Modeling and Simulation of a Grid Connected Variable Speed Wind Energy
Conversion System with Low Cost Power Converters

A. B. Raju, B. G. Fernandes, Kishore Chatterjee
Department of Electrical Engineering,
Indian Institute of Technology Bombay,
Powai, Mumbai-400 076, INDIA.
Phone:+91-22-25767428, Fax:+91-22-25723707, E-mail:bgf@ee.iitb.ac.in

Abstract

In this paper, modeling and simulation of a grid connected
variable speed wind energy conversion system (VSWECS) with
low cost power converters is presented. The system consists of
a permanent magnet synchronous generator (PMSG), two pulse
width modulated B-4 power converters and a maximum power
point tracker (MPPT). Mathematical model of each element of
the system is developed separately and then they are integrated
to simulate the whole system for various wind velocities. The
complete system has been simulated using
MATLAB/SIMULINK and simulation results are presented.
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Symbols
r Radius of the wind turbine rotor, m
\% . Velocity of the wind, m/s
p . Air density, kg/m’
G . Gear ratio
R, . Stator phase winding resistance, Q
Lq : Quadrature axis stator inductance, H
Ly Direct axis stator inductance, H
L, . Per phase inductance between PMSG
and rectifier, H
L . Per phase inductance between inverter
and grid, H
R . Per phase resistance of coupling
inductance,
Vg . Direct axis stator terminal voltage, V
Ve Quadrature axis stator terminal
voltage, V
Iq Direct axis stator current, A
iq : Quadrature axis stator current, A
® : Wind rotor speed, rad/sec
Am : Amplitude of the flux linkages
established by a PM as viewed from
the stator phase windings, V/rad/sec
p :d/dt
te . Electromagnetic torque, Nm
P :  Number of poles on the rotor
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J : Moment of inertia referred to the shaft
of the generator, kgm®

S Sy Switching functions for the rectifier
S’LS% Switching function for the inverter
Ve, Ve Voltage across capacitors C;, Cy, V

fer e Current through capacitors C;, C,, A

Tderl Positive dc rail rectifier current, A
Tder2 Negative dc rail rectifier current, A

Tdeil . Positive dc rail inverter current, A

Tgci Negative dc rail inverter current, A
VarsVors Ver Rectifier ac input phase voltages, V
Tars Tpps dor Rectifier ac input phase currents, A
Va0, Vb0, Ve0 Pole voltages ,V

0, . Rotor angle, rad

1. Introduction

The development of renewable energy sources has
attracted considerable interest in recent years primarily
due to concerns about the environment pollution caused
by the burning of fossil fuels, and its continually
diminishing reserves. This is further fueled by public
uneasiness with the safety aspects of power generation
using nuclear energy. Currently, obtaining electricity
from the wind offers the cheapest economic perspectives
of renewable energy sources, wherein, grid connected
induction generators are very popular. However, varable
speed systems integrated with power electronic interfaces
are becoming popular due to their capability of extracting
optimal energy capture, reduced mechanical stresses and
aerodynamic noise[1], [2].

Generally, a constant speed wind turbine is designed
to operate at maximum efficiency for one wind speed that
will give the optimum tip-speed ratio for the rotor air-
foil. For optimum energy extraction, the speed of the
turbine should be varied with wind speed so that the
optimum tip-speed ratio is maintained[3]. Power
electronics offers most effective method for providing
variable speed operation.
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Figure 1. Schematic diagram of the simulated system

Modeling, simulation and experimental verification
of a utility interactive wind energy conversion scheme
with an asynchronous link is presented in [4]. The
scheme consists of a diode bridge rectifier and a line
commutated inverter using SCRs. TUTSIM has been
used for the simulation of the whole system. Maximum
power point tracker is implemented by relating the
maximum power available from the wind turbine to the
wind velocity, which requires the measurement of wind
velocity. But this measurement is difficult in practice.
The maximum power is extracted by controlling the
triggering angle of the inverter.

