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Abstract—Wind as a renewable energy source over the last
decade have received global attention as conventional energy
sources are limited and cause some effects to mankind and his
environment. The model of Doubly Fed Induction Generator
(DFIG) based Wind Energy Conversion Systems (WECS) control
with back-to-back converter has some drawbacks such as high
weight, current harmonics and cost owing to the DC link capacitor
circuitry. This paper evaluates the dynamic model of the DFIG
driven by an Indirect Matrix Converter (IMC) in
MATLAB/Simulink environment. The asynchronous machine was
modeled in synchronous reference frame under stator flux
orientation for which d-axis is aligned. An Indirect Space Vector
Modulation (ISVM) was applied to control the matrix converter.
Maximum Power Point Tracking (MPPT) control based on
Indirect Speed Control (1SC) was applied to the wind turbine so as
to track maximum power from the wind. The simulation results
show the effectiveness of proposed system under different wind
speed. For instance, when the wind speed is 10m/s the rotor speed
is 0.94pu at steady state operation, after 6 seconds the wind speed
increases to 12m/s while the rotor speed attained a new steady
state operation of 0.97pu. The DFIG-based wind turbine system
operates under sub-synchronous mode for the wind speed
variation applied to wind turbine.

Keywords— Indirect Matrix Converter, Indirect Speed Control,
Maximum Power Point Tracking, Wind Turbine, Indirect Space
Vector Modulation.

l. INTRODUCTION

The conventional energy sources are limited and cause
pollution to the environment. More attention and interest have
been paid to the utilization of renewable energy sources such as
wind and solar in order to meet the energy demand of the
global population. According to statistics by Global Wind
Energy Council (GWEC) the total installed capacity of wind
power plants worldwide has exceeded 318GW since 2013 and
it was estimated to be about 712GW as reported in [1]. Wind
energy is one of the renewable energy sources obtained with
wind turbines which is the highest growth in modern power
systems and has minimum negative effect on environment.
There are two different types of wind turbines connected to the
grid. These are fixed Speed Wind Turbine (FSWT) based on a
Squirrel Cage Induction Generator (SCIG) and Variable Speed
Wind Turbine (VSWT) consisting of a Doubly Fed Induction
Generator (DFIG) or a Permanent Magnets Synchronous

3oyeguzeh@yahoo.com, 4abubakaras@abu.edu.ng

Generator (PMSG) [2], [3]. The conventional voltage source
converter (VSC) is bidirectional converter consisting of the
rotor side rectifier (RSR) and the Grid Side Converter (GSC)
with DC-link in between. Rotor side converter enables the
control of stator active and reactive power of DFIG by
controlling the rotor current [4].

Matrix Converter (MC) is a group of AC—AC converter that
connect directly a three-phase source to a three-phase load and
are able to convert energy of the ac-source to variable output
voltages with unrestricted frequency without using the bulky
energy storage elements, which generally has limited lifetime.
In the variable voltage and variable frequency AC drive
applications, MC has received extensive research attention
because of their distinctive advantages such as high quality
sinusoidal input and output waveforms, adjustable input power
factor, lack of bulky energy storage components and capability
of regeneration [5]. Fig. 1 illustrates the WECS based DFIG
based wind turbine driven by Matrix Converter. One of the
most preferred modulations for matrix converters is the Space
Vector Modulation (SVM) because of the better harmonic
performance using different switching strategies. Two versions
of SVM are direct SVM (DSVM) and indirect SVM (ISVM).
The number of switching commutations and consequently the
switching losses in each switching period depends on the
number and position of zero configurations used in switching
pattern. It also has some effect on the ripples of input and
output voltages and currents [6].

In this paper the dynamic model of DFIG-based Wind
turbine driven by matrix converter is simulated for different
wind speed variation in MATLAB/Simulink under stator flux
orientation. A Maximum Power Point Tracking (MPPT)
control technique is applied to the wind turbine to extract
maximum energy from the wind.

Section 2 presents the aerodynamic model of the wind
turbine. Modeling of DFIG is presented in section 3. Modeling
of Indirect Matrix Converter and vector control for DFIG
driven by indirect matrix converter is discussed in section 4.
Sections 5 and 6 present the simulation results and conclusion
of the proposed DFIG control technique respectively.
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Fig. 1: DFIG-Based Wind Turbine

Il.  Wind Turbine Aerodynamic Model

The aerodynamic of wind turbine entails the mechanical
energy extraction from the wind by the turbine blades. The
mechanical power (F.) capture or extracted from the wind
by the wind turbine is given as follows [7].

