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8 Chapter 1. Introduction

Perturbation methods

The basic idea of perturbation methods is to add a periodic test signal to
the control signal, and observe its effect at the output. The task of an
extremum controller in the perturbation methods is to keep the gradient of

the nonlinearity at zero.

Output

LT N %

Input

Figure 1.1. Effect of input test signal at the output for a static nonlinearity.

The effect of an input test signal at output of a static nonlinearity is illus-

trated in Figure 1.1. The most commonly used test signal form is sinusoid.

However, if the system contains dynamics, the dynamics will then introduce
a phase lag # in the test signal component of the output. The result of
correlation will be multiplied by a factor cosf. This gives a sign error
in the correlation signal if # > 90°. This situation can be avoided if a
corresponding phase lag is introduced to the test signal before correlation.
Another way is to use a perturbation signal of sufficiently low frequency.
The phase lag will then be small, so that the dynamics can be neglected.

But this give a long response time for the overall system.

With the perturbation signal technique, the correlating device must be given

a certain amount of time to produce an accurate slope signal. During this

time the control signal should be kept constant, so that the total input

varies with test signal only.

The perturbation methods may be the oldest extremum control method.
But 1t is also well suited to multi-input systems. In order to apply a gradient
method in search for an extremum, the partial derivatives of the static
response curve with respect to the different inputs are needed. This can
be realized by using perturbation signals with different frequencies for each

input.

Switching methods

Another basic idea for extremum control is the switching methods. The
input is driven at constant speed in the same direction until no further
improvement is registered. The drift direction is then reversed. Different
algorithms of this type can be described in terms of their specific conditions
for altering the direction of input changes. The control law is thus a set of
switching conditions. The input may be changed continuously or in discrete

steps. The second one 1s called stepping method.

In a continuous sweep method, the sweep direction is reversed when the
output has decreased from its maximum value by a fixed amount A. The
design parameters are then the sweep rate and the value of A. If the output
is disturbed by noise, the method may give excessive switching unless the
value of A is sufficiently increased. But it will on the other hand increase the
hunting loss by increasing A. It is then necessary to compromise in choosing
A. Filtering is another possibility for reducing the noise sensitivity. The
problem is then that more dynamics are introduced into the system, and
the hunting loss will again be increased. Unnecessary switching may also

be caused by input dynamics. The switching conditions may be chosen
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in many ways. Since the derivative of the output should be zero at an
extremum point, it can be used to determine when to reverse the sweeping
direction. If a threshold is introduced, The switching did not occur until

the derivative was less than —A after passage of the maximum.

The stepping method gives the input signal

Au(t+ 1) = Au(?) sign(Ay(t)) (1.1)

where u(t) and y(t) are input and output signal for a static system. With
this control law, the closed-loop system will then end up with input oscil-
lating a few steps around the extremum point. The method is also called
hill-climbing method which is given in Appendix A. There are two design
parameters to choose in such a system: the stepping period and step length.
The method converges quickly by a large step size, but on the other hand it
will cause a large deviation from the optimum. A variable step size might
then be useful, but it will increase the complexity of the algorithm. The
stepping period should be kept as small as possible in order to speed up the
system. But when dynamics are included in the model, the easiest way to
handle the system is to wait for the steady state between each input change.
Measurement noise will introduce a risk of stepping in the wrong direction.

The steady state deviations from the optimum will then be increased.

Self-driving method
In a self-driving system the available information at every instant is used to

produce a control signal that will drive the system towards an optimum.

For a static system

11

y
—= m —== | dy/dt
u

Integrator | =———

Figure 1.2. Self driving system

The first order derivative of the output is then used to drive the input via

an integrator

u(t) = /y(t)dt (1.2)

The system has to be started manually, since y = w = 0 1s always a station-
ary point. If the process is started in the correct direction with @ # 0, it
will continue in the same direction until § = 0 and then stop. If the pro-
cess is started in the wrong direction, it can be detected by observing the

negative value of dy/dt. the problem can be handled by measuring du/dt,

then f/'(u) = gz;gi can be used in the control law instead of y. Dynamics
will introduce the further problem to the system. One way to compensate
for the dynamics is to filter the input signal. This filter should be a good
guess of the system dynamics, and a possible control law is
(1t
u(t) = /k,y(—)dt (1.3)

i (1)

where u™ is filtered input signal.

Adaptive extremum control methods
Until now only little information, such as the output or the slope of the

nonlinearity, is collected about the system. For the methods developed
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later on, the control action is calculated from a model obtained by some
kind of identification. The input may be chosen as the estimated extremum
position. For this type of methods, each control action is preceded by an
identification phase. Based on the estimates a control step is then taken,
and cycle 1s repeated. This is so-called adaptive extremum control method.

The idea is illustrated in Figure 1.3.

Disturbances

{

Inputs Outputs
System

Parameter
estimator ﬁ

@ Parameters

Extremum
< — |

controller

!

Figure 1.3. Block diagram of an adaptive extremum controller

The extremum control problem treated here will be assumed to have un-
known nonlinearities or at least partly unknown nonlinearities. Any a priori
knowledge about the system will be used in setting a model. This is espe-
cially true for nonlinear systems. It may provide possibilities for choosing
a model structure that allows a good description of the nonlinear phenom-
ena. To be able to use system identification it is of course desirable to have

a model which is linear in its unknown parameters. With no such a priori

13

knowledge available, more general nonlinear models have to be used. In this
way 1t may be possible to handle quite complicated, but partially known

nonlinear systems.

One way to simplify the problem is to assume that the process can be
separated into the linear part and the nonlinear part in series. Models
with different properties can be obtained if the nonlinear part i1s placed
before or after the linear part, or between two linear parts. Different model
structures have been illustrated in Figure 1.4 - 1.6. If the nonlinear part is
placed before the linear part, it is called input nonlinearity. On the contrary,
it is output nonlinearity if the linear part is followed by nonlinearity. The
process with input nonlinearity behaves differently from the process with
output nonlinearity. An output nonlinearity is much more difficult to handle
than input nonlinearity. The complexity of the problem will also depends
on which of the variables in the process can be measured. The process with

the nonlinear part between two linear parts is not considered in the report.

Input Output

—— >Nonlinear —— > Linear

Figure 1.4. Process with input nonlinearity

Input Intermediate Output
—— > Linew ————— >Nonlinear— >
signal

Figure 1.5. Process with output nonlinearity
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Intermediate Intermediate
Input signal signal Output

Linear ———— >{Nonliner————> Linear — >

Figure 1.6. Process with nonlinear part between linear parts.

Only very few people have discussed what happened when there was an
output nonlinearity. Most of them assumed that the intermediate signal was
measurable. The problem will thus be simplified. However, more research
is needed to find out how to handle the system in which the intermediate

signal is not available, which is also an emphasis of this project.

With an input nonlinearity a so called Hammerstein model is usually ob-
tained, which is a special case of the Uryson series. An output nonlinearity
can, however, be viewed as a special case of the Volterra series. This choice

of model structures will have a large influence on the behaviour of the model.

In case the model of the process dynamic is unknown, if the assumed struc-
ture is correct, an on-line parameter estimation method should be combined
with the on-line extremum control method. This leads to the model-based
adaptive extremum control method which generates the control action by
making use of a model obtained by some kinds of recursive identification
methods. The recursive extended least squares method (RELS) and re-
cursive maximum likelihood method (RML) are normally good choices for
estimation problems. The current best estimates are used to determine the
new input value. By using a model and system identification, 1t is also
possible to follow time variations in the process. For the control scheme in
Figure (1.3), it may be necessary to superimpose a perturbation signal on

the control signal to ensure identify ability of the parameters.

15

The adaptive control on the basis of the certainty equivalence principle
was developed by [Keviczky and Haber 74] first. In the paper a gener-
alized Hammerstein model was applied to derive the adaptive extremum
control law, and they suggested that a possible way to avoid identification
problem was to add an extra disturbance signal to the input. Another pos-
sibility to separate the extremum control into identification, optimization
and feed forward phases was applied by [Bamberger and Isermann 78]. An
analysis based on the differential equation approach of Ljung was made
by [Sternby 78]. In this paper a self-tuning regulator was extended for ex-
tremum control of generalized Hammerstein model. It was shown by Sternby

that the parameter estimates might well converge to some wrong values.
The rest of this part of thesis will be organized as follows.

Chapter two gives the model descriptions for nonlinear processes. It is as-
sumed that the nonlinear system can be separated into linear dynamics and
nonlinear dynamics. For a process with nonlinearity at input, a Hammer-
stein type model is obtained. While a Wiener type model is derived for a
process with nonlinearity at output. Both input-output formulae and state-
space models are given in the chapter. Some general nonlinear models are

represented later on.