A fuzzy logic controlled power electronic system for
variable speed wind energy conversion sytem is
presented in [5]. This scheme consists of two PWM
converters for ac-dc-ac power conversion, dc link voltage
maintained constant. Simulation of the system is carried
out based on the asssumption that the generator and
power electronic system can be represented by a first
order lag with a typical time constant of 50 msec. The
maximum power is extracted by controlling reaction
torque of the generator using a fuzzy logic controller.

Application of VSI based power electronic sytems
for interfacing variable voltage dc sources to the grid,
such as, a variable speed wind power conversion system
is presented in [6]. Various system configurations and
switching strategies are examined by analysis, simulation
and experimental methods. PSPICE 1is wused for
simulation of the power electronic systems. Maximum
power is extracted from the wind turbine by varying the
dc link voltage.

In this paper, a VSWECS consisting of PMSG, two
B-4 PWM converters and a MPPT is considered. Figure
1 shows the schematic diagram of the system which is
being investigated. In order to improve the efficiency and
decrease the cost of power converters, B4 PWM
converters[7] are used instead of B-6 PWM converters.
There are only eight switches and two dc link capacitors,
instead of twelve switches and one dc link capacitor.
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State-space model of each element of the sysem is
developed separately, and then they are integrated to
simulate the whole system. Power converters are
modeled based on switching function concept[8]. The
developed mathematical model of the full system can
easily be adapted for studying different control strategies.
Both magnitude and frequency of the voltage and current
of wind turbine driven PMSG are variable in nature.
Output power from the PM generator is first converted
into dc and then it is fed to the grid. Both the conversions
are performed at unity power factor and the dc link
voltage is kept constant. MPPT extracts optimum power
from the wind turbine from cutin to rated wind
velocities, by sensing only rotational speed of the
turbine.The complete system is simulated for various
wind velocities using MATLAB/SIMULINK.

The paper is organized as follows. In section 2
mathematical modelling of each element of VSWECS is
presented. Control strategy is discussed in section 3.
Section 4 gives simulation results and conclusions are
presented in Section 5.

2. Mathematical modeling of VSWECS

Wind turbine characteristics

Wind turbine is characterized by the non
dimensional curve of coefficient of performance G as a
function of tip-speed ratio A. It can be defined as follows:

p="2 (1)
v

The power coefficient C, varies with tip-speed ratio
L. The C, versus A characteristics of the turbine used for
the study is presented in figure 2. This characteristic can
be approximated by a polynomial as given below [9]:

C, =0.043 —0.108 % + 0.146 > — 0.0602 1’

2
+0.0104 2% — 0.0006 1°
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Figure 2. C, versus A characteristics

o C,()
The torque coefficient is defined as C, = o

The output power of the wind turbine, p, is calculated as
p, =0.5C, (L)pAV’ (3)
Substituting A from (1), equation (3) becomes

o’

- )

In order to extract optimum power from the wind
turbine, C, = Cpopy. The corresponding power is given by

p, =0.5pC 7

5 .3
rom
Py = 0.5PC o5 — )

opt

=k’ (6)

Hence by measuring the rotor speed of the wind
turbine, it is possible to operate it at the optimum tip-
speed ratio.

It can be observed from figure 2 that G, is maximum
when A is approximately equal to 7.5, which is more than
the Betz limit, due to polynomial approximation of the
actual characteristics.

The torque developed by the wind turbine can be
expressed as

=B ()
(O]

Combining equations 7, 3 and 1 the expression for torque
may be written as

tt

C (A
t, :0.5pAr%V2 (8)

Equations (1), (2) and (8) are used to simulate the wind
turbine.

