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This paper presents a new variable speed wind energy conversion systems (WECS). It is based on a six-phase
asymmetrical squirrel cage induction generator (SCIG) and a matrix converter (MC) as power electronic interface
between six-phase SCIG and electrical network. The analysis employs a rotor flux vector control algorithm and a
scalar strategy modulated MC to control the generator. Characteristics of MC are used for maximizing the power
tracking control when different wind speeds and delivering powers to the grid are simultaneously considered. The
MC provides sinusoidal input and output voltages and a unity power factor, but causes an asymmetry in the gen-
erator. A current control strategy including the method of suppressing imbalance caused by this asymmetry is
discussed. Some numerical simulations are carried out showing the effectiveness of the proposed WECS topology.

Key words: AC machines, matrix converters, vector control, wind energy conversion systems

Visefazni sustav za pretvorbu energije vjetra zasnovan na matricnom pretvaracu. U ovom radu prikazan
je novi sustav za pretvorbu energije vjetra s promjenjivom brzinom. Zasnovan je na Sestofaznom asimetricnom
kaveznom generatoru i matricnom pretvaracu koji je sucelje izmedu generatora i elektroenergetske mreze. U analizi
se koristi vektorsko upravljanje tokom u rotoru i skalarna strategija moduliranog matri¢nog pretvaraca za upravl-
janje generatorom. Karakteristike matri¢nog pretvaraca koriste se za maksimiziranje slijedenja snage u slu¢ajevima
kada se istovremeno promatraju razlicite brzine vjetra i snage koja se daje u mrezu. Matri¢ni pretvara¢ daje sinusni
ulazni i izlazni napon te jedini¢ni faktor snage, ali uzrokuje asimetriju u generatoru. Razmotrena je strategija upravl-
janja strujom koja ukljucuje metodu za smanjivanje neravnoteZe koju uzrokuje asimetrija. Provedene su numericke
simulacije koje pokazuju efektivnost predloZene topologije sustava za pretvorbu energije vjetra.

Kljucne rijeci: asinkroni strojevi, matri¢ni pretvaraci, vektorsko upravljanje, sustavi za pretvorbu energije vjetra

1 INTRODUCTION

The solution for medium-voltage high-power variable-
speed WECS is nowadays based on the multiphase ma-
chine. Compared with conventional three-phase machines,
multiphase machines with sinusoidal spatial magneto-
motive force distribution have lower space harmonics,
greater fault tolerance, lower pulsating torque, and lower
per phase power ratings for given power [1-4]. Multi-
phase generators have been studied much less than mul-
tiphase variable-speed drives and this remains to be an in-
teresting topic, especially for WECS. In particular, mul-
tiphase machines with multiple three-phase windings are
very convenient for WECS and several studies, employ-
ing six-phase and nine-phase generators, have been con-
ducted recently [5,6]. Companies, as GAMESA Electric,
also propose WECS, using eighteen-phase generator with
six back-to-back three-phase converters [7]. The modular-
ity of three-phase windings in multiple three-phase wind-
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ing machines can take advantage of the well established
three-phase technology, allowing the use of off-the-shelf
three-phase converters.

Several studies on six-phase generators for wind ap-
plications have been reported earlier, such as a six-phase
permanent magnet generator with back-to-back converters
[8], a six-phase induction generator for stand-alone gener-
ation and for offshore-wind energy conversion system [9].
The direct MC can be used as an alternative to the DC-
link voltage-sourced converter for WECS [10]. It features
no energy storage components (DC electrolytic capacitors
or inductors), has bidirectional power flow capability and
controllable input power-factor [11]. Also, the MC pro-
vides a smooth transition of the generator speed through
its synchronous speed. To evaluate performance and de-
sign controls of a grid-connected wind turbine utilizing the
MC topology, it is necessary to develop a dynamic model
of the MC. As to the grid-connected wind turbines applica-
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Fig. 1. Proposed topology of multiphase (six-phase) wind
generation systems

tion, the MC model should be developed in a d-q reference
frame to be consistent with the grid and generator models.
In literature, those MC models for multiphase drive appli-
cations are usually customized for specific objectives, such
as vector control of motors, direct torque/power control,
but cannot be generalized for wind power system studies
[12].

