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Abstract

This paper explores the optimization of wind turbine control system parameters. The wind turbine based on 5 MW PMSG Permanent

magnet synchronous generator with two back-to-back converters which are connected to AC offshore network. For good functioning

of the control system based on PI regulators, it is necessary to find a perfect way for calculating the gains of these regulators.

In this paper, Hooke Jeeves method is presented as one of optimization solutions that can compute parameters of Pl regulators.

For this purpose, a model of offshore wind turbine is installed in PSCAD/EMTD in order to perform simulation study in which optimal

Pl regulators design can be found.
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1 Introduction

Today, wind energy is one of the most dynamic sources
of electricity and one of the most dynamic markets in the
world. The appearance of the wind as a major source of
energy in the world can be classified as one of the main
developments of this century. These most important
changes can be related to several benefits associated with
wind energy. The first benefit is that wind energy is clean
energy to produce electricity. The second advantage is
that all machines needed to produce wind power are man-
ufactured and available around the world; this leads to a
cost-competitive electricity source. Another advantage is
that wind turbines require only half-yearly maintenance
with low maintenance; Compared to other systems where
the maintenance costs are very high.

For coming years, the EU's renewable energy forecasts
aim to produce 20 % of global energy from renewable energy
sources by 2020. In order to achieve this goal, EWEA has set
a target of develop 230 GW of wind energy in which 40 GW
will come from offshore wind farms [1]. By 2030, the total
installed wind power will be 400 GW, of which 150 GW will
be from offshore wind installations. However, thanks to a
better capacity factor, offshore wind energy will contribute
about half total wind energy production [2].

For offshore wind energy production and for the concep-
tion of the turbines which can satisfy this production, one
of good solutions is the use the PMSG generator, thanks
to its advantages as simplicity and robustness of function-
ing. This machine has an important role in the offshore
wind turbines conception because the magnets included
in the generator provide a constant magnetic field avoid-
ing the need for independent electrical excitation [3], but
the use of PI element in the control system design for this
machine is limited by a big challenge which is the selec-
tion of appropriate PI parameters. Authors in [4-7] use lot
of methods to find PI gains in order to improve the work
of the control system. In [5] FBO has the advantage of
high accuracy but it has the disadvantage of time consum-
ing. In [6] PSO can find quickly the new gains but it has
the drawback of low accuracy. In [4] hybrid PSO-FBO
is used to eliminate the previous problems. The simplex
method in [7] is also used to optimize the initial PI gains
by using the ISE criterion (the integral of the error square)
but the problem with this method in PSCAD software is
the high number of multiple runs which take long time.
Adding to these related works, this paper presents Hooke
Jeeves method as a method of optimization to compute
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new PI gains starting at initial ones taken from conven-
tional method.

2 Modeling and control of the wind turbine

The wind turbine is a machine that converts the kinetic
energy of the wind into mechanical energy, which in turn
is converted into electrical energy [8]. A simplified dia-
gram of the wind turbine with its control is presented in
Fig. 1. The power produced by the wind turbine is trans-
ferred through back-to-back power converters; therefore,
the dynamic operation of the electric generator is effec-
tively isolated from the electrical network thus allowing
operation at variable speed of the wind turbine.

For the control of this wind turbine, the generator-side
converter regulator controls the DC voltage of the back-to-
back link and the reactive power, while the AC-side con-
verter regulator of the wind turbine maintains the AC off-
shore voltage and the frequency. The speed of the wind
turbine will be assumed constant in this work.

The equations in d-q axes used to model the synchro-
nous permanent magnet generator are [9-11]:

q)ds = Lds]ds + Psi (3)
(pqs = qul qs * (4)
With:

V. The ¢ axis component of the stator voltage vector;
V.. The d axis component of the stator voltage vector;
1,: The d axis component of the stator current vector;
L The g axis component of the stator current vector;
R : The simple resistance of the stator winding;

L, : Stator inductance in d-axis;

LqS: Stator inductance in g-axis;

@, - The d axis component of the stator flux vector;
@, - The g axis component of the stator flux vector;
P, : The permanent flux of the magnetic.

