator consists in two
identical rigidly coupled cage induction machines, one



wind speed synthesis
wind turbine model

= |]I:I 1
::;t:?riliaiwnterface Computer /1 ISA > ESPACEI 103
\l = BOARD
ControlDesk panel
DATA ACQUISITION INTERFACE
Rotor & drive Electrical o
=l=lo train generator
Do L | (IMY-NT}( IG \..... L
3~ coder Ryake
UV IRV (N VLT
UB Up
&5 " 5005 Flux O 5005 Flux
&—“— Converter > & Converter =
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of which (IM) emulates the aerodynamic subsystem and
the drive train of the wind turbine, and the second one
(IG) is torque controlled as a generator.

The two induction machines are controlled via power
electronics converters, namely VLT 5005 Flux. The
computer implements:

- the synthesis of the wind speed, v(¢);

- the wind turbine model, utilized to provide the
wind torque reference, I',, (referred to the high-speed

shaft), using the computed wind speed and the real
rotational speed, Q;

- the control law, which provides the generator
torque reference, I'c.

The simulation schemes have been done under
Matlab/Simulink, using Real-Time Interface, and run on
the DS1103 PPC controlled board (dASPACE), which is
equipped with a Power PC processor for fast floating-
point calculation at 400 MHz.
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The bidirectional information flux between the
physical part and the computer is supported by a data
acquisition interface. A ControlDesk panel (fig. 10) is
used to visualize the functional parameters of the
simulated WECS and for getting user-supplied data in
real time.

This information concerns mostly control related
variables rather than energetic or electromagnetic ones.

V. EXPERIMENTAL RESULTS

A. Results concerning the low frequency loop

The bandwidth of the seasonal wind speed which
drives the low frequency loop has been limited to
0.1Hz; this speed takes values in the usual range, from 4
to 10 m/s (fig. 11 left). This loop maintains the
operating point on the ORC, corresponding to the tip
speed of A,, (7 in our case), as shown in fig. 12 (left
side).

Equivalently, the y parameter is maintained closely
around y(4,,)=-1 (fig. 11 right), which means that

the linearized system (7) is desensitized in relation to
this parameter. As the other two parameters, J, and T, ,

present sufficiently weak variations with v, the system
may be considered as invariant.

The tip speed presents sufficiently small oscillations
(about 2.5%), whose amplitude depends on the
operating point (fig. 12 left).

The electromagnetic torque (right side of fig. 12) is
also oscillating, having reasonably small variations
around its mean value (about 10%). Practically, these
variations are not important to the mechanical stress.

B.Results concerning the high frequency loop

The variables of interest of this loop are normalized
variations around a “static operating point”, i.e. that of

the speed ratio, z(¢) = E(t) , and that of the generator
torque, which is the control input of the liniarized wind

power system, u(t)=AIl; . In our case, the operating
point is maintained on the ORC by the LFL.

Simulations have been performed on the above
described test rig for several values of the weighting
coefficient, ¢, and have shown that the performance
index values are sensitive to « values in a wide range,
approximately between 0.1 and 10. For each value of «,
the state feedback, K, is unique and has been computed
based upon the model’s parameters J, and T,

obtained for v in the middle of its variation range.

Fig. 13 suggests a qualitative interpretation of the
simulation results and shows how the normalized
variations of the tip speed ratio and of the
electromagnetic torque depend on a. As it was
expected, the amplitude of the tip speed ratio

normalized variation, AA, decreases with the value of

a, while that of the electromagnetic torque, Al ,
increases.

Fig. 14 shows the combined functioning of the two
loops, namely the variations of the operating point
around the ORC for two values of . One can note that,
for small « (left side), these variations are significantly
larger than those for large « (right side). Also, it can be
noted that these variations increase as the wind speed
increases.
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Fig. 12 The evolution of the tip speed ratio (left) and generator torque (right) at different scales
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VI. CONCLUSION

This paper proposes a controller for variable speed
fixed pitch wind turbines, whose main goal is to achieve
the energetic efficiency improvement. The reliability
aspects have also been considered. As a consequence,
the controller structure consists in two different loops:
the maximum energetic efficiency loop, driven by the
low frequency wind speed component, and an energy-
reliability trade-off control loop, governed by the
turbulence component.

The electric generator is torque controlled, the control
input having two components. Its static component is
provided by a nonlinear controller, which governs the
low frequency loop, whereas the dynamic component
results from solving a LQG problem.

The proposed structure offers the possibility of
combining the robustness of the nonlinear control with
the flexibility of the dynamic optimization law. Indeed,
the possibility of varying the weighting coefficient «
confers flexibility to the controlled system, so that the
wind harvested energy to be significantly increased
when the particular conditions of the site allow it, i.e.
the mechanical stress induced by the turbulences is not
important. On the contrary, if the turbulence is
significant, the protection of the drive train can be
improved, but this happens in spite of the captured
power.

The effectiveness of the presented controller was

proved by experimental testing on a small scale real
time electromechanical simulator.

Future work will be directed to improving the
nonlinear control of the low frequency loop and to
generalize the obtained results to other types of WECS.
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