The paper is organized as follows. Section 2 de-
scribes general description of the system, including the
six-to-three phase matrix converter model and the machine
model. In section 3 indirect rotor flux oriented control IR-
FOC, power delivery and MPPT control system are ex-
plained. Finally, simulation results and conclusions are
presented in section 4 and section 5, respectively, to ver-
ify the performance and value of the proposed system.

2 GENERAL DESCRIPTION OF THE SYSTEM
2.1 System overview

The generator used in Fig. 1 is an asymmetrical six-
phase squirrel cage induction machine, i.e. its two three-
phase windings are mutually shifted in space by 30°. The
neutral points of the two windings are isolated. As shown
in Fig. 1, the generator is controlled using the six-to-three
phase matrix converter.

2.2 Six-to-three phase matrix converter model

The schematic diagram of the six-to-three phase matrix
converter is presented in Fig. 2. Its inputs are the phase
voltages val, vbl, vcl, va2, vb2, vc2, and its outputs are
the voltages vol, vo2, vo3. The MC components (S171,
S112,..., §233) represent eighteen bi-directional switches
which are capable to stop the voltage in either directions
and to switch between them without any delays [13-15].
The MC connects the six-phase of the generator, with am-
plitude V; and frequency f; = ws/2m, through the eigh-
teen switches to the output terminal in accordance with cal-
culated switching angles.

The use of MC for variable-speed WECS as proposed
in this contribution presents some drawbacks of MC con-
sist of the switching problems resulting from the absence
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Fig. 2. Basic scheme of a six-to-three phase matrix con-
verter for high power WECS

of static free-wheeling paths, the comparatively complex
control algorithms for the frequency conversion and of the
reduced output-input voltage ratio which is at most 0.866
(sinusoidal output voltage and input current modulation).

Nevertheless, it offers very interesting advantages, no-
tably:

1. The power converter requires no bulky and costly en-
ergy storage components, like those in dc-link con-
verter,

2. The control scheme required by a direct AC-AC con-
version scheme is simpler than that used by a two-
stage power conversion.

The input six-phase voltages of the MC are described
by:

Va1 cos(wst)

Up1 cos(wst — 27/3)

Ver | cos(wst — 4m/3)

Va2 | Vs cos(wst — m/6) M)
Vp2 cos(wst — 57 /6)

Vo cos(wst — 37/2)

The three-phase output voltages obtained have control-
lable amplitudes V,, and frequency f, = w,/2pi [15].
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The required first harmonic of the output phase volt-
ages of the MC are [15]:

Vo1 cos(w,t)
Vo2 | =V, | cos(wot —2m/3) 2)
Vo3 cos(wet — 47/3)

The problem may be defined as follows: with input
voltages as in (1), the MC switching angles equations will
be formulated so that the first harmonic of the output volt-
ages will be as in (2). The switching angles of the eigh-
teen bidirectional switches Sy, (Where x=1,2 represents
the index of the number of winding (double star), y=1,2,3
represents the index of the output voltage and z=1,2,3 rep-
resents the index of the input voltage) which will be calcu-
lated, must comply with the following rules [13]:

1. At every instant ¢, only one switch Sy, (x=1,2 and
z=1,2,3) will be in ‘ON’ state. This assures that no
short circuit will occur at the generator-side.

2. At every instant t, at least two of the switches
Seyz(x=1,2 and y=1,2,3) will be in ‘ON’ state. This
condition guarantees a closed-loop path for the load
current (usually this is an inductive current).

3. The switching frequency is fs and its angular fre-
quency (ws = 2mf,), in other words the switching
frequency is much higher (f; = 20. max(f;, f,)) than
the input and output frequencies) [13].

