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ABSTRACT

In this paper, a multivariable robust control strategy of a variable speed wind energy conversion system based on a squirrel cage
induction generator (SCIG) is presented. Optimal speed control of the SCIG is achieved by a conventional PI controller combined with
a Maximum Power Point Tracking (MPPT) strategy. The Indirect Field Oriented Control (IFOC) technique based on a simple Park
(d-q) reference model is used to implement the proposed controller.
Active and reactive power flow between the grid and the inverter is controlled via simultaneous H-infinity control of active and reactive
currents of the grid and the DC link voltage. The switching technique of the inverter which is connected directly to the grid is controlled
by a programmed PWM look-up table wave shaping.
The robustness and performance of the proposed control scheme is evaluated on a comprehensive model of the wind energy conversion
system using Matlab/Simulink.

Keywords- Renewable energy, asynchronous generator, IFOC, MPPT, programmed PWM, Matlab, Simulink, SimPower Systems

toolbox.

1. INTRODUCTION

The ever-increasing energy demands, the decline of
fossil fuels sources and global concerns on environmental
issues related to climate change and CO, emissions have
been the driving force behind the production of electricity
using renewable energy sources.

Renewable energy such as solar, wind, tidal currents
and ocean clean energy is sustainable, inexhaustible and
environmentally friendly. Wind energy is currently
amongst the fastest-growing sources of the electricity in the
world and its integration to the grid is the subject of active
research and developments [1].

Amongst the various types of generators used for wind
energy conversion system (WECS) [2], the squirrel-cage
induction generator offers the advantages of high
reliability, low maintenance requirements and cost, and is
very light[3].

The amount of power generated from a wind energy
conversion system depends mainly on the wind speed
conditions and the geographical location. MPPT methods
allow variable-speed wind turbines to operate at their
optimal speed to capture the maximum power from the
available wind energy [5]. Several MPPT techniques have
been proposed for variable-speed WECS. The method used
in this work is based on the knowledge of the wind turbine
characteristics. Points of maximum power are stored in a
look-up table as a function of the captured wind speeds. The
optimal speed output from the MPPT is then used as the
reference for the IFOC scheme [6].The controllers’
parameters are obtained by the pole placement method.
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The switching states of the converter on the generator side
are controlled by a conventional PWM (sine-triangle).

The AC side converter, on the other hand, is controlled
by a programmed PWM look-up table wave shaping and
controls both the level of the DC voltage and the active ig
and reactive iq currents and subsequently the power flow to
the utility grid. The reference voltage on the DC side is
chosen greater than the forward voltage of the source
whereas the reference of the reactive current is set to zero
to ensure power flow with unity power factor.

In this paper, a robust multivariable controller based on
H-infinity is designed and evaluated on the comprehensive
model of the WECS.

The rest of the paper is organized as follows: Section 2
introduces the overall simulation model structure and
develops the control strategies. Section 3 presents the
mathematical models of the components of the system.
Section 4 presents the H-infinity control design and its
modelling. Finally, the simulation results and conclusions
are summarised in Sections 5 and 6, respectively. Appendix
includes the values of the model parameters of simulation.

2. DESCRIPTION THE WIND ENERGY
CONTROL SYSTEM

The WECS model consists of a three-bladed wind
turbine of radius Rand a variable-speed SCIG connected to
the supply through two PWM AC to DC controlled
converters as shown in Fig.1. The converter next to the
generator is used as a sine-triangle PWM rectifier to ensure
power flow from the asynchronous generator’s AC side to
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Fig. 1 The proposed circuit of controlling of wind based asynchronous squirrel cage generator

the DC side. The reference of the DC bus voltage is choen
greater than the forward voltage to ensure power flow to the
utility grid side.The author presents his main ideas,
mathematical formulations and their derivation. This part
should be accompanied by exact references. The converter
next to the induction generator is used for controlling both
the amplitude of the DC side voltage, and the active and
reactive power flow by adjusting two parameters of the
programmed PWM look-up table, namely, the modulation
index (MI) and the phase shift (o) between the voltage and
current of the utility grid.