In chapter three an adaptive extremum control algorithm is derived for the
discrete-time system with input nonlinearity and (partly) unknown dynam-
ics. A Hammerstein type model can be used to describe the process with
nonlinearity at input. Since the model is linear in parameters, the RELS
or RML method can directly be used to estimate the parameters. The ex-

tremum control law based on the estimated model will then be derived. The
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18 Chapter 2. Models of Nonlinear Dynamic Processes

[Haber and Keviczky 76] and [Vadstrup 85]. However, only discrete-time

systems are considered in this thesis.

The static response curve relating input to output in extremum control sys-
tems is inherently nonlinear. A general description of a nonlinear discrete-

time model is
y(t) = f(y(t - 1),y(t - 2)’ e ~,u(t - d)’u(t —d- 1)’ e "g’t) —I—(.d(t) (2'1)

where f is a nonlinear function and assumed that an extremum value exists.
y(t), u(t) and w(t) denote the output, input and random disturbance signals
respectively. d is time delay, 6 1s a vector of unknown parameters that may
change with time. The sequence {y(t)} might be some measurements of the

system output or a performance function.

Nonlinear systems have many different types. For special classes of non-
linear systems where the linear dynamics and nonlinear dynamics can be
separated, the methods worked out for the identification of linear discrete-
time systems can be extended to the nonlinear systems. If we assume that
the nonlinear part can be placed before or after the linear part, or between
two linear parts, the block schemes for these three most well-known forms
have been shown in chapter 1, the models with different properties can be
obtained. If the nonlinear part is placed before the linear part, it is input
nonlinearity. Otherwise it is output nonlinearity if the nonlinearity 1s at

output.

The remainder of this chapter i1s organized as follows. Section 2.1 presents
the nonlinear dynamic models in simple input-output relationships. Sec-
tion 2.2 contains the state-space descriptions of nonlinear dynamic systems.
Both process with input nonlinearity and process with output nonlinearity

are represented. Particular interest in this chapter i1s given to the models

2.1 Models in input-output formulae 19

being linear in parameters, since identification methods can easily be im-
plemented to estimate model parameters. A summary is given in section

2.3.

2.1 Models in input-output formulae

2.1.1 Nonlinearity at input

A block scheme of a process with input nonlinearity in input-output formu-
lae is illustrated in Figure 2.1, where the process is divided into a nonlinear
static part and a linear dynamic part in series. u(t) and y(¢) are the input
and output signals, z(t) is an intermediate signal between the linear part

and nonlinear part.

(o 2 Y0
—>| g5+ guu(t + g0y [—" %ﬁ)) —

nonlinear linear

Figure 2.1. Process with input nonlinearity

The nonlinear block can be represented by a second order polynomial for the
sake of simplicity, since a quadratic assumption is acceptable for extremum

controllers operating close to the optimum point.

2(t) = go + gru(t) + gou’(t) (2.2)
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The linear block can be obtained by describing it as a linear difference
equation
Alg™Ny(t) = ¢~ "Bla™)=(1) (2.3)
where d is time delay, and
Alg™) =1+ aig™ + -+ ap, g7
Blg7') =bo+big7 + -+ bn,g™

are the polynomials in backward shift operator ¢~*.

Combining two models gives the representation for the whole process

Al y(t) = ¢ Blg™")go + gru(t) + gau®(1)]

) (2.5)
= goB+g1B(¢ " )u(t —d) + g2 B(q~")u*(t — d)

where B = B(1). This is a simple Hammerstein model that can be extended

to a generalized Hammerstein model
A(g™Hy(t) = boo + Bi(¢~Hu(t — d) + Ba(¢~H)u?(t — d) (2.6)
where

A(q_l) =1l4ag + - Fa,,q¢ "
Bi(¢7") = bio+b11g7 " + oA by, g™ (2.7)
Bz(q_l) = bog + 521(]_1 4+ .4 banQ(]_an

Thus we get a system equation which is linear in parameters and can directly

be written in regressive form

y(t) = " (1)0 (2.8)

where 0 is the parameter vector, ¢(t) is a vector which includes previous

input and output signals.

2.1 Models in input-output formulae 21

The models of Hammerstein type have been used quite often in extremum
control systems. The Hammerstein representation is very popular since it 1s
a good picture of the reality, and linear in terms of the unknown parameters
of the system. Most identification methods are based on the assumption

that the model is linear in parameters.

2.1.2 Nonlinearity at output

For the general description of the nonlinear model in input-output formula
(2.1), if the process has the nonlinearity at output, the model can then be
illustrated by Figure 2.2.

u(t) T5T) z(t) y(®)
>y | 9 90 %2 | >
linear nonlinear

Figure 2.2. Process with output nonlinearity

For an output nonlinearity, the model of linear block can be written as

Alg™)z(t) = ¢ Blq~ Mu(t) (2.9)

where
Al =14+ a7t + - +an,qg "

(2.10)
Bl =bo+big7t + - +bp,q7"

The model of the nonlinear block is given by

y(t) = go + 912(t) + 9227 (¢) (2.11)
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24 Chapter 2. Models of Nonlinear Dynamic Processes

2.2 Models in state-space formulae 25

In Uryson model (2.20), function f and g; depend only on u(t — d) and
y(t). If we wish to generalize it, another type of model, the Volterra model,
can also be used to model the process with output nonlinearity. For the

sake of simplicity, only model of second degree are presented

Ax (g ")y(t) = go+ Ba(g™)u(t) + > Bar(g™Yu(tyu(t — k)

J
+> Awlg y()y(t — k) (2.23)
k=0
where
A1(q—1) = 1+C‘11q_1+"'+a1na1q‘”a
B -1 = b b -1 st by, —nNp1
1(9_1) 10 +_11q +--+h “?('_k) (2.24)
AZk(q ) = a2k19 + "'+aak(j_k)q J
Bok(q™Y) = bogo +bakrq™ A+ - 4 bagpygF)

This 1s called the second order feedback Volterra model.

2.2 Models in state-space formulae

2.2.1 Nonlinearity at input

A simple Hammerstein model can also be represented in state-space form.

The description is illustrated in Figure 2.3.

The nonlinear block of the process can be represented by equation (2.2),
and the linear block is
z(t+1) = Az(t)+ Bz(t)

(2.25)
y(t) = Cz(t)+ Dz(t)

—

u(t)
=1 9ot 9,2(t) + 9, Z%(t)

nonlinear

Figure 2.3. Process with input nonlinearity in state-space form

where z(t) is a state vector. Matrices A, B, C' and D are assumed to be time
invariant. These two models would give a state-space form of the simple

Hammerstein model

e(t+1) = Az(t)+ Blgo + gru(t) + gou?(t)]

(2.26)
y(t) = Cx(t)+ Dlgo +g1u(t) + g2u’(t)]
which can be generalized to
z(t+1) = Az(t) + by + Bru(t) + Bou?(t) (2.27)
y(t) = Caz(t)+do+ Diu(t) + Dau’(t) '

2.2.2 Nonlinearity at output

The process with output nonlinearity represented by a state-space model 1s

illustrated in figure 2.4.

The model of the linear block is given by

z(t+1) = Ax(t)+ Bu(t)

(2.28)
z(t) = Cz(t) + Du(t)

—
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y(@®

9ot 9,2(0) + 9,220 ||—>

nonlinear

linear

Figure 2.4. Process with output nonlinearity in state-space form

The model of nonlinear block has been given by equation (2.11), therefore

we can attain the total model of nonlinear process by

z(t+1) = Axz(t) + Bu(?) (2.29)
y(t) = go+0i[Cx(t)+ Du(t)] + g2[Cx(t) + Du(t)]? '
If 1t 1s assumed that matrix D = 0, the model can be written as
t+1) = Azt Bu(t
A = A0 B 50,
y(t) = go+ Craz(t) + Cax?(2)

2.2.3 A general nonlinear state-space model

The state-space form for both process with input nonlinearity and process
with output nonlinearity can be represented by a general nonlinear state-
space model in equation (2.31) and (2.32), where ¢ is parameter vector. It
is assumed that the noise sequences {wq(t)} and {eg(¢)} are uncorrelated,

i.e., the matrix @Q¥¢ = 0. Matrices Q¥ (0) and Q°(#) depend on @ in an

2.3 Summary 27

arbitrary way. It is also assumed that the matrix elements are differentiable

with respect to 6.

w(t+1) = fx(t), ut),0(t)) + ws (1)
y(t) = h(z(t),0(1)) + e (t) (2.31)
with
E{wg(t)wg (s)} = Q" (0)dss
E{eq(t)eg ()} = Q°(0)dss
E{wy(t)eg (s)} = Q (0)drs
E{x(0)2"(0)} = 11(6) (2.32)

2.3 Summary

To perform adaptive extremum control of nonlinear system, it is necessary
to make assumptions about the structure of the process to be controlled.
When the systems are unknown, they have to be identified. Most identifi-
cation methods are based on the assumption that the model is linear in the
parameters. One class of systems is obtained by dividing the process into a
nonlinear static part and a linear dynamic part. Approximation theory can
be used to derive different types of series expansion representations of non-
linear systems. The representations include Volterra, Wiener and Uryson

series. These three expansions have one thing in common: they can be used
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36 Chapter 3. Input Nonlinearity

Step 1: Apply input u(t) to the nonlinear system and measure the
output y(t).