During the kth switching cycle T4(Ts = 1/ f5), the first
phase output voltage is given by:

Va1 0<t—(k—1)T, <mhTs
vpr My Ty < t=(k—1)Ts < (miy, +mip) T
ver  (mfy +mhyy) Ts <t — (k—1)Ts < T

Y1 Yvae 0 <t — (k— 1) Ty < mhy, T,

vpp My Ts < t—(k—1)Ts < (mbyy +mby,) T

Vo (mbyy +mb) Te <t —(k—1)Ts < T,
3)

In (3), mk, . are defined by :
ik
ko _ lays

Mgy, = T @)
Where tﬁyz is the time interval when S, is in ‘ON’

state, during the k*" cycle, and k the switching cycle se-
quence number. The duty cycle m is [13]:

3 k .
Zz:l mllz = 1 3
0<mk <1

TYz

3
Zz:l mglz =1 (5)
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2.3 Six-phase Induction Machine Model

Using vector space decomposition method [4], the ma-
chine model can be decoupled into three orthogonal sub-
spaces, which are denoted as «—f3, x—y, and zero sequence
subspaces. For machines with distributed windings, only
« — [ components contribute to the useful electromechan-
ical energy conversion, whereas x—y and zero-sequence
components only produce losses. A power invariant de-
coupling transformation is used to convert the phase vari-
ables of the stator (al,bl,cl,a2,b2,c2) and rotor windings
into o — (8 and x—y variables [4].

7] = %x 7] ©)

all  —1/2  —1/2 V3/2 —V/3/2 0
[T,]_ﬁ 0 V3/2 —v3/2 1/2 /2 -1
Tx|l —1/2 —1/2 —V3/2 V3/2 0
yl0 —v3/2 V3/2  1/2 /2 -1

Transformation (6) is the Clark’s matrix for an asym-
metrical six-phase system (o« = 7/6 rad). Zero-sequence
components are omitted from the consideration and are
therefore not included in (6), since the machine has two
isolated neutral points. Two pairs of real variables that re-
sult after application of (6) onto phase quantities (o — Sand
x—y) can be combined into corresponding space vectors
[4].

A rotational transformation is applied next to transform
the oo — /3 variables into a synchronously rotating reference
frame (d—gq), which is suitable for vector control.

d cosf, sinf
_q —sinfy cosb,
D)= 1 X )
Y 1

The transformation of d—g variables in (7) is identi-
cal as for a three-phase system [4]. The second pair of
variables (x—y) is not rotationally transformed since the
equations for these variables do not contain stator-to-rotor
coupling. In (7), 6, is the angle of the rotational trans-
formation for stator. Assuming that the electrical angular
speed of the machine is w, and the reference frame is ro-
tating at an arbitrary speed w; (so that s = [w,dt), the
model of the induction machine can be described using the
following voltage and flux equations in the (d—gq) plane
(generating convention is used):

Vgs = —Rstds + d(bds/dt - ws¢qs
Vgs = _Rsiqs + dd)qs/dt + WsPds
0= Rridr + d¢dr/dt - (ws - wT)¢qT
0= Ryigr + dogr/dt + (ws — wy)Par

®)
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¢ds = (Lls + Lm)ids + Lmidr
¢qs = (Lls + Lm)iqs + Lmiqr (9)
¢dr - (Llr + Lm)idr + Lmids
d)qr = (Llr + Lm)iqr + Lmiqs

Where R, and R, are the stator and rotor resistances,
respectively; whereas L;s, L; and L,, are the stator and
rotor leakage inductances and the magnetizing inductance,
respectively. Additional stator equations, which describe
the machine in the (x—y) plane, are:

Vs = _Rsiws + d¢zs/dt (10)
Vys = —Rgiys + doys/dt
¢zs = Llsirs
. 11
{ (bys = Llslys ( )

For a machine with p pole pairs, the electromagnetic
torque solely depends on the d—q components and is given
with:

Te = pLp (idriqs - idsiqr) (12)
Finally, the equation of rotor motion is:
dwpm,
Th —Te =J—— 13
7 (13)

Where w,, is the rotor mechanical speed, .J is inertia,
and 7, is the mechanical torque.