For the control system to be efficient, it is necessary to
get the amplitude of the DC side voltage as well as both
voltages and currents of the AC side. Moreover, a phase
locked-loop circuit (PLL) is used to synchronise the system
d-q components of the AC side voltage and currents with
the utility grid.

The control law of the MIMO H-infinity controller is
obtained as:

Uqg = Vg — Vogq
{uq =TVq —

Where:

Vg, Vq: are the grid voltages and voq, Vod: are the inverter
output voltages.

@)

Voq

Therefore:

@)

{Vod =Vg —Ug
Vog = Vg — Uq

3. MODELNG OF THE WECS COMPONENTS
3.1 Wind Turbine and MPPT Models
The relationship between the wind speed and the

mechanical aerodynamic transmission extracted from the
wind can be described as follows [7-11]:

P, = %p.n.Rz.Cp(A, B).v? ©)
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With: Pp: is the mechanical power of the wind turbine
[W]1
£ is the orientation angle of the blades[°].
p: is the density area [kg.m™].
R: is the radius of the turbine [m].
v: is the wind speed [m.s?]

The power coefficient C, is used for defining the
aerodynamic efficiency of the wind turbine and depends on
the characteristics of the turbine [11].

A: is defined as the ratio between the linear velocity at
the end of the blade and the wind speed of the free jet and
is given by:

A=2m @)

Where Qn is the rotational speed of the turbine. The
characteristics of the C, vary greatly depending on the wind
and the speed level.

This means that the locus of the point representing the
maximum power can be determined and tracked by
adapting the speed of the turbine. Thus, to maximize the
converted power, the turbine speed must be adapted to wind
speed to follow the trajectory of the maximum power point
given by equation (2) [4,5].

Qm.R

3.2 Generator and Grid utility Models

Based on the equivalent circuit used for the induction
machines in the Park frame, the following model for the
two-phase stator winding equivalent can be obtained:

de
wsPsq + sd

Vgq = Rglgq —

, o )
Vsq = Rgigq + 0@Pgq + ?

Where vy and vy, are the stator voltages in the Park
frame, w; speed of the generator stator and Dy Dy isa isq are
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respectively the flux and the stator currents components on
the d and q axis of Park frame.

The electrical model for the two-phase equivalent rotor
winding is:
d‘l’rd

vrd = O = R ird (Urd’rq +

(6)

<I>
rq = 0= Rylyg + 0sPrg +— ”7

Similarly, rotor voltages v,sand v,, are set to zero for a
short-circuited rotor. , is the rotor speed of the generator
and @y, Dy, i and i,, are respectively the flux and currents
of the rotor in d-q frame axis.

The flux components in the d-q frame axis are given by:

For the rotor

(psd = Lsisd + Lmird (7)

Dsq = Lgisq + Linirg

And the motion equation is:

Prq = Linisqg + Lrirg (8)
Drg = Linlsg + Lyiyg

Tem: The electromagnetic torque [N.m].

ao
Tem - f Q +] —4 (9)
T The mechanical torque developed by the turbine
[N.ml].
The electromagnetic torque is expressed as:
3 Lm
Tem = ((prd Isq (prq-lsq)

The mathematical model of the grid utility in Park
frame is:

ld] — o, —th ] Llf vq—voq] (11

Where:

w.: is the angular frequency of the grid.

The DC bus voltage vs varies with the power
exchanged between the turbine and the grid according to
the following equation:

(10)

dvgc

C a Lgc

= lac1 = laca (12)

Where:

lac1 is the DC side generator converter current.

laco is the DC side grid converter current.

The active and reactive powers of the grid in
relationship with Park frame voltages and currents

components, where v, = 0, are:

P = %vd.id
3 _ (13)
Q =S Va-lg

The active power transmitted by the DC link can be
expressed by:
Py = vac-lac (14)

The power balance between the DC and AC gives:

3 .
PdC = P = vdc.ldc = Evd. ld (15)
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3.3 Generation of the programmed PWM Look up
Table Models

This PWM technique is used to calculate the switching
instants of the devices so as to match certain criteria on the
frequency spectrum of the resulting wave [12]. These
sequences are then stored and used cyclically to ensure the
control of the switches.

The criteria commonly used are:

e Elimination of harmonics of a certain range
e Elimination of harmonics in a specified frequency
band.