Figure 3 depicts the relationship between the output
power and rotor speed for various wind velocities for the
simulated wind turbine
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Figure 3. Turbine output power versus rotor speed

PMSG

The wind turbine driven PMSG can be represented
in the rotor reference frame as:
Ve =—(R +Lpli, o Lji;+o A,

Ve =—(R,+L,p)i, +0)quiq

3P . . .
te :T[ldlq(Lq _Ld)+}\‘mlq]

P
p('or _2_J(tm_te) (9)

po, = o,
The relation between the rotor angular velocity of
the generator and the mechanical angular velocity of the
wind turbine rotor is expressed as

2o,

w=
PG

(10)

Similarly, torque developed by the turbine and the
input torque to the generator t, is expressed as
t

t, =—

n=G an

The d-q components of generator currents feeding
PWM rectifier can be calculated as follows:

. 1 . :

pP1y :—[_Rslq -1 (Lsr +Ld)+0)f7\'m +Vqr]
L,+L,

. 1 . .

igy=—[-Ris+o,i (L, +L )+v

pd Lsr+Ld[ e rq( ) q) dr]

(12)

Solving above equations, iy and iy are obtained and
then they are transformed to stationary reference frame.

PWM Rectifier

Each switch of B-4 converters is represented as
binary resistance. The value of this resistance is infinite if
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the switch is ‘off” and zero if it is ‘on’. For the figure 1,
the following equations are obtained:

Var :%(Vbo +VcO _2Va0) (13)
1

Vir = E(VCO +Vao _2Vb0) (14)

Vcr :%<V30 +Vb0 _2Vc0) (15)

VaO = (Vcl +Vc2 )sa (16)

Vo = (Ve +V2)S, (17)

VcO :Vc2 (18)

The currents are given by:

idcrl :iarsa +iber (19)
idcr2 = (l_sa)iar +(1_Sb)ibr (20)

Applying KCL at nodes ‘x’ and ‘y’ in figure 1, the
voltages across capacitors and hence the dc link voltage
can be determined.

The switching functions for the rectifier are derived
using a hysteresis type of current controller. Knowing the
switching functions (S, & S,) and using equations (13)-
(20), PWM rectifier is simulated.

PWM Inverter
The procedure for modeling PWM inverter is the

same as that of the PWM rectifier. The inverter output
phase currents are given by:

di, 171 .
FZL—Si_E(zVao_Vbo_Vco_laiR_ean)} 21
di, 171 .

d_: —L—Si_E(ZVbo ~Veo = Vao ~1iR =€y, )} (22)
di, 111 .

dt :L_Si_g(2vc0 Voo = Vao _lciR_ecn ):l (23)
idcil :iaisay —"_ibisby (24)
idcil :iai (I_Sa')+ibi (l_sb') (25)

The switching functions for the inverter are derived
using a hysteresis type of current controller. Knowing the
switching functions ( S, &Sy ) and using equations (21)-
(25), PWM inverter is simulated.

3. Control Strategy
PWM Rectifier

For a given speed of the rotor, the three phase
reference currents required for the PWM rectifier are
generated by the MPPT. Reference power and actual
power are compared and error is processed by a PI
controller. The output of PI controller represents the
magnitude of the reference currents. These reference
currents are in phase with the respective terminal
voltages.
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PWM Inverter

A separate controller generates the reference currents
required for the PWM inverter. This controller
determines the magnitude of the reference current in such
a way that the dc link voltage is maintained constant at a
desired value. These reference currents are out of phase
with the respective grid voltages.

4. Simulation Results

In order to wvalidate the mathematical model
developed for the VSWECS, simulations studies using
MATLAB/SIMULINK are carried out. The wvarious
parameters used for the simulation of the system are
given in Appendix. Simulated results for wind speeds of
6, 8, 10 and 12 m/sec under steady state conditions are
presented, in figures 3-9.