The equations of the active and reactive powers gener-
ated by the generator:

P =3V, ) ©

0, ==3(Vul, ~V,1,) - 6)

do, The equation of the DC power of back-to-back link is:
Vds = R:]ds + T;l - qu)qs (1) q p
d(p P:Iz'l = Udcldcl . (7)
V s = Rsl s + —= + wr(Pd" (2) 1 1
* S dr ' Neglecting the losses in the converter, so P, =P, .
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Fig. 1 Simplified diagram of the wind turbine and its control



The dynamics of the voltage U, is defined by the equa-
tion of capacitance C, and it can be expressed as follows:

dUdc
dr

I,

lc

1=y =Cy

lc

(®)

The equations of the power at the converter side of the
offshore grid are:

RIL‘Z = Udz‘lch (9)
B=3(Vyly +V,01,) - (10)

The dynamics of the offshore network integration can
be written in synchronous coordinates d-g as follows [12]:

d R 1 1

E[dT:_L_:IdT_{—a)T[qT_{—L_TVd _L_Tde (11)
d R 1

—1,=—-"L1 -ol,+—V . (12)
dt ! L L

From Eq. (1) and Eq. (2), the active and reactive cur-
rents control at the rectifier side is [13]:

do
u, =RI, +—=& 13
ds 5T ds dt ( )
d
uq.\' = R.\'[qs + Z;qs N (14)

From Eq. (5), Eq. (7), Eq. (8) and assuming that the field
current reference is set to zero, the control of the DC volt-
age is expressed as follows:

_dU; _ 1
Ude dt C

dc

(67 Loy +2U sl ) - (15)

From Eq. (6), the control of the reactive power is writ-
ten as follows:

e
[ =—0, . 16
qs 3Vd5 Q.\ ( )

From Eq. (11) and Eq. (12), the control of active and
reactive currents on the offshore inverter side is:

d R 1 1

EldT +L_:IdT = a)T[qT +L_TVdT _L_Tde 17)

d R 1

E[‘ﬂ- +L—:IqT = _a)T[dT +ZVqT (18)
d R

up,=—I,+-—"LI, (19)

T T L T
d R

T :E[qr-‘rL—T[qT . (20)
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3 Hooke Jeeves Optimization Method

The Hooke and Jeeves method was originally published in
1961. The Hooke-Jeeves method is a direct method to min-
imize the objective function, which requires being con-
tinuous. The Hooke-Jeeves method calculates a new point
using the values of the objective function at appropriate
points around the initial point. The algorithm consists of
exploratory move and pattern move [14-16]:

The exploratory move takes place along all Cartesian
steps in the way of improving the value of the objective
function, and then determining a new base point and
a direction for the falling value of the objective func-
tion [17]. Pattern step advances in the direction of the con-
nection of two adjacent base points to decrease the value
of the objective function more rapidly.

3.1 Algorithm
1. Choose an initial point x(0), variable increments
A,(i=1,2.......N), reduction factor & >1 and ter-

mination parameter €.
2. Do exploratory move as follow:
« Choose x=x(0) i=1 and variable increment A, .

« Compute f=f(x), f'=f(x+4,) and
f=r(5-A).

« Find f, :min(f,f*,f’). Set x corresponds
to fi..-

3. If x#x_, success; go to 5, If No
4. Check for the termination, lAl<e, A, =A,/a for
(i=1,2........N) and Go to 2.
5. Do pattern move
Set k=k+1 and put x, (k+1)=x(k)+x(k) - x(k+1).
6. Perform exploratory move using x, as base point.
7. Is f(x(k+1)) < f(x(k)) 2 1fyes put x(k +1) = x(k)
and go to 5.
If No go to 4.

3.2 Application of Hooke Jeeves method in the

control system

In order to improve the performance of the used PI regula-
tors during normal operation and also against any distur-
bances that may occur, the parameters of these regulators
will be improved using Hooke Jeeves algorithm. For this
purpose, the control system performance is evaluated by
the ISE criterion (the integral of the error square) [18].
The ISE index is expressed as follows:

Jyg = j e(t)dt . @1
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The objective of using this performance criterion is to
correct control systems with long-lasting transient condi-
tions and much less account for the overshoot of 1 [19].
According to this criterion, the design of the objective
function is as follows:

0,(X)= ije(t)zdt : (22)

i=l ¢

Where: e(t) is the error between the desired value and
the existent one, i presents the index of the regulator.