A Simulink block was created for the programmed
PWM technique [10].

The Ml is varied from 0 t01.15 in steps of 0.01 (i.e.115
is the value of MI). Each Ml is shown in a table of wt for a
period 0f0.02 sec with a sampling time of 0.02/4096.

The solutions obtained by the Newton-Raphson method
to eliminate ten (10) harmonics for each Ml is stored in an
array of size 4 Kbytes (4x1024=4096) i.e. 4096 points per
cycle.

Thus, two counters were designed (one, horizontally
to detect the MI and the other vertically to detect the instant
ot + o and to count from that instant for a period of 0.02
sec in steps of 0.02 / 4096), where the first counter pointer
detects the MI. Once the Ml is detected, the pointer of the
second counter is attached to the table for the MI obtained
by the first counter from the time w¢ + o as shown in Fig.
2.

ot+ o —»

Programmed PWM Look up Table
Fig. 2 Programmed PWM look-up table generation method
4. H-INFINITY MIMO CONTROLLER DESIGN

The Hoo standard problem can be formulated using the
basic process model-controller structure depicted in Fig. 3.

w e
u | PO y
K(s) |«

Fig. 3 H.. standard problem.
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The transfer function relating w, u, e and y is given by: _ [kl(s) 0 ]
E (S)] _ [W(s)] _ [Pn(s) Plz(s)] [W(s)] With:
vl = PO ] = lrae Paellus] @ ke

P is the transfer function of the process and K is the He
controller to be designed.

The transfer matrix between w and e of the closed loop
system, known as the Linear Fractional Transformation
(LFT) which is given by:

F(P,K)zpll +P12.K(In_P22.K)_1.P21 (17)

Different methods have been being proposed to solve
the H-infinity standard problem. In this paper, the Glover-
Doyle algorithm has been used [13- 14]. We introduce a
minimal realization of the system P(s) as follows:

_ Py1(s)  Piy(s) _[P11 Di2][Cy -1
O R P aantd B Fouid | P HET ARl LS
(18)

This result is associated with the following internal
description (where X is the state vector):
x(t) = A.x(t) + B;. w(t) + By. u(t)

e(t) = Cl.x(t) + Dll.a)(t) + Dlz.u(t) (19)
y(t) = Cz..x(t) + DZl.(A)(t) + Dzz.u(t)
Where:
oW
_| ¢ _1[1 0 10
A_—we el BZ_Lf[O ' DZl_[O 1

L
f
By = 0345, D11 = Ouxz, Dz = 03y,

With:

To solve the Hoo standard problem, we assume that the
following assumptions are satisfied:

The matrices (A, Bz, C,) have to be controllable and
observable in order to guarantee the existence of a
controller K that internally stabilizes the system. The
feedback controller K. is designed to make the system
internally stable and minimize the Hoo norm of the transfer
function from the perturbation w to the error signal e.

lF (P, Kl <y (20)

For € = CX , the Hoo state regulator has the following

form:
u=-K.x
{KC =BT.X (21)

The equation of the controller must satisfy the Riccati
equations:

AT X +X.A+X(y 2.B;.BI = B,.B)X +cf.c,=0
(22)
According to the bounded real lemma, such a non-
negative definite solution X exists if the condition

min |F (P,K,)

Kstabilizing

L <7 is satisfied.

The Heo controller calculated is in the following form:
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_ —5.6522(s + 10°)(s + 5341)(s? + 2160s + 1.4 * 10°)
T (s + 0.1)(s% + 106205 + 2.82 » 107)(s2 + 23215 + 1.452  105)

k(s)
18.6212(s + 10%)(s + 5308)(s? + 2194s + 1.288 * 10°)

~ 5+ 0.1)(s2 + 10620s + 2.82 * 107)(s2 + 2321s + 1.452 » 10°)

5. SIMULATION RESULTS

The parameters values of all the components used in the
simulation are listed in the Appendix. Fig.4 shows the
active and reactive powers of the generator and the three
phase stator voltages. Before the action of the wind turbine,
it can be seen that the active power reaches a low value due
to the iron and copper losses of the generator. When the
wind turbine starts operating at t=0.2s, the generator
supplies an active power equal to -2Kw for a wind velocity
of 12m/s. At t=1.4s the wind velocity was changed to
v=8m/s, then the active power falls to 0.6Kw. The reference
of the active power is provided by the MPPT algorithm
according to the available wind speed.