Step 2: Use RELS or RML algorithm to estimate parameters for the
model (3.2).

Step 3: The extremum control law is

u(t—I—l):—

Step 4: Increment the time ¢ = ¢ 4+ 1 and return to Step 1.

Such a scheme has to be used with great care, since the control input de-
pends only on the estimated values. When () is actively varying by large
amounts, i.e., when the self-tuning is in progress, the identifiability prob-
lems do not arise. When the system is nominally tuned, the u(t) converges
to a constant value. This will reduce the excitation of the process and iden-
tifiability may be lost, and the parameter estimates may converge to some
wrong values. The problem has been discussed by [Sternby 78]. The re-
port shows that direct application of the certainty equivalence principle to
adaptive extremum control of a Hammerstein type model may cause iden-
tification problems. The estimates will converge to a certain hyper-surface
in the parameter space, but in most cases to other than the true parameter

values.

In practice the adaptive extremum control algorithm will need some mod-

ifications. One way to avoid the identification problem is to add an extra

3.1 Adaptive extremum control for Hammerstein model 37

perturbation signal to the input. The test perturbation signal can be a zero

mean random variable with small variance.

The extremum control law will thus be modified by

B1 (1)
25,(t)

u(t) = — + up (1) (3.14)

where up(t) is a test perturbation signal.

A block scheme of an adaptive extremum controller incorporated with a test

perturbation signal is illustrated in Figure 3.1.

Disturbances
Perturbation Inputs Outputs
) > System

Parameter
> ectimator <

@ Parameters

Extremum
< —— |

controller

Figure 3.1. Block diagram of an adaptive extremum controller incorporating
a test perturbation

Another problem encountered in the algorithm is that the controller is very

sensitive to the éz(t). If it 1s close to zero, the controller will not work
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78 Chapter 4. Output Nonlinearity

ayg 1s optimal stepsize, which results in the smallest criterion for a given
search direction. Different stepsize will result in different parameters and

different prediction error.

In general, minimum point of the cost function (4.54) can not be solved by
analytically, therefore a numerical method for estimating a value g must be
used. A quadratic interpolation method is chosen to estimate the optimal
step size ag, which has been given in Appendix A.6. The «g is obtained
by minimizing an approximating polynomial of V(«,?) in « of degree two.
Since an one sample criterion is used, the criterion can easily be computed

for each stepsize.

The principle of the approach is illustrated in Figure 4.10.

V(a)

V3
V1

V2
VO

Figure 4.10. Optimal stepsize

Let aq, ag and ag be given distinct values of o, the V(a), V(a2) and V(ag)
can be calculated according to criterion (4.54), and the optimal ag can be

obtained by

1 (a3 —a3)Vi + (a3 — af)Va + (af — a3)V3
2 (a2 — ag)V1 + (Ozg — O[l)vz + (Oél — OZQ)V3

Qg =

(4.58)

4.3 The intermediate signal is not measurable 79

where Vj=V(a;)(j =1,2,3).

A line search strategy which ensures that new parameter vector é(t) does
not result in a large criterion than the value obtained from previous vector

V(o = 0) can handle the nonlinear estimation problem.

The modified RPEM

A recursive line search prediction error method is given as follows.

Loa(tlt—1) = flet—1t —1),u(t —1),6(t — 1))
W(tt—1) = AW(t -1t — 1) + M,

2. y(t) = h(2(t|t — 1), u(t),6(t - 1))
e(t) =y(t) —y(1)
v(t) = CW(tlt — 1) + D

3. A() = At — 1) +y(1)[e(t)e (1)
Sty =yTt)Pt—1

Ke(t) = P(t — 1)u(t

4. line search algorithm to find optimal stepsize «y.
Choose a1 =0, ag = 0.4 and a3 = 0.7,
Forj=1:3
0;(t) = 9( 1) + i (t) Ko (t)e(t)

Ab;(t) = 6;(t) —6(t — 1)
gt = 1)t = 1) = &(t = 1t = 2) + ko (0;(1))e(t = 1)
gy(tlt = 1) = f(@;(t = 1t = 1), u(t = 1), 6;(2))
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104 Chapter 6. Introduction

shut down [Leithead et al., 1991]. A typical power curve is shown in Figure
6.2.
Power |

Rated
power

Cut-in Rated Cut-out  Wind speed [m/s]

Figure 6.2. Typical power curve

The control design objectives are summarized as follows

e maximization of energy capture in partial load.
e limiting and smoothing of electrical power in full load.
e minimization of the turbine transient loads and thereby maximization

of the turbine life in both partial and full load.

The control strategies are divided into below rated operation (partial load)
and above rated operation (full load). The measurement of the wind speed
can be used to determine whether the wind turbine is operating above or

below the rated wind speed.

The turbine can be operated in one of two modes, fixed speed and variable
speed. In fixed speed mode, the turbine is directly connected to the public
grid and the rotor is constrained to nearly constant speed, see Figure 6.3.
In variable speed mode, the generator is connected to the grid via a power
conversion unit which might be a rectifier-inverter system and rotor speed

is allowed to vary, see Figure 6.4.

6.2 The turbine control problem 105

Rotor
wind Generator Grid
Power
speed - ‘
o [P
Power
demand
Pitch| | Pitch |
angle Actuator demand Controller

Figure 6.3. A constant speed wind turbine

Rotor
WL%% Generator Power Grid
P ; / \ Power
— @ %\ae 1 © electronics 0
Rotor | Generator | o
sp 777777777 > Power
Bitch. R demand
o .
angleL Actuator, Sletr%gn d Controller,

Figure 6.4. A variable speed wind turbine

There are two fundamental ways of controlling the operation of a wind

turbine, either actively or passively.

Passive pitch control relies on the inherent mechanical properties of the
turbine blades causing stalling at rated wind speed. The majority of wind
turbines in Denmark are stall controlled. A stall controlled turbine is de-
signed with a fixed pitch blade angle. Near rated wind speed the rotor
blades are designed to stall to smooth power through their insensitivity

to fluctuations in wind speed, but the wind turbine structures experience
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120 Chapter 7. Simulation Model of the Wind Turbine

7.3 Aerodynamics

A wind turbine is a device for converting kinetic energy from the wind to
electrical energy. The rotor blades of the turbine sweep through a complex
three dimensional wind field which varies both in time and over the rotor

disc.

blade
wind hub nacelle
—_—
tower

Figure 7.6. Side view and front view of rotor

Figure 7.6 is the side view and front view of rotor disc. The wind turbine

is operated facing against the wind by active yawing system.

All wind turbines, whatever their design, extract the pressure energy in the
following way. The turbine first causes the approaching wind to slow down
gradually, which results in a rise in the static pressure. Across the turbine
swept surface there 1s a drop in static pressure, such that, the air is below the
atmospheric pressure level. As the air proceeds downstream, the pressure
climbs back to the atmospheric value, causing a further slowing down of
the wind. Thus, between the far upstream and far wake conditions, there

is no change in static pressure, but a reduction in ordered kinetic energy

7.3 Aerodynamics 121

[Freris, 1990]. The principle of energy extraction process is illustrated in

Figure 7.7.

Streamtube
—

¢ S
@ rotating direction

Figure 7.8. Aerodynamic forces at a rotor blade section

How much the extracted energy is converted into usable energy depends
upon the particular turbine design. The change of the pressure induced an
aerodynamic force which is usually separated into a lift /7 and a drag Fp
component. The components F;, and Fp are in turn transformed into a pair
of axial and tangential forces F7 and F5. Only the tangential component Fs

produces the driving torque around the rotor shaft. The axial force Fj has
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124 Chapter 7. Simulation Model of the Wind Turbine

7.3.2 3p effect

As well as the disc averaged torque T,,, the rotor experiences various low
speed torque harmonic associated with the rotational frequency (nP) of the
blades. For a three bladed wind turbine, the most important disturbances
are 3P and 1P peaks with the 3P peak much more pronounced than the 1P
peak.

The spectral peaks are caused by the wind speed turbulence, the wind gra-
dient and shadow of the tower. The wind speed depends on the altitude
above ground, which causes the wind speed to be faster at top of the disc
swept by the rotor than at the lowest part. This is the gradient effect.
The tower shadow phenomenon is that when one of the blades sweeps in
front of the supporting tower, the torque induced on the blade will be re-
duced. [Leithead et al.; 1992] indicates that the 1P peak is predominantly

deterministic and 3P peak is predominantly stochastic.

The 1P peak modelled by a simple sinusoid with amplitude A is given by
[Wilkie et al., 1990]
Top = Asin(w,t) (7.18)

The 1P-effect is not included in the report.