Figure 4(a) shows phase-A terminal voltage of
PMSG, while, figure 4(b) depicts phase-A input current
of the rectifier for a wind velocity of 6 m/sec. It can be

Simulation results for v =6 m/s
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Figure 4. Simulation results for v=6 m/sec

Simulation results for v =8 m/s
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Figure 5. Simulation results for v=8 m/sec
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seen that input current of PWM rectifier is in phase with
corresponding phase voltage. Figure 4(c) represents dc
link voltage, which is maintained constant at 800 V.
Figure 4(d) displays phase-A grid voltage, while figure

4(e) exhibits phase-A inverter current. This current is in
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Figure 6. Simulation results for v=6 and 8 m/sec
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Figure 7. Simulation results for a step change in v

Simulation results for v = 10 m/sec
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Figure 8. Simulation results for v=10 m/sec

anti-phase with the corresponding phase voltage.
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Simulation results for v=12 m/sec
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Figure 9. Simulation results for v=12 m/sec

Figure 5 shows the simulation results for wind speed
of 8 m/sec

From figures 4 and 5, it can be observed that, with
the increase in wind speed the power fed to the grid also
increases which is indicated by increase in magnitude of
PMSG phase voltage, rectifier phase current and inverter
output phase current.

Figure 6 presents variation of tip-speed ratio (1) with
time. Figure 6(a) depicts for a wind speed of 6 m/sec
while figure 6(b), for a wind speed of 8§ m/sec. It can be
seen that the tip-speed ratio is maintained constant at
about 7.5 where C, is maximum as shown in figure 2.

Figure 7 shows the time variations of wind speed
and tip-speed ratio. At t=15 sec, wind speed is changed
from 6 to 8 m/sec. However tip-speed ratio is maintained
at Ay in steady state conditions.

Figures 8 and 9 show the simulation results for a
wind speeds of 10 and 12 m/sec. For these wind speeds,
at Cymay), turbine output power is more than the rated
power i.e. 1500W. However, output power is limited to
the rated power. Figures 8(a) and 9(a) show phase-A
terminal voltage of PMSG, while figures 8(b) and 9(b)
depict phase-A input current of the rectifier. Figures 8(c)
and 9(c) represent dc link voltage, which is maintained
constant at 800 V. Figures 8(d) and 9(d) display phase-A
grid voltage, while figures 8(e) and 9(e) exhibit phase-A
inverter current. The variation of tip speed ratio is shown
in figures 8(f) and 9(f).

Since these wind speeds are greater than the rated
wind speed (~8 m/sec, from figure 3), MPPT will not
track maximum power point. Instead, it makes wind
turbine to operate at lower value of C,,

5. Conclusions

In this paper, modeling and simulation of a grid
connected variable speed wind energy conversion system
is presented. In order to improve the efficiency and
decrease the cost of power converters, B4 PWM
converters are used instead of B-6 PWM converters.
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There are only eight switches and two dc link capacitors,
instead of twelve switches and one dc link capacitor.
Mathematical model of each element of the system is
developed separately and then they are interconnected to
simulate the whole system for various wind velocities.
Switching functions are used to model the power
converters. The complete system has been simulated
using MATLAB/SIMULINK, and simulation results are
presented for four wind speeds. From the simulation
results, it can be seen that maximum power is being
extracted for all wind speeds from cutin to rated speeds.
Power converters are operating at unity power factor with
minimum  harmonic  distortion. With  minimum
modification in the model, the whole system can be
simulated for different control strategies.

Appendix

Simulation parameters:
Wind turbine:

Air density p=1.08, radius=1.525 m, initial speed of the
wind turbine=20rps, gear ratio=5, rated power=1500 W,
rated wind velocity ~8 m/sec.

PMSG:

1-HP, 208 V, 60 Hz, P=4, R=1.5 Q, L=L,=0.05 H,
Am=0.314 volts/rad/sec, combined J of the wind turbine
and generator=2 kg/m’.

PWM Rectifier:
L,=1 mH, 6i=0.10 A, C;= C, =0.005 F.
PWM Inverter:

R=0.5 Q, L;=0.05 H, 6i=0.10 A, grid voltage=140
V/phase, dc link voltage=800 V.
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