1 I
Er :E.ﬂ"lcp':-’l'.ﬁ,'r*'h? (1)
Where; p is the air density in kg/m® A is the area of the
wind turbine blade, , is the power coefficient, 4 is the tip

speed ratio, B is the pitch angle and ¥, is the wind speed in
(m/s).

The tip speed ratio 4 is defined as the ratio of the angular
rotor speed of the wind turbine to the linear wind speed at
the tip of the blades and can be expressed as follows [2].

A= @
w, is the angular velocity of the rotor and R is the wind
turbine blade radius in (m). The mechanical angular velocity
of the rpjrgr wy in (rad/sec),

by =

60 (3)
The driving torque around the rotor shaft can be expressed
as in [8].

Ty = 3 PARC; (4)
Where c7 is the torque coefficient given as:
=2 5)

For a variable speed wind turbine (VSWT), the coefficient
€, is calculated as follows [7].

1
h=—7T o
A+ 00028 'f_?’+J_ (6)
The value of tip-speed ratio A can be obtained as;
151 Lt
Celdfl =073 [T' 0.581 - 000285 - 13 z] e ™

An Indirect speed control (ISC) was adopted to extract
maximum power from the wind by designing MPPT
controller based on Fig. 2. The reference electromagnetic
torque from the output of controller is expressed as follows

[9].

Trem

knpr Wind Energy

System

Fig. 2: MPPT controller

®)
)

Trem = Kope )
1 Cplmax -
Kope = ;P-‘T—’?smwr
Where, { £ Jmax is maximum value of power coefficient is the

tip speed ratio at its optimal.

I1l. DFIG Modeling

The stator winding of DFIG is directly connected to the grid
while the rotor side was indirectly feeds the grid by Indirect Matrix
converter as illustrated in Fig. 1. The equivalent circuit of
DFIG in synchronous reference frame is shown in Fig. 3
[10], [11].

oW, Oy .
igs L A Loe fe—_ R ge
AA A A ™ TR T AANA ———
== 500 IR O —.
+ + + +
|
DC dys oy dyy, pC
e AY
Va ‘ B o £ L - = g
Oy O, )
iy Ry « - Ly Lo -+ R fgr
o= AAAN T TR BT (T AN ——
AYAY; 000 o —A ) —"NWN—
+ + + +
/
DC dy, =) dy, bC
E s ar ]: v
Ve ‘ dt { S Lm } dr *

Fig. 3: d-q equivalent circuit of a DFIG synchronous reference frame.
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Taking the fluxes as the state-space magnitudes, the state
space representation of the DFIG is given by equation (10) as
in [12], [10].

Taking the fluxes as the state-space magnitudes, the state
space representation of the DFIG is given by the following
equation. The stator and rotor & —g fluxes equations are
given by the following equations;

Wag i Was

lll-';--\. o ) ity Sl -
T S (10)
W -.-I.I: @

W 0 oL L, Wy

=

2y

Wheres =1 - : (11)
The electromagnetic torque (Te:) can be expressed as
follows [133]

Ten .P - (H'-Ijq'stdr Pzt q'rjl (12)

Where; . i are the flux and current quantities, s and r are the
stator and rotor symbols, while g represent quadrature vector
component of a given variable that can be either a flux,
current or voltage.

IV. Indirect Matrix converter Modeling and Vector
Control for DFIG driven by IMC

A- Modeling of Indirect Matrix Converter

The equivalent circuit of Matrix Converter is illustrated
in Fig. 4. It can be observed that the Matrix Converter drives
the load by modulating the switches at both rectifier and
inverter stages of the converter.

slig| r,‘ i.jf” S7| 59‘:‘
1 AN

5 s
5 S+w SSW ! BW 510Wj
Vaer "7

Inverting Stage

Rectfying Stage

Fig. 4: Indirect matrix converter equivalent circuit with ideal switches
The switching function is expressed as follows [14], [5].

i 1, 5y closed i
S;I;:f'\x}':[u P e (abe), jelazc)