Fig. 5 shows the wind speed, the speed and
electromagnetic torque and the three phase stator currents
of the generator for the same changes in the available wind.
We note that the angular velocity and the electromagnetic
torque are always monitored according to the value of the
wind speed captured.

Fig. 6 shows the active and reactive power and the grid
and load currents. From time t=0.2s to t=0.8 s the active
power is the same as the active power supplied by the
generator, at t=0.8s a resistive load of 2 Kw is applied to
the grid. The grid currents are constants and reach zero and
the load absorbs all the power supplied by the generator.
When the wind speed changes from 12m/s to 8m/s at
t=1.4s, the generator is supplying a low current which
forces the grid to produce the critical power to the load.
The reactive power is always nil because the reactive power
reference is set to zero to obtain a unity power factor.

Al
i

O [(AR|

9

v
Ve M

Time [sec]

Fig. 4 Active and reactive power of the generator and three
phase stator voltages.
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Fig. 5 Wind speed, generator angular velocity,
electromagnetic torque and three phase currents.

Fig.7 shows the responses of the voltage waveform and
power. It can be noted that the DC voltage reference is
maintained at 800V after a short transient despite changes
in wind speed from 12 to 10 m/sec. The power and current
of the DC side is almost zero in steady state.
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Fig. 6 Active and reactive power of the grid, grid and load
phase currents.
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Fig. 7 DC link voltage, current and power waveforms.

Fig.8 shows responses of the power coefficient C, and
the tip speed ratio . We note that the power coefficient is

ISSN 1335-8243 (print) © 2015 FEI TUKE

maintained at its maximum value of 0.411 when the speed
A remains at the maximum value of 8.

Time [sec]
Fig. 8 Reponses of the power coefficient Cp and tip speed ratio
A

6. CONCLUSION

In this paper, a robust control scheme was applied to
grid currents of squirrel cage induction generator connected
to a wind turbine. The MPPT control gives the optimal
speed according to wind speed available. This optimal
speed was taken as the reference of the indirect field
oriented control of the induction generator. Active and
reactive power flow between the inverter and the grid was
controlled by the state space H-infinity controller based on
Riccati equation. The inverter used a programmed PWM
look up table which minimized considerably the harmonics
in grid voltage and current.

The dynamic performance of the system was improved
by the control strategy proposed in this work; the control
scheme was able to extract the maximum of power from the
wind as shown in the simulation tests. As future work, the
authors believe that the dynamic performance can be
improved by using the space vector PWM technique with
multilevel converters.
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Appendix: Values of the Models Parameters

Source

Effective voltage, Vs [ V] 380
Frequency, fs [ HZ] 50

Transformer

Leakage resistance, Rt [Q] 34
The leakage inductance, Lt [mH] 3.3
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35
Tubine
Densityarea, p[kg.m2] 1.225
Nominal mechanical power, Pmn [kKW] 2.68
Radius of the turbine, R [m] 1.4
Nominal wind speed, va[m.s™] 12
Gain of the multiplier, G 2.4453512
SCIG
Nominal power, Pgn[KW] 2
Nominal frequency, fgn [Hz] 50
Stator resistance, Rs [Q2] 4.85
Stator leakage inductance, Lis [H] 0.016
Rotor resistance, Rr [Q2] 3.805
Rotor leakage inductance, Lir [H] 0.016
Cyclic mutual inductance, Lm [H] 0.258
Inertia, J [kg.m?] 0.031
Viscousfriction coefficient, f [N.m.sec.rad?] 0.00114
Number of pole pairs, p 2
IFOC control block
Proportional gain of speed controller, Kpe 1
Integral gain of the speed controller, Kio 15.872
DC side
Capacitance, C [ pF] 104
Proportional gain of speed controller, Kpdc 2
Integral gain of the speed controller, Kidc 25
Load
Active power, Pcha [ KW] 2
Reactive power, Qcha [ Var] 0
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