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Abstract

In this paper, state space model of the complete Wind Energy Electric Conversion System (WEECS) comprising of wind turbine, Perma-
nent Magnet Synchronous Generator (PMSG), uncontrolled rectifier, DC-DC boost converter, and SPWM inverter feeding a standalone
load has been formulated. The derived state space model is then simulated using Matlab/Simulink to test the model. As the standalone
three phase load connected to the inverter demands constant output voltage irrespective of intermittent wind pattern, a Pl controller is
used to control the duty ratio of DC-DC boost converter to maintain constant output voltage at the inverter end.

Keywords: WEECS; PMSG; Boost Converter.

d . rived model using Matlab. In order to maintain constant voltage
1. Introduction across the inverter end irrespective of wind speed variation, a
closed loop PI controller is used to control the duty ratio of DC-
In India, electricity supply and demand gap is widening over the  DC boost converter. This complete system is simulated using the
years because of increasing load and lack of generation expansion  system dynamic equations.
[1]. Hence, to reduce the supply and demand gap, government is
planning to expand generation capacity. In view of the rising tem-
perature of the earth due to global warming, generating stations
utilizing renewable energy as primary resource are becoming pop- ) ) ) )
ular [2]. In addition, as most