A suitable model of the 3P peak is given by a lightly damped second order

function with white noise as input [Flensborg and Sgrensen, 1995]

T3P(5) _ k3PTw(3w7«)2
e(s) 2+ 2((3w)s + (Bwy)? (7.19)

The spectrum of the model has a peak at 3w,. The amplitude k3p and

damping ratio ¢ are determined empirically by comparing the model output

with the data sequences obtained from the existing WD34 wind turbine.
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The total rotor torque experienced by the rotor is then modified by

T, =Ty + Tsp (7.20)

7.83.3 Axial force

The force, induced by the wind on the rotor, causes the bending movement

of the tower in axial direction. The movement is depicted in Figure 7.11.

Vwind F
— —

ht

Wy

(1IN
~

Figure 7.11. The bending movement of the tower

wy 1n the figure is the angular velocity of the bending movement and £, is
the height of the tower. The driving force F}, assumed acting on the centre

of the rotor, is given by [Andersen et al., 1980]
1
Fy = §7rpR2v2(]t(/\,ﬁ) (7.21)

where v is the effective wind speed experienced by the rotor, which differs
from the wind in front of the rotor due to the tower motion. Therefore v

has to be modified by considering the contribution of the tower movement.

V= Vwind — Wil (7.22)
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The contribution of the tower movement is significant for high wind speeds.

ctg

Pitch angle [deg] ’ Tip speed ratio []

Figure 7.12. Cy surface for WD34 (Negative values are replaced by zeros)

The force coefficient Cy(A, 8) is a strongly non-linear function of the pitch
angle # and the tip speed ratio A. The C} surface for WD34 is plotted in

Figure 7.12, where negative values are replaced by zeros.

7.4 Structural dynamics

The axial force on the rotor causes the tower to bend. This may cause the
fatigue damage of turbines. The tower bending dynamics have an influence
on the stability of control loops and have thus to be taken into account
in the design of controller, i.e., the controller will be designed so as not to

excite the tower bending.
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The dynamic behaviour of the tower is modelled in a simple way. The one
degree of freedom modelled in the tower 1s an axial deflection of the nacelle.
The tower can be considered as a rigid body with a spring and a damper,

as illustrated in Figure 7.13

.
— | " O
b
N

Figure 7.13. Structural dynamics
The tower model is given by [Bongers et al., 1990]
mtlt + Dtl.t + k’tlt = Ft (723)

where [; 1s tower displacement. We also have the relation I, = 6:h; and

ét = wy. 6, is the angle of tower bending movement.

The structure dynamics can then be rewritten as
mthtét + Dthtét + kthtgt = Ft (724)

The resonance frequency of the tower motion is 6.9 rad/s for the WD34

wind turbine.

The list of symbol is given below
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List of Symbol

[y macelle displacement [m]

m;  mass of nacelle and rotor [kg]

k;  tower stiffness [kg/s?]

D; tower damping [kg/s]

F; axial force [N]

6;  angle of tower movement [deg]

w;  angular velocity of tower movement [rad/sec]
hy  height of tower [m]

7.5 Drive train

The drive train converts the input aerodynamic torque on the rotor into the
torque on the low-speed shaft which is scaled down through the gearbox and
then induce a torque on the high speed shaft. The drive train transmission

system has been illustrated in Figure 7.14.

J

o Mo

N | | 4

V : O :

o Nirm 3
 The 89 To
Cer
Low speed shaft  box + High speed shaft

Figure 7.14. Drive train dynamics

Jr 1n the figure represents the inertia of the rotor, low speed shaft and

gearbox. The inertia of high speed shaft and generator is represented by J,.
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The stiffness of blades, hub, main shaft and gearbox has been transformed

as a total stiffness on the low speed shaft K.

The transmission from rotor torque 7, to generator mechanical torque T}

is described by the following equations.

The dynamic equation for the rotor and low speed shaft is
Jrér == Tr - jjls (725)

and

Ty, = K, (0, — 0,,) (7.26)

The torque and shaft rotation are transmitted through the gearbox to induce
the torque of high speed shaft
1is
Ths = Ngear l (727)
Ngear
where 74cq, 15 the efficiency of the gearbox. The shaft angle or the generator
shaft angle will be

0y = ngearOis (7.28)

The dynamic equation for the high speed shaft is

Jgly =Ths — T, (7.29)

The model equations of drive train can be reformulated in terms of the

angular velocities

err == Tr - jjls (730)

. s
ngg = Ngear —— — Tg (731)

Ngear
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According to [Kostenko and Piotrovsky, 1969], an asynchronous machine
can act as a generator, a motor or an electrical brake. If the speed is
negative relative to the magnetic field, i.e., wy < 0 and S > 1, the machine
will use the power from field to stop the rotor and therefore acts as an
electrical brake. If the rotor speed is positive and less than the field speed,
ie, 0 <wy < ‘T‘:—Z and 0 < S < 1, the machine will act as a motor and try to
change the rotor speed to a constant value. If the rotor speed is higher than
the field speed, ie., wy > Z_f, and S < 0, the machine will be a generator

and produce power.

When the asynchronous machine operates as a generator, a mechanical
torque Ty is delivered to the generator shaft. Due to different losses only
part of this torque, the electromagnetic torque T¢,, is obtained and con-
verted into electric energy. The electromagnetic torque as a function of the
slip is given by

mU- 12%

Tem:w By \2 2
[+ )7 + X7

(7.35)

where Ry and R, are the resistances of the stator winding and rotor winding,
X is the total inductive reactance of the stator winding and rotor winding.
Suppose the stator of the induction machine is connected to a circuit with a
given voltage Uy, and the phase number of the stator is m;. The torque-slip

curve with Uy = const. is drawn in Figure 7.15.

When the machine is operating close to nominal values, the electromagnetic
torque can be modelled by a constant torque-speed curve slope, i.e., the

curve in Figure 7.15 can be approximated to the dashed line.

As a generator, the delivered mechanical power from high speed shaft to

the generator is Tyw,. Due to the different losses, only part of this power is
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Generator Motor Brake

Tem /

Figure 7.15. Torque-slip curve

transformed to electrical power. If the efficiency of the generator is 5, the

produced electrical power will be
P. = nTyw, (7.36)

If the losses in conversion of the electromagnetic power P, into electrical

power are neglected, the produced electrical power will be
Pe=Tnwy (7.37)

which means that T, = T.,, /7, and T can thus be modelled by

wo
Ty ~ Dylwy — —) (7.38)

np

with .
e,0
Dy = —Uwg,o(wg,o — z_g) (7.39)
where P, is rated value of produced electrical power and wg ¢ is nominal
generator speed. Using this model, the asynchronous generator acts like
a viscous damper. For an asynchronous generator, parameter D, is nor-
mally large, which means that the generator speed has a very stiff dynamic

connection to the synchronous speed.
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The value of D, gives a very stiff dynamics, it is vital to the dynamics of
the system. A compensation method given by [Schmidtbauer, 1994] is to
modify Dy with use of feedback. D, will be decreased to D, /(1 + K./n,),
if we use proportional feedback K. of the generator torque. The damping

of the system will be increased, if the feedback gain K. is increased.

However, if the generator is equipped with a power conversion equipment,
the feedback of the rotor velocity or position will be eliminated. This means
that the converter makes the generator torque independent of the system

dynamics since we get Dy = 0.

7.6.2 Variable speed power generator unit

By connecting a frequency converter between the generator and the grid,
the coupling between the rotational speed and frequency of the grid can
be eliminated, i.e., the generator speed will be independent of the grid fre-
quency. By control of the firing angle of the frequency converter it is possible
to control the electrical torque in the generator. The converter allows the
turbine to be run at variable speed and makes the torque control in the
generator possible and thereby a reduction of the stress on the drive train

and gearbox. Figure 7.16 shows the configuration of a frequency converter.

The frequency converter is used to transform the constant frequency and
constant voltage of the grid to variable frequency and voltage on the gen-
erator side. The main components are an AC/DC converter, a DC-link
and a DC/AC converter. When power is flowing from the generator, the
AC/DC converter acts like a rectifier, and the DC/AC converter acts like an

inverter. The DC-link can be used to attenuate voltage fluctuations. More

7.7 Pitch actuator 135
I | DC
T \
$UD c DCIAC]

fref Grid

Frequency Converter

Figure 7.16. The main components of the frequency converter

details of a frequency converter are given by [Blabjeg and Petersen, 1994]
and [Tsiolis, 1994].

The fundamental dynamics of the frequency converter are very complex
and nonlinear, but considerably faster than the fundamental drive train
dynamics and therefore can be neglected in the modelling. This means that

the generator torque will be equal to its reference value

Ty =Tyres (7.40)

7.7 Pitch actuator

The pitch actuator consists of a mechanical and hydraulic system which 1s
used to turn the blades of the wind turbine along their longitudinal axis.
By varying the pitch angle, the aerodynamic torque input to the rotor is

altered and hence the output power.