2.4 Compensation of asymmetries

One important consideration when operating six-phase
generator is the suppression of x-y currents. Ideally, if the
two windings are supplied with two sets of balanced si-
nusoidal three-phase voltages, which are symmetrical and
phase-shifted by 30°, two sets of balanced three-phase cur-
rents of the same amplitude would flow in each winding.
In this case, there will be no current flowing in the x-y
plane (except for the switching harmonics related ripple
current). However, if there are some phase and/or magni-
tude deviations from this ideal condition, x-y currents will
flow, and the machine is considered to have asymmetries.
The asymmetries due to the type of control strategy of the
voltage source converter can be minimised by choosing
suitable modulation technique. However, the compensa-
tion of asymmetries due to machine and/or supply is not so
straightforward. Conventional control method that utilises
only one pair of d-q current controllers is incapable to
suppress the x-y currents requiring additional current con-
trollers.

A rotational transformation matrix (14) was introduced
to rotate the (x—y) plane in the counter-synchronous direc-
tion [1]:
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d | cosfy sinf,
’ q |—sinf; cosfy
[D ]  Zgg cosf, —sinf, (14)
Ydq sinfy  cosf,

3 CONTROL SYSTEM

The structure of the control system is shown in Fig. 3.
The control system is composed of two parts, the Indirect
Rotor Flux Oriented Control (IRFOC) and the Maximum
Power Point Tracking (MPPT).

ileblc[
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Fig. 3. Block diagram of control for WECS using six-phase
SCIG and six-to-three phase MC

3.1 Indirect rotor flux oriented control

With the voltage space decomposition model, the six-
phase SCIG can be controlled using indirect rotor flux ori-
ented control method in a similar manner as a three-phase
SCIG [4]. The rotor flux angle, which is required for the
rotational transformation (14), is calculated from the esti-
mated slip speed and the measured rotor position.

0 = /(pwm + wi)dt (15)
1 g,
= 1
YT T (16)

PI controllers are used to composite the asymmetries.
The references for x—y current controllers are set to zero to
eliminate the asymmetries. Structure of the current control
scheme, based on (14), is shown in Fig. 3, where eq4, ¢4
are the feed-forward terms for indirect rotor flux oriented
control.

AUTOMATIKA 57(2016) 2, 396404
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3.2 Maximum power point tracking

The steady-state wind turbine model at various wind
speeds is given by the power-speed characteristics shown
in Fig. 4(a). The 1.5 kW are produced by a three-blade
horizontal axis wind turbine with diameter of 2 m. At a
given wind speed, the operating point of the wind turbine is
determined by the intersection of the turbine characteristics
and the load characteristics.

From Fig. 4(a), it is noted that the shaft power of the
wind turbine is related to its wind speed v and rotor speed
N. In practice, characteristics of a wind turbine can also
be represented in a simplified form of power performance
coefficient and tip ratio (C}, — A) as shown in Fig. 4(b).

Following the Abel Betz’s theory [16], we know that
extracted power from the air by a wind turbine is given by:
Where v;nq 1S the wind speed in m/s, p is the air den-
sity in kg/m3, A is the exposed area in m2 and C,, is the
power coefficient. The power coefficient depends on the
pitch angle 3, which is the angle at which the rotor blades

can rotate along its long axis. We can thus define the tip-
speed ratio A defined by [16]:

wrR

Vwind

A= (18)
Where w,. is the rotor speed in rad/s and R is the blade
radius of turbine in m. As it can be seen in Fig. 4(b), the
power coefficient Cj, is a function of A and its maximum
value is yield at the particular tip-speed ratio A, deter-
mined from the blade design. Considering (17), the me-
chanical power is proportional to C,, and hence the maxi-
mum output power of wind turbine is obtained at C) max.

Pmax = pAOp max”iind/Q (19)

Then, the optimum speed of generator is determined as:

x Anom
w = Vwind

. R (20)

This optimum speed is used as reference speed for
speed controller of WECS.