And: X =K, ,K,,K KP4,’K Ko, Ty T, T3, Ty, Ts

P3> Ps, 2™ pe>
The diagram corresponding to this objective function is

shown in Fig. 2.

4 Results
In order to validate the optimization strategy described
previously, simulation studies are carried out using
PSCAD software. The control is applied in an offshore
wind turbine based on SMW permanent magnet synchro-
nous generator with two back-to-back converters which
are connected to the AC offshore network. The electrical
parameters of the studied system are cited in the Table 1 in
which some of them are taken from [20].

In order to prove the effectiveness of the presented
method for finding new PI gains, the following simula-
tions are performed.

4.1 Step changes in reactive current reference at
generator rectifier side
A step change is applied in the reactive current reference

I; of the inner control loop at the rectifier side of the

DC link. To do this, it is necessary to cross out the outer
control loop in order to put the current reference at its

Initial X p PI Regul Objective Hooke Jeeves v
T Function Method
New X parameters
Fig. 2 Diagram of PI parameters optimization
Table 1 Electrical parameters of the model

Parameters Value Unit
Nominal power 5 MVA
Line voltage 2 kv
Rated frequency 20 Hz
Number of poles 80 Pairs
DC voltage 6.4 kv
DC capacitor 1000 uF
Transformer 5 MVA/50 Hz, 2/33 (kV)

reference value. The step is done at the moment 7 = 8 s for
duration of 500 ms and after executing the simulation, the
new parameters are cited in Table 2.

The results are shown in Fig. 3, Fig. 4, Fig. 5 and Fig. 6.
In all figures, the power and currents are with negative
insignia because the machine works as generator. It is
clearly seen from Fig. 3 that during the step change, the
active power P_increases to some extent because this
step force the generator to produce more reactive power

Table 2 PI parameters

PI Parameters Kp Ki Objective function
Before optimization 0.6 0.0016 1.15682
After optimization 0.431892 0.628981 0.529721
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Fig. 6 Reactive voltage during the step change applied in 1(;

consumed by the capacitor installed as filter. This fig-
ure shows also that the influence of the Hooke Jeeves
approach on the control system is clear in which the over-
shoots appears in the power before optimization are very
important and also the time of response of the reactive
current is very long compared to the results after opti-
mization where the overshoots are eliminated and the
response time becomes very short.

Fig. 4 presents the behavior of the currents during the
step change. The AC current/ increases because of the reac-
tive current augmentation and the active current /, keeps its
rated value whereas there are some oscillations before opti-
mization. From this figure, the comparison shows that the
effect of the optimization method to improve the behavior
of the control is clear in which the oscillations caused by the
converter is eliminated with the new PI parameters.
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Fig. 5 presents the active voltage V/, and the AC voltage
V_in which the behavior of the control system is improved
after optimization compared to that with initial parame-
ters. In Fig. 6, the reactive voltage is shown with large
oscillations and also with huge response time. These phe-
nomena are disappeared with the use of the optimization
technique.

4.2 Step changes in active current reference at turbine
rectifier side
A step change is applied in the active current reference
I, of the inner control loop. As the previous case, it is
necessary to cross out the outer control loop and the active
current reference is fixed at its reference value. The step
is performed at the instant = 6 s for duration of 600 ms
and after executing the simulation, the new parameters
are similar to the previous case (Table 1) because all PI
regulators used in the inner control loop have the same
parameters. Fig. 7 presents the active power with large
oscillations and huge response time because of the use of
initial PI gains but with the new ones these oscillations
are eradicated and the response time is reduced. Also this
figure shows clearly the reference active current /, is well
followed by its real current during the step change and the
performance of the control system is well improved after
Hook jeeves method use.