Because the inertia of the blades is large and the actuator should not
consume a great deal of power, the actuator has limited capabilities. Its dy-

namics are non-linear with saturation limits on both pitch angle and pitch
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rate. The actuator dynamics are depicted in Figure 7.17. When the pitch
angle and pitch rate are less than the saturation limits, the pitch dynamics

exhibits linear behaviour.

Bref

Bys / B

Uty

Figure 7.17. Pitch actuator

The actuator model describes the dynamic behaviour between the pitch
demand from the pitch controller to the actuation of this demand. The

actuator can be modelled as a first order system
B(S) Kp

G(S) = 505 = T35 (7.41)

where f3,.¢ is reference control input and § is actuator output (pitch angle).

The model can be rewritten as

B: __6 + T_ﬁref (742)
8

According to data from the WD34 wind turbine, the saturation level of the
pitch angle is —2° — 87% and the saturation level of pitch rate is £10°/s.
These limits should not be reached during the normal operation in order to
avoid not only the fatigue damage and wear of the pitch actuator, but also

the loss of performance.
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7.8 An entire model

The most significant dynamics of the wind turbine have been modelled
with emphasis on control design. All dynamic components of the model
are given in section 7.2 - 7.7. An entire nonlinear simulation model of the
wind turbine can then be derived by connecting the individual sub-models.
The interconnections between the different dynamic components have been

shown in Figure 7.1.

The simulation model is implemented in SIMULINK, which will then be

validated using measurements from the WD34 wind turbine in next section.

7.9 Validation of model

The validation will be mainly based on a comparison between output power
from simulation model and data obtained from an existing WD34 wind

turbine.

The data sequences from the WD34 wind turbine given by Risg National
Laboratory are collected in an open loop experiment, in which the reference
signal to the pitch system was altered continuously as a square signal, and
pitch angle, output electrical power and wind speed are measured. The
collected data are obtained in an experiment of 20 minutes with a sample
rate of 32 Hz. A part of data is plotted in Figure 7.18, where the pitch angle
is a square signal with a period of 40 seconds. The wind speed is measured

by an anemometer situated on the top of nacelle.
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Figure 7.18. Data obtained from the WD34 wind turbine

The operating point of the experiment is given by the average values of the

obtained measurements

Um = 13.38 m/s
By = 11° (7.43)
wro = 3.68 rad/s

where w, o is the nominal rotor speed of the turbine.

However, as already explained in section 7.3, the wind speed is slowed
down behind the rotor swept surface by the rotor. When the anemometer is
situated on the top of nacelle behind the rotor swept surface as it 1s in the
experiment, the wind speed at measurement point is lower than the wind

speed at a point in front of the rotor.

The block scheme of the validation of the turbine model is depicted in

Figure 7.19. The simulation model developed in the previous sections is

7.9 Validation of model 139

tested by using filtered wind measurements as disturbance input and pitch
angle measurements as control input. The output power from the simulation
model will be compared with power measurements from the existing WD34

wind turbine.

Wind speed Spatial
——— -

measurement | filter

Simulation OUtFL
Pitch angle model power

[—

Figure 7.19. Validation of the wind turbine model

The measurements of the wind speed are the point wind speed, which are
strongly influenced by the turbine. To correct for wind speed discrep-
ancy and blade shadow, the wind speed experienced by the rotor will be
constructed by filtering the point wind speed, which will be used as a dis-
turbance input to the turbine model. The power spectrum of the spatial
filter is given by ( 7.10), which can be approximated by a first order low

pass filter )

T 1+ 147155
The filter transfer function is derived at the operating point (7.43).

H(s) (7.44)

7.9.1 Validation of 75 model

First of all, the parameters of the T5p model have to be determined by the
data sequences. The 3P-effect depends significantly on the specific wind
turbine and site. This makes it necessary to determine the parameters of

the model based on validation of the 3P-effect on the power measurements
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164 Chapter 9. Estimation of The Wind Speed

a direct measurement of effective wind speed impossible. However, it is
also impossible to predict the true wind speed passing through the rotor
disc by measuring it by an anemometer, because the discrepancy between
the measured wind speed and true speed on the rotor is considerably large.
Even if 1t were possible, the presence of the turbine disturbs the wind speed
and the measurement would need to be made at separate site where the
wind speed correlated almost exactly with the wind speed experienced by
the turbine. Hence direct measurement of wind speed is of limited value
in regulating the wind turbine [Leithead et al., 1990]. The idea is then to
estimate the effective wind speed experienced by the rotor by using a wind

turbine as a wind measuring device.

Below the rated wind speed, the wind turbine will be adjusted to capture
as much as possible of the energy from the wind. If a tracking controller is
employed to keep the wind turbine running at optimal tip speed ratio where
the turbine can achieve maximum power, the estimated wind speed is often
used to determine the optimal control action. In this case the accurate
estimated wind speed is a prerequisite for an appropriate control system
design. Above the rated wind speed, a controller can be used to smooth the
power generated by the wind turbine. If a gain scheduled LQG controller is
applied to compensate for nonlinearities of the process, the estimated wind
speed is often chosen as a scheduling variable to determine the operating

point where the controller can be calibrated each sample.

An input and output signal from the turbine are required by an estimator,
no matter which estimation method is used, see Figure 9.1. The plant
considered here is a WD34 constant speed wind turbine with PI pitch control
above rated wind speed and fixed pitch angle below rated wind speed. The

9.1 The Newton-Raphson method 165
u y
> Plant -
> Estimator

L%

Figure 9.1. Block scheme of estimator

input signal of the turbine is pitch demand and the output measurement is

electrical power.

In the following sections the Newton-Raphson method, Kalman filter method
and extended Kalman filter method will be developed for wind speed esti-
mation based on the model of the wind turbine. The performance of the
algorithms will be investigated by simulations. An identical wind sequence
1s used for all simulations. Afterwards, some experimental data are used to
test the estimation approaches. An interesting discussion concerning wind

speed estimation is given at the end of chapter.

9.1 The Newton-Raphson method

The Newton type methods have been given in Appendix A. The reason to
use the Newton-Raphson method is that the method has particularly fast
convergence properties in most cases

[Dennis and Schnabel, 1983].
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182 Chapter 9. Estimation of The Wind Speed

A comparison of the experimental data and the estimated data is very dif-
ficult. First of all, the measured wind speed has to be filtered to obtain the
wind speed experienced by the rotor. The filter function is an approxima-
tion. Secondly, the distance between the measurement point and rotor of
the turbine may cause a time delay and discrepancy between the measured
wind speed and the true wind speed at the wind turbine, especially the high
frequency components in the wind. Thirdly, the power measurements are
corrupted by 1P, 2P and 3P-fluctuations, which have to be filtered out. The

model of 3P-effect is not included in the design model in this test.

_— T
measurements | filter | wind speed
Filtered power Comparison

measurements Estimator

wind speed

Pitch angle

Figure 9.11. Block scheme of the comparison

The block scheme of the comparison of the experimental result and esti-
mated wind speed is illustrated in Figure 9.11. The effective wind speed
experienced by the turbine is derived by dynamically filtering the measure-
ments of the point wind speed. The filter function was given in ( 7.45). The
pitch angle and power measurements will be used as an input and output
signal to the estimator. Since there are evident contents of 1P, 2P and 3P-
effect in the power measurements, which depend significantly on the specific
wind turbine and site, the power measurements have to be filtered by band-
stop filters with bandwidth of 0.15 x (nw, o) and a fourth order Butterworth
low-pass filter with cut-off frequency of 8 rad/s to discard high frequency

9.5 Test 183

components. The block scheme of prefiltering the power measurements is

shown in Figure 9.12.

Power Filtered power

1P \,l 2P 3P LP
measurements | filter | filter filter filter | measurements

Figure 9.12. Prefiltering of power measurements

The test 1s carried out by using the Kalman filter method. The simulation
result is plotted in Figure 9.13. The estimated wind speed given in the figure
seems to agree with the filtered measurements. The time delay between the
estimated wind speed and filtered wind measurements can be obviously
seen. This is caused by the distance between the measurement point and
the turbine. The two data sequences deviate in some areas, it may caused

by the distance or the precision of the filter function.

6.5

Wind speed mis]
4]
T

o
o
T

4]
T

a5

150
Time [s]

Figure 9.13. The filtered measurements v (solid) and the estimate of the
wind speed ¢ (dashed)
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\Y

LQ B . Pe
Regulator Turbine

x>

Kalman
estimator

Figure 10.5. The LQG control for the wind turbine

where F/ denotes expectation used with respect to the stochastic uncer-
tainties, and @y and @, are non-negative definite scalars. The choice of
the weighting parameters depends on the relative importance of the output
power quality or pitch variations. The trade-off can be made between the
output performance and control effect. Since the limitation of pitch rate is
easily reached, the weighting matrices should be chosen to prevent too high

a control demand.