4 SIMULATION RESULTS

To verify the performance of the proposed WECS, sev-
eral simulation tests are performed. These simulations
were performed using methods mentioned in section 3.

Per-phase equivalent circuit parameters of the 50 Hz
six-phase induction machine are given in the Appendix.
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Because the grid frequency is different from the output
frequency, variable frequency operation mode is selected.
Initially, the system is simulated with just d-g current con-
trollers and constant wind speed, to visualise the operation
of the WECS under ideal operating conditions. In the sec-
ond simulation, variable wind speed is selected with asym-
metries in the generator due to the control strategy of MC.
In the last simulation, the x-y current controllers are acti-
vated to suppress the asymmetries.

4.1 Operation of constant wind speed

The first simulation examines the ideal operation (con-
stant wind speed v = 16 m/s) of the system. With the
use of MPPT controller, the generator’s speed reference is
constant (N* = 1520 rpm). This reference speed and the
actual speed are shown in Fig. 5. Once, the generator’s
speed converges to the reference. Figure 6 shows the d-
q currents of the generator. The torque producing g-axis
current is limited to take only negative values, to ensure
the machine from operating in the generating mode. The
flux-controlling d-axis current is well regulated at its rated
value, giving rise to a constant rotor flux in the machine,
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as depicted in Fig. 7. The x-y currents and stator current
(phase al) of the generator are shown in Fig. 8 and Fig. 9,
respectively.
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4.2 Operation of variable wind speed

To verify dynamic of the proposed system, the wind
speed has been varied. The next simulation was repeated
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in operation of variable wind speed. With the use of MPPT
controller, the generator’s speed reference is varied accord-
ingly, to allow optimal power generation.

Variation of the generator’s speed reference and the ac-
tual speed are shown in Fig. 10. Once the generator’s
speed converges to the reference, the operation is consid-
ered to be at the maximum power point and the speed does
not change until the next change in the reference. Figure
11 shows the d-q currents of the generator. The d-q rotor
fluxes are depicted by Fig. 12 and the x-y stator currents
producing losses are shown in Fig. 13. Stator phase-a cur-
rent delivered by the generator is illustrated by Fig. 14.

4.3 Compensation of asymmetries

Since the simulation goal is to illustrate the effect of
asymmetry compensation, the generator is operated under
rated conditions and the fundamental frequency of the sta-
tor currents is 50 Hz. Initially, the system is simulated
with just d-g controllers (x-y voltage references are set to
zero). Figure 15 shows the x-y currents in the generator,
before compensation (¢ < 1.96 s) and after compensation
(t > 1.96 s). It can be seen in Fig. 16, that after the x-y
controllers have been activated (¢ > 1.96 s), the current

AUTOMATIKA 57(2016) 2, 396404
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amplitude is reduced. After compensation, the x-y stator Fig. 15. Stator x-y currents of the generator
currents are suppressed.
a six-phase input to three-phase output matrix converter.
5 CONCLUSION P P P P
The input to the matrix converter is six-phase generator
The paper presents a novel application for grid-  voltages and the output is three-phase variable voltage and
connected multiphase wind energy conversion system, em-  variable frequency (grid side). The proposed topology and

ploying an asymmetrical six-phase induction machine and  the concept are equally applicable for variable-speed drive
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and for generation applications.

The system is believed to be well suited to remote off-
shore wind farms with no HVDC-link connection. How-
ever, there is a potential problem with the additional de-
grees of freedom provided by the generator x-y currents
due to the matrix converter modulation, which the gener-
ator is considered to be operating with asymmetry. This
paper overcomes this limitation by using PI controllers in
a synchronous frame; to compensate the asymmetry and
making this novel topology simple and easy for implemen-
tation.

APPENDIX A DATA OF THE TESTED DRIVE

Table 1. Parameters of the six-phase machine

Parameter | value Parameter | value
V(RMS) | 220V R, 3.80Q
I(RMS) 36 A L 0.04 H
P, 1.5 kW Ly, 0.04 H
P 2 L, 0.26 H
R 480 J 0.03

Kgm?
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