In Fig. 8 the reactive current 1, and the AC current
I are presented. The decrease of the active current [,
reduces the AC current / generated by the generator with-
out overshoots after optimization whereas before optimi-
zation the reactive current keeps its rated value with large
oscillations. These oscillations are eradicated with the
new computed PI gains.
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s

S o b

a’ ™ ‘

—~ 55 . 6 6.5 7
g 1 rl : ‘

= of dds E
el o ae \ ]

"(_g — 1 1
— 55 6 6.5 7
After optimization

~ 0
s —_—
= -5 ¥ -
o’ ‘ ‘

—~ 55 * 6 6.5 7
§ 0 ||d§ T :

oo ds ]
_8 ¥ L —_—

B -2 . .
— 55 6 T(s) 6.5 7

Fig. 7 Active power and active current during step applied in / ;



1 56 | Mazouz et al.

Period. Polytech. Elec. Eng. Comp. Sci., 63(3), pp. 151-158, 2019

Before optimization

i

)

I

I

Wi

|

i

I !

Wil

I

:

vvvvvvvvvvvvvvvvv

-5

g -1.585.5 Iqs 6 6;5 7
S — a4

2 A e
g 1582 6 i 6.5 !

T(s)

Fig. 8 AC current and reactive current during the step applied in / ;S

The active voltage V, and the AC voltage V, are demon-
strated in Fig. 9 where the performance of the control sys-
tem is improved after optimization and this makes the
whole system more robust and strong. In Fig. 10, the reac-
tive voltage V., is shown in two cases where the effect of
the use of Hooke Jeeves is proved.
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Fig. 10 Reactive voltage during the step change applied in ];

4.3 Step changes in offshore voltage reference at
turbine inverter side

In the other side of the back to back link, a step change
is applied in the offshore voltage reference ¥, of the
outer control loop which is used to control the inverter.
The step is done at the moment 7 = 3 s for duration of 500
ms and after executing the simulation the new parameters
are cited in Table 3.

The obtained results are demonstrated in Fig. 11 and
Fig. 12. It is clearly seen from Fig. 11 that the active volt-
age reference V), increasing caused an augmentation
of the real active voltage V,, for the period of the step
and also increasing in the offshore AC voltage V. It is
also observed that the overshoots are eliminated and the
response time to recover the functioning again is reduced
from 0.2 s to 0.002 s with the new gains computed by the
proposed approach. Also the behavior of the AC voltage is
perfect after optimizing the PI gains.

In Fig. 12, the offshore frequency I and the active
1, and reactive I, currents and their references are pre-
sented. For the period of step change, the active and

Table 3 PI regulator gains

PI Parameters Kp Ki Objeche
function

Before optimization 50 le-6 9897.62

After optimization 100.483 0.129619 2427.55




E 25 i Before optimization ‘ .
% 20 VdW VdW |
>

%5 | |
" 588 8 3.5 4
— 50 T
i uh[\vl\ll\]qh;ww[\l|\|l\l¢;u}'[\||u\]'u\;»[M‘N]n;u;\[p”nul{I\;\[p[mul‘|1;H;»H||||‘]‘;\\;;|‘||‘||H|W;‘”||‘||‘MN‘”,["wl‘m,”"ll‘]ww”"mWHWNW"W
= 0 w{ui»HII\!l\]'h\1»[\nﬂ||\]dh!w[h|\l‘l\]dIw!w[h[\ll\ln\|<{H1'[\ll‘ll\]‘[uj»[\||\||\1|1|\:\|Mh‘ﬂmh{w]h{hﬂM\1{\\M\||‘M1‘{uj»[\||\|l\1'hw!wllil\l‘l\hl\w!w[1i[\I|\||H<tHi'[\Il‘!l\]'!Hj»[hl\ldmm

-50 ‘ /

25 3 3.5 4
After optimization

T

15 . .
2.5 3 35 4

0 O
L

2.5 3 35 4
T(s)

Fig. 11 Active voltage and AC voltage during the step applied in V;W

reactive currents follow very well their references in which
the active current and its reference are increased whereas
the reactive current with its reference keep the rated value
around zero. For the frequency, there are large transients at
the beginning and the end of the step because of converter
effect. Concerning the effect of the Hooke Jeevez method
use, it is clear that this approach has a prefect influence to
eradicate the oscillations and limit the response time.

5 Conclusion
In this work, the presented control strategies mainly use
PI controllers optimized by the Hooke Jeeves method.
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