A suitable model for a constant speed wind turbine has been given in Chap-
ter 8. An additional state will be included to deal with stationary non-zero

it +1) = xi(t) + (r(t) - y(t)) (10.4)

This is an integral state. The r(t) in the equation is an externally prescribed
reference signal. Since the linear state-space model describes the deviations
from a nominal operating point, then the reference r(t) is zero and the

augmented discrete-time state-space model will be

x(t + 1 _ [ A 0] [ x| [ B | e 4w
xi(t + 1) —Cq 1 x;i(t)
(10.5)
y(t) = [Ca O][Z((tt)) + e(t)
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and

xi(t)
where y = AP, and u = Af,.;. Denoting X(t) = [x(t) x;(t)]T and C; =
[0 I], the augmented model will be represented by

xi(t+1)=[0 1][ x(t) ] (10.6)

X(t+1) = Aagx(t) + Bau(t) + w(t)
y(t) = Cax(t) +Dau(t) + e(t) (10.7)
xi(t+1) = Cix(t)

with Dq = 0 for a constant speed turbine. The cost function (10.3) will
then be modified by

N-1

I(N,x(t)) = B{Y_{Qu(AP(t + 1) + Qu(ABres (t + 1))

7=0

37 (6 +3)Qixi (b +3) 1) (10.8)

N-1
=E Z (T (6 +3)QuX(t +J3) + Qu(ABres (t +7)°}

where Qx = (_JdTQy(_Jd + CiTQiCi. The solution of the LQ optimal control
problem can be derived by iterating the Riccati Difference Equation (RDE)

Lj = (BEPJBd =+ Qu)_lﬁgPJAd
Piz1i = AXPjAq— AIP;Ba(BIP;Ba+ Qu) 'BIPjAq+Qx (10.9)
j=0,---N—-1

and the feedback control law 1s

u(t) = —Lyn_1%(t) (10.10)

Since the state is not directly available for measurement, the approach is to

construct an observer and interconnect the control law with the estimated
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state

u(t) = —[L L [ f‘(t) ] (10.11)

%i(t)

The Kalman estimation method given in section 9.2 can be used to estimate

the state.

The control strategy with different weights on the the pitch reference is
illustrated by the step responses in Figure 10.6. The step input to the

turbine is wind speed which changes from 16 m/s to 17 m/s at 1 sec.

550

500 —

Power [KW]
B B
a
o

)
)

350 —

Pitch angle [deg]

Time [s]

Figure 10.6. Step responses of output power P, and pitch angle 5 obtained
by LQG controller with different weight on pitch reference. Q, =1, @, =
4.3-101 (—), 20 - 10 (- -), 1019 (--). The dotted line in the upper plot is
the power output in open-loop.

With high weight on the control action the turbine follows the power ref-
erence slowly (dashed line). However, the large control action excites the
tower bending movements and leads to the vibrations on pitch control action
and turbine dynamics (dash-dot line). In practice, the large pitch action

is not allowed to avoid heavy mechanical loads. A compromise is made

10.2 LQG pitch control 199

between power smoothing and load alleviation by choosing ¢, = 1 and
Q. = 4.3-10". The step response with these weighting parameters is given
by the solid line. It can be found that the output power has been sup-
pressed and the amplitude of overshoot is decreased by the LQG regulator

compared to the Pl-controller with the similar pitch action.

Gain scheduling

An effective control algorithm must reflect both the plant dynamic char-
acteristics as well as the anticipated working environment. The control
problem is therefore divided into two time scales corresponding to slow mean
wind speed changes and rapid turbulent wind speed variations. Changes in
mean wind speed cause the mean pitch angle of the blade to alter to main-
tain the mean power output at its rated value. These mean pitch positions
are treated as steady state operating points, which can be determined by
searching scheduling table 9.7 with the average wind speed obtained by
filtering the measured point wind speed through a low-pass filter with a

period of 10 minutes.

Regulator Operating
Paramters | Ggin  |__condition
schedule
Reference u y
¥ — = Regulator Process

Figure 10.7. Block diagram of a gain scheduling system

Secondly, the aerodynamic behaviour is highly nonlinear. When a linear
representation of rotor aerodynamic torque is employed, the partial deriva-

tives 0T, /Ov, 0T /0P and 0T, /0w, of the aerodynamic torque with respect
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202 Chapter 10. Control Above Rated Power

It can be found that the standard deviation of output power is reduced
by the LQG controller compared to the Pl-controller. This corresponds to
the decrease of the variations in generator reaction torque. By keeping the
generator torque variations small, the shaft loads are reduced and thereby
the turbine life will be increased. As the Pl-controller, the LQG controller

does not give the significant increases in tower bending movements.

10.3 Combined variable speed and pitch con-

trol

The purpose of this section is to investigate the control system of a variable
speed wind turbine which employs pitch regulation and generator reaction

torque regulation in high wind speeds.

v
u y
LQ L .
Regulator Turbine
N
X Kalman
estimator

Figure 10.9. The LQG control for the wind turbine

Variable speed pitch regulation presents a multivariable control problem as
an additional generator torque control loop is added to the existing pitch
control loop. The ability to vary the rotor speed of a wind turbine increases

the operational flexibility. Figure 10.9 shows the block scheme of combined
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variable speed and pitch control of a wind turbine by implementing the
LQG control method.

The dynamics of the generator and frequency converter have been discussed
in section 7.6. The linear design model for a variable speed wind turbine
given in Chapter 8 has the pitch reference and generator torque reference
as inputs and the angular velocity and reaction torque of the generator as
outputs

ABrey Awy
ATy ref AT,

The model is augmented by including integral actions to give zero steady-

(10.12)

state errors. The model can be represented by ( 10.7). The performance

criterion is speed wind turbine
N-1
I(N,x(t)) = E{Y_{yT(t+3)Qyy(t+])
j=0
+u (6 +§)Quu(t +j) +x7 (6 +)Qixi(t +3)}} (10.13)
N-1
= B{> _{XT(t +3)QuX(t +J) + 2% (t + j) Quuu(t + j)
7=0

+uT(t +)Quu(t +j)}} (10.14)

where matrices Qx = CIQ,;Cq + CTQ;Ci, Qxu = CTQyDgq and Q, =
DEQde + Qu, and

1 0 qun O gn O
_ W= = 10.15
W [ 0 qyo ] @ [ 0 quo ] @ [ 0 g ] ( )

The choice of the weighting matrices Qy and Q. depend on the relative
importance of the output power quality or input restrictions. ¢, and g2
in matrix Qy can be chosen such that the the pitch position and pitch rate
should be restricted and the rotor speed will be remained within predefined

limitation. Q; will be chosen to punish the stationary error.
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206 Chapter 10. Control Above Rated Power

It means that the rapid fluctuations in output power which lead to the

fatigue of the turbine components have been smoothed.
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Figure 10.11. Simulation of the variable speed wind turbine.

mean(P.) [KW] | mean(7,) [Nm] | mean(w,) [rad/s] | max(hww:) [cm]
399.73 3935.38 105.70 4.18

SD(P.) [KW] SD(7}) [Nm] SD(wy) [rad/s] | max(h6;) [cm]
3.97 0.1143 1.05 4.09

max(F) [deg] min(3) [deg] SD(5) max(F) [deg/s]
19.59 0.01 3.77 5.04

Table 10.3. Statistics obtained from simulating the variable speed pitch
control wind turbine. Mean wind speed is 16 m/s.

The research studies reveal that the fast torque control has been used to

alleviate the transient. When the wind speed rises above rated, the varying

10.4 Summary 207

rotor speed will alleviate the drive train torque changes. The slower pitch
control has been used to minimize the long term drifts in wind speed and

keep the rotor speed excursions within limits.

Due to the indirect grid connection, the drive train is lightly damped which
may result in mechanical vibrations. The vibrations can be seen from the
small oscillations in generator speed in Figure 10.11, which consequently

induce the fluctuations on the rotor speed.

10.4 Summary

The most important results obtained from the simulations of the wind tur-
bine with different controllers are illustrated in Figure 10.12. The values
are plotted relative to the constant speed PI pitch controlled (CS PI) wind

turbine.

12
1ol 1 CSPl

0.8+ £ cSLOG
podl CSLQ

0.41 m \/SLQG
0.2+

0

SD(P®  SD(Tg) SD(B)  Max(|gl)

Figure 10.12. Chart for comparison (The comparison is relative to the CS
PI-controlled wind turbine.

From the investigations of the constant speed and variable speed wind tur-

bine with different control methods, the following conclusions can be made.
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Power

Rated
power

wr variable

N

Cut-in Rated Cut-out  Wind speed [m/s]

Figure 11.2. Energy capture capability.

It should be noted that the increased energy is in the aerodynamic power.
The frequency converter will introduce some losses. However, it will not be

considered in this project.

In this chapter two control schemes will be investigated, i.e., the LQG speed
control and the tracking control, which are given in section 11.1 and 11.2
respectively. Some implementation considerations are given in section 11.3.

A summary is made in section 11.4.

11.1 LQG speed control

Control without pitch action through the generator reaction torque can be
implemented for below rated operation. The turbine in this case is caused
to track a predefined optimal tip speed ratio as close as possible. The aim
of control is to cause the wind turbine to extract energy from the wind as

efficiently as possible, and meanwhile reduce the transient loads.