X .5'" open (13)

The switch combination is constrained as follows;

Sgj+Spi+5.;=1 JE(ABC) (14)

The output voltage and input current magnitude of the
Matrix Converter is expressed as follows:

Vp =T.V; (15)

c.-l 5[7.-1 Sr.-l. Vr.'
Sa5 Spm S| |V
ac Ske e - (16)

T

=11, (17)

"!II: IE;I:.u-l. IE;I:'.E' 'S'I:E "!II:
Iyl =\ Sea Sez Sec|-| e
I Sea S Sodd Lo (18)

An ISVM was applied to the matrix converter so as to
enable decouple control of input current and output voltage
of the converter based current and voltage space vectors
[15]. The following expressions present an indirect
modulation of rectifier and inverter stages of matrix
converter.

T=LR (19)
5 =5
24 “af “ac 5 5 .5
I_-:m Spg Sacl —L SmI 5: Sg SJ (20)
A Je5 o b Sl TR

Where the matrix | is the inverter transfer function and R is
the rectifier transfer function matrix. Substituting equation
(20) into (16)

Vo = LR.V; (21)

Se S ||52 525 I I (22)
HEEEIE

r S;S1+S& Sz 5;53 +S&S; S;S; +S&S& v
A o
{["n :kﬂ i+ 810-8: 55834 54054 S35z + 54 SiJ {FbJ (23)

¥, f
‘ 10031 + 51282 519253 + 51254 S1p: 55+ 542 5

B-Vector Control Applied to DFIG driven by Indirect
Matrix Converter

The DFIG control scheme entails the decouple control
of stator active and reactive power which is the function of
rotor currents. The d-component and g-component of rotor
current respective control stator reactive and active power
using PI controllers in each control loop [16], [17] and [10].
If the stator flux is aligned with d-axis the d-g rotor voltage
equations that enhance DFIG control are expressed as:

Epd |5

— B 4. _ i md
Vg = R.iy, +|'.'Fd|id, Fed i, + Lo s

(24)

Vi =Ry +0L 21, + w,0Liy, +%=|¥:| (25)

The complete control block diagram schematic for DFIG
driven by the matrix converter is shown in Fig. 5. The
triggering pulses of the Indirect Matrix converter were
obtained using vector control shown in Fig. 5 Two PI



International Conference on Electrical Engineering Applications (ICEEA'2020), Department of Eleclrical Engineering, Ahmadu Bello University, Zaria.

. & Va
Lar
o 7 B B S i
+ VB > ISVM » MC
> Pl af » / abc
Af‘i‘” A for —wy ol iy +
A G,
w,oL, i, +w, ¥, |Ly /L, - 1
dq aB iaber
ipr <
aB abc
3 L
K.=—"p-m
=3P Il ;
I-q-re- T
A Em
ﬂ MPPT et «—p
’ iabcs
Angle <
calculation < vabcs {
GRID
Fig. 5: Schematic Diagram of Vector Control for DFIG Drive by Matrix Converter
and a Maximum Power Point Tracking (MPPT) developed by the wind turbine increases with
controller was incorporated so as to achieve maximum increased in wind speed which will also increase the
power extraction for the variable wind speed and mechanical output power of the wind turbine
generate g-rotor current reference for the PI controller
in the control loop. Mechanical Torque
V. Simulation 0
The effectiveness of the proposed control scheme g
was verified in MALTAB/Simulink via simulation £ 500 T
based on system parameter presented in Appendix I. %’r
The simulation is carried out based on two different 5 1000 L . | |
wind speeds as follows: :
. G 15000 b—— i e i i i i
Wndspeed 0 1 2 3 4 5 & 1 8 9
12 Time (secs)
W
E
=N Fig. 7: Mechanical Torque
Eﬂ}
1]
29 speed
3 8
| 51}
=) "} o
01 2 3 4 5 & 7 & 8§ 1 %’
Time (secs) 208
Fig. 6: Wind Speed Profile 0
E 08
The wind speed profile of Fig. 6. was applied to the

wind turbine for which the wind speed of 10m/s was : ' : :
maintained before the step change to 12m/s at 6 secs T
and the aerodynamic torque output of the wind Time (secs)

turbine is depicted in Fig. 7. The mechanical torque Fig. 8: Rotor Mechanical Speed
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Fig. 9: Electromagnetic Torque