11.1 LQG speed control 215

Obviously, there i1s a contradiction between two control objectives and it
1s necessary to choose a suitable compromise. A trade-off can be made by
the LQG control method. The two objectives are taken into account by
minimizing the performance function

N-1
TN ) = E QY {AQUAP(t +j) + Qa(ATy res (t+ 7)) (11.1)

j=0
where AP, is the power loss due to not keeping the optimal tip speed ratio.
ATy res is the deviation of generator torque reference from its optimal value.
The trade-off between two control objectives can be realized by suitably
choosing the parameters @)1 and Q2. If the scalar weighting parameter @2
is relatively small, the controller will emphasis on the maximization of power
capture and will use large torque variations to realize it. With relatively

high value of )2, the reduction of load variations becomes more important.

When the pitch angle is fixed at its optimal value, the aerodynamic power
loss can be written as

1
AP, = §7TpR2v3ACp (11.2)

and

AC, = Cp maw (Aopt) — Cp(A) (11.3)

The C,(A) curve can be approximated by a second order polynomial when

A is close to the optimal [Ekelund, 1994a]
Co(N) = Cp maw — ao(A — Aopt)? (11.4)

where aq is sensitivity of the quadratic curve, A,y is the optimal tip-speed
ratio where C), has maximum value, and A—A,p; = AAXis the tracking error.

With this assumption the power loss will be a function of A

1
AP, = §7rpR2v3ao(A/\)2 (11.5)



1 =10 oym &)
JO son[eA JUSISYIp [JIm \ olyed paads diy Jo esuodser days oy, “F [T 2In31q

[s] awiL
sz oz ST oT S o

SrANe

€T°0

SET0

10

SYT'0

ST0

. . . . SST0

=10 o1ym &0 jo
SONTRA JUSIJTIP [YITM mrm onbioy 10yeIouss Jo osuodsar dogs oy, "¢ T 2InSIg

[s] swiL

=14 0c ST oT S o
T T T T 0SET

00T
0S¥T
00ST
05STS
=
009T 3
059T
00T

0641

008T

LGET°( st orjel poads dry Jo onpea [ewrydo oy, -orjer peads dry Jo 10110
o1es-Apeals [[RWS © sopraoid UOIIDE [OIUOD 93Ie] ® YY) MOUS $oIny oy,

‘sosuodsar QOQW 97} JIOJ [opOoUI UOI}R[NUIIS UL POPN[OUL 10U ST 109JJo-J ¢ oY J, 298

11z [o1puoo poads HPHT T'IT

T e s/w (] 01 §/W § WO se3ueyo paads purm oY) a1oym ‘A[oA1p0adsor T
2INB1 pue ¢ [ 2IN3I Ul USAIS oIk &) Iojowrered Suryysom Jo sonfea jus

-IojIp Y3im Y orjer peads diy pue P71 onbioy 1oyeious$ jo sesuodsor deoys oy,

(611) (Nx1-=(3)n

J0}09A 21R)S 9} 9)eW

-1189 07 I9)[If UBWI[RY] 9} SUTUIqUIOD Aq pajusta[dul ST me[ [0I3U0D &) 9],

‘g 19pdey) Ul ULAIS usaq SeY [PpoW S, "peo[ [elired Ul [opouu
oords-o1e)s 931s0dtion oY) JO 103094 93Ys oYY ST X HIG H = *D omwum

(8°11)

LA+ D7 005)50 + (64 9500+ 9) ) < v = (0% N

UOLIYLIO 97} O} spes[ [oiym

Jlav ay Py oy gy ] = x

0 g3® _
;m 00 o 0l=H
omoﬂg
do 20 do s3®
L1 XH =2 — 4 m — =
(L11) Volve Vot YW

jutod Surjerado ue e pozlIesul] o Ued oljel paads dry o1y aourg

o=/

(9'11) {((C+D2 et + (C+Dev)oy  pa = GN)r
I-N
£q peytpow o9q ULY} UBD
(1°11) wonyoung souetrrorad o1 T, -onfea [eurrydo 31 wWoJ (Y oryel paeds-dry

JO uolyeIASD oY) Aq paururIa)ep A[[enjor st ssof Tomod o) Jey) sorjdur sty [,

TomoJ pojey] mopeg [oruo) 1T teydey) 91z



.w\E ) st UOQQW puim ueoN "pPrOJ MQE.HQQ Ut Is[[o1juoo U@\H CLURE
s auIqiny putm 97} JO UONje[NUIIS THOI] paulelqo sonIsiels "T°'1T1 °2[qel,

8¢°C 4l 66570 SA

9¢°C 770 9vcv 0 SO
[mo] (Yg*y)xew [mo] (#mty)xet (4))weat

L ¢6 118 91°¢¢ SA

LT°16 430 ¢1'81% SO
(] (g)ueaun | [s/ped] (Pm)as | [wN] ((7)ds

2608 L¥'T6 Ceveh SA

7L8L 06°¢01 TT°L6L SO
[M3] (3g)ueour | [s/per] (fm)uestu | [tN] (57)wesur

“peo] reljred Ul IS[[OIYUOd HE)T Y7 [IM UOTYR[NWILS '] 2INSIg

[s] swny [s] swny
0ST 00T 0s 0sT 00T 0s
008 S.
os8 o8
a s8 &
006 = )
E 06 &
0s6 s6
000T 00T
[s] swiL [s] swiL
0ST 00T 0s 0ST 00T 0s
€00 0S
09
SEV'0 -
o &
5 0L=
= =
0
o8
Svv'o 06

‘9[qR[TRAR ST UOI}DE [OIJUOD OU
pue onrea Jewrjdo $11 e poxy ST o[3ue [PJId oY) SUIQIN) pulm paads jue)s
-uod ' 10 ‘pajueserd ore aurqing pumm (g0)) poeds JUeISUOD PUB [OIFUOD

OO Yy sulqiny puts (§A) peeds alqeLies oty jo synsel oyl qrog 111
oﬁﬁ—drﬁ Qﬁ Qo\ﬁw oIe 298 OON .wO QOG@T&EMW EO.H.% wﬁﬂwom Uﬂwsﬁgw wQEUQOQwo.H.HOU

61 [o1puoo poads HPHT T'IT

oy [, ‘uroysds doof-pesoo oy} woiy fm pesds 1oyerouss pue 71 onbioy 1oyers
-uef ‘onyea 99 ‘%7 romod [eotrjoee ndino oYy sMoys 97T oIS '§ — 9G'T
= &® pue [ = I aIe Id[[OIU0d HPHT oY) Jo siojeurered JuljySrom oy,

s/ui) Jo onjea oFeloAr Je 20UaNbos PUIA "G T 9IS

[s] 2wy
oSsT ovT OET ozt OTT ooT 06 o8 oL 09 oS

s'9

~
[sjw] paads puip

9
N

"G 1] 2dnSBL Ul UMOYS SI YoIym ‘s/uw J Jo
onNJeA 98eIoAR B ST SUOIJR[NUIIS Ul W)SAS oY} SALIP O} posn osouanbas puim

9(J, ‘suoljenuuts \Aﬁ— PpojenfeAs ST I9[[OI3UOD U@\H 2(1} Jo OUQQEHO.%.HOQ CUND

“yutod Suryerado oy
SUIULISIOP O} d[elIeA SUINPSYDS B St USYB] 9C UeD poads purm Ueswl oY)
‘uoryerado pajel aa0qe oY) 0} pareduIod IomO[ a1e sUOljelIes poads puim oY)

90UIs ".H®>®>>OE .EOG@H@QO Pojeld mo[aq I0J AIRSS000U osJe sI wﬂﬂﬂﬁuoﬂuw urer)

‘fey661 ‘puneyy] soseordop peads purm oy
UsUMm I0JRISUSS 9} 0} Pallsojsued) oq [[I4 PUE BIHISUL SUIGING 9Y) Ul PII0)S
st zomod otwreudporor oYy Jo ied e a10jeloy [, oulqiny oy} dn poads o puim
oY} Jo Tomod poasealIdul oY) 9sn pue ISIY Poasealdsp o [[Im anbio) Iojersusd
oY} YY) O} Spes] YoIYm ‘poads puim oY) JOeI) 0} 18] 9)eIS[e00R 0] SUI]