The rotor mechanical speed response of the system for
the wind speed variation is shown in Fig. 8. The system
attained steady state operating point corresponding to the
wind speed Fig. 6. The rotor speed is 0.94pu at steady state
for 10m/s wind speed and as the wind speed increased to
12m/s at 6 secs, the rotor speed attained a new steady state
operation of 0.97pu. The DFIG-based wind turbine system
operates under sub synchronous mode for the wind speed
variation applied to wind turbine. The electromagnetic
torque response is illustrated in Fig. 9. The machine
operates as a generator as the electromagnetic response is
negative. The reference MPPT torque was used to generate
the reference i_.* for the Pl controller in g-rotor current
component and ensured the maximum power tracking from
the wind.

The stator three phase voltages and current of the DFIG,
the three phase rotor current and the three phase output
voltage of the indirect matrix converter responses are
depicted in Fig. 10-13 under wind speed variation.

T
ol

6.05 6.15 [ 25 6.3
Time (secs)

stator Voltage (V)
(=]

Fig. 10: Three Phase Stator VVoltage

b A
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Fig. 11: Three Phase Stator Current

Ir

I

Fig. 12: Three Phase Rotor current
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Fig. 13: Three Phase MC Grid Voltage

It can be observed that irrespective of the change in wind
speed from 10m/s at 6 sec to 12m/s the grid terminal
voltages remain constant around 690V so as to ensure
continuous synchronism with grid. Fig. 11 and Fig. 12
depict the three phase stator and rotor current responses of
the system subjected to the wind speed variation. The
magnitude of the currents responses increases with increase
in wind speed which will result in corresponding increase in
the active power generated by the system. Also the grid
active and reactive power response from both stator and
rotor is presented in Fig. 14. The power response is a
function of wind speed.

As wind speed changes from 10m/s and 12m/s at 6 secs,
the stator active power response also increases as more
power was extracted and the reactive power at the stator is
around zero as the reactive power is a function of d-current
rotor component. The rotor active and reactive power
responses are depicted in Fig. 14(c)-(d). The rotor side of
the DFIG system consumed power from the grid as the
system operates at sub synchronous under the wind speed
variations.

Time (secs)
(a) Stator Active Power
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Fig. 14: Stator and Rotor Active and Reactive Power

V1. Conclusion

This paper has tried to measure the performance of DFIG-
based wind turbine driven by an indirect matrix converter
via simulation in MATLAB/ Simu-link. The aerodynamic
model of the three blade wind turbine driving. rotor shaft of
DFIG was evaluated The DFIG was modelled in
synchronous reference frame under stator flux orientation
for which d-axis was aligned. The indirect matrix converter
driving the rotor circuit of the DFIG was modelled based on
Indirect Space Vector Modulation (ISVM). The complete
system model was simulated under wind speed variation and
the results obtained have demonstrated the effectiveness of
the proposed system to extract more power from the wind as
MPPT controller ensured maximum power from the wind.
As wind speed changes from 10m/s to 12m/s at 6 seconds
interval, the stator active power response also increase as
more power was extracted while the reactive power at the
stator is maintained at a value of zero.

[15]
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Appendix I:
DFIG Parameters
PARAMETER RATING PARAMETER RATING
Rated Power 2MW Rotor Resistance 2.9 mQ
Rated Stator Voltage 690V Stator Leakage Inductance 0.087mH
Rated Stator Current 1.76kA Rotor Leakage Inductance 0.087mH
Stator/Rotor Turn Ratio 1/3 Mutual Inductance 2.5mH
Rated Rotor Voltage 2070V Rated Rotational Speed 1800rpm
Rated Frequency 50Hz Angular Momentum 60kg-m?
Number of Pole 2 Mechanical Damping Ratio 0.001
Stator Resistance 2.6mQ Rated Torque 12732N-m
Maximum Slip 1/3
Appendix 11
Wind Turbine Parameters
Parameter Rating Parameter Rating
Radius 42m Pitch Angle 0
Rated wind speed 12m/s Power Co-efficient
Gear Box Ratio 1:100 Tip speed ratio 7.2

Air Density 1.225kg/m?
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