-INY 97} YW [[IM UOIJOR [0IIU0D oY) &) Iojotrered SUTIYSoM TomO[ © AN

TomoJ pojey] mopeg [oruo) 1T teydey) 8I%



“poads puim
peyeurr}se o 0} Surpioooe ¥y oty yoel) 0} pojusto[duil o URD IS[[OI}UOD
® ‘90URH ‘6 JIojdey ) Ul possnosip usaq Apeal[e SBY UOI)eUIl)se poads puim
Jo ws[qold oY, "9)euII)se ST} WOL) paululIL)ep uay) st jutod Suryersdo oy,
‘JIOSH SUIQIN) PUIM Y} UO 9PBUl S)USTUSINSEIW WIOI] PaJRUINSS o Jsnul
poads puim a1 ‘olqissod jou sT poads puLm 9A1103Je 91} JO JUSTULINSBOUI
JO2ITP © 9OUIS ‘IOAOMOH "UMOUY 9 0} Palinbal ST auIqIN) o) A podusLIadxe

poods pumm oy} ‘*¥°y orper peods dry rewrydo oy} SUIULIOJOp O} IOPIO UJ

"90UaIs9)al poads 10301 oY}
Suryoer) £q paurejurew aq [[Im orpeld paads dry pewurydo oy yorgm ut ‘wsjqord

SuryoeI) B 0} poulLIojsuRl) oq [[Im w[qold [o1iuod fewrydo oY) uoloss ST Uy

[o1ju0d Sursoei], Z'IT

“Jeys 103010 94} UO suoljelIqlia Jedsiueyostl
o[} 20npuUl SUOIIRIIIOSO 9, "MOpe(s JomO] o[} WOI] sodURINISIP 97 \Aﬁ—

Pposned s yorgm OSU.HOa HO@@HOEQW UT SUOTIR[[IOSO }se] 9U) SMOUS 9 T O.Hﬂwﬁm

“101I5 FUIORI] B O} PRI [[IM [OTYM
‘APPInb uorjerrea poads purm oY) MO[[0] J0U UeD I0J0I JO AJIDO[PA Ie[nue
oYY} ‘BIJISUI 98I M ‘IoASMOY I9)[I ssed-mo[ B e §10€ RILISUI JO JUSWIOW

suIqIng ST, "JNO Pajo0Us oIk sjuslsuel} anbioy o) ‘poads o[qerres YT

‘oulqany peads jue)suod oY) o paredwiod 9 F'F] noqe st uorjerado

poads a(qerrea Aq paure)qo A3I1eUs pasealoul o1 jutod Juryerado sI] e yey)

12% [o1ju0D Suryoedy, Z'IT

pore[nores Aises oq wed ] ‘7 T o[qe], Ul USAIS oIk 9duonbas purlm sures oy}
1M SUIqIn) pulm poads s[qerres pue paads Jur)SUOD 91} JO SUOTFR[NUIIS WOIJ
§3[NSoI A9 SWIOG “PasT 91k IS[[OIU0D N oY) Jo sIojotueled SuUrysom aures

o[} pue w\E 9Jo Uooﬂw puim o8rIoaAe 91 je 1o poalLIed st uolje[nuils Joygjouy

.w\E g st UOQQW puim ueoN "pPrOJ MQE.HQQ Ut Is[[o1juoo U@\H CLURE
s auIqiny putm 97} JO UONjR[NUIIS THOI] paulelqo sonsnels§ 7’11 °2[qel.

0.1 820 60%%°0 SA

681 050 ¥8L¢°0 SO
[mo] (*g*y)xew [mo] (*ety)xetu (4))weatr

9¢°6¢ 18°¢ 86°8F% SA

88°1¢ 1£°0 L °8ET SO
(] (g)ueswn | [s/ped] ("m)as | [wN] (A1)ds

8C'1¢ LS. 91°669 SA

68 ¥¥ ¥6°60T 02 7<% SO
[M3] (3g)ueour | [s/per] (fm)uesu | [tN] (27)wesur

“ON[RA SIU} S9ABS[ Paads pUIM 91} USYM PIseaIdUL
oq M ASIous painjded oY) ‘ToAGMOH ‘dUIQIN) pulm paads juelsuod o) o)
poredwiod o931 AIoa st poads purm siy} Ieou uorjerodo peods ojqelrea Aq
A810uUs pasearour o1 T, ‘onyea rewrydo s31 0} 980D I9Y)el ST oljel paads-dr) oY)
‘s/ur '8 Inoqe st peads puLM S} USYM ‘DUIGIN] pulm poads Jue)suod F& (M
oy} 104 "£y10oeA purm uo Surpusdep uorjeisdo peods-o[qelres Aq posealdul
9 UeDd SUIQIN} puim oY) Jo jndino A3Ious o ‘Ioromol ‘uorjersdo poads
s[qerres £q painjded oq ued jeY) ASIoUS BIIXS [ONUW OS J0U ST 2I9Y) SUBSUI
PIYM ‘9pg 0 st yutod Surperedo siy) je surqing poeds jue)suod o) 10§ ) jo
oNJeA UBSW 91} Jel[} ST UOseal oY T, "OFF () JO onfea [ewrjdo s31 04 950D Iay)el
ST d7) JO onfea UeaUW oY} ‘ATIOUS JO 9SBAIOUL S}}I[ 9} [IIM USAD ‘ISAIMOH
‘oulqany peads queysuod o) Jo ndino oy 0} pareduwrod 9 g 7 INOJe ST UOIje

-1odo UOQQW olgelLrea \Aﬁ— Pposealoul AB810u0 9} 9jeOIpUI s}jnsal uolje[nuils oy T,

TomoJ pojey] mopeg [oruo) 1T teydey) 024



222 Chapter 11. Control Below Rated Power

[

- error u output

——— = P-controller Turbine
+

W ref ﬁ

N
1 Low pass v Kalman
Aopt R filter estimator

Gain

Figure 11.7. The tracking controller

A tracking controller scheme with the Kalman estimator is presented in
Figure 11.7. Using the estimated wind speed, the rotor speed reference can
be found based on the knowledge of the optimal tip speed ratio

v

bref = — 11.10
wrrel = 5 (11.10)

In addition to the generator shaft speed and the electrical power measure-
ments, the measurements of the rotor speed are required. The tracking
error, between the rotor speed measurement and rotor speed reference, 1s
an input to a simple proportional controller. A low-pass filter is used to
eliminate the high frequency disturbances from the wind gusts and tower

shadow.

The design parameters for the tracking controller depicted in Figure 11.7 are
the gain of the proportional controller and the cut-off frequency of the low-
pass filter, which determine how close the controller can track the optimal
tip speed ratio and make the trade-off between the energy capture and

dynamic loads.

11.2 Tracking control 223

An alternative method is based on the observation that tracking optimal
tip-speed ratio can be reformulated as a problem in the torque-speed plane.
The possibility is to use a measured quantity of the drive train, normally
the rotor speed as an indirect measure of the instantaneous wind speed.
[Ekelund, 1994b], [Novak and Ekelund, 1994] and [Novak et al., 1995] use
the generator speed and torque. The controller scheme is given in Figure

11.8.

Wr

| eror y output

P-controller Turbine >

O ref ,\—l

Tr
Low pass Kaman
fltr estimetor

Figure 11.8. The tracking controller

In Figure 11.8, the aerodynamic torque, rather than the wind speed, is
estimated using the linearized aerodynamic torque expression. Since we

have the relation for the aerodynamic torque
! 543 2
T mae = §7rpR Aopt Cp mazWy opt (11.11)

The rotor speed reference can then be calculated from

1 . .
rref = VI = Ko/ T, 11.12
Wriref \/%ﬂ'pRE’/\ b ( )

3
optcpym(“?

The reference signal will be compared with the measured one. The error

signal will be taken as an input to the proportional controller which drive
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246 Appendix A. Optimization Background

As a ideal condition, a stopping rule for the iteration (A.8) is that the

current error is small enough
o — o]l < &1 (A.9)

However, it cannot be used in real application, since x* is not known. In-

stead we have to use an approximation to this condition

leks1 — xl| < €1 (A.10)

Another rule is the current value of f(x) is near enough to the minimal

value f(x*). Using the same approximation, we have

Jlar) — flerg) < e (A.11)

Since g(xg) — 0, if 2 converge to «* for k — oo, the stopping criterion can

also be

llg(z)ll < €3 (A.12)

A.2 Hill-climbing algorithm

If we assume that a dynamic system is described by a one-dimensional

simple form
fx2() = y* — ao(x(t) — z*)? (A.13)

where f can be taken as a performance function or the system output. y*

* 18 the optimal value of adjustable

1s the maximum attainable value of f, x
input z(¢) which maximizes or minimizes the nonlinear function. The rela-

tion between f and the () is assumed to be quadratic, and ay is sensitivity

A.2 Hill-climbing algorithm 247

of the quadratic curve. The parameters y*, £* and ap which characterize
the performance function or the system dynamics are normally unknown.

The quadratic curve is illustrated in Figure A.l.

f(x(1))

*

Yl

X* x(t)
Figure A.1. Performance function for a single parameter extremum problem

A quadratic assumption of f is important, since 1t is in most cases acceptable

for extremum controllers operating close to the optimum point.

The simplest hill-climbing algorithm is to move from an initial position to
the optimum point by fixed length steps. The principle of the algorithm is

shown in Figure A.2.
f(x)

fa
f2

f1

Figure A.2. Hill-climbing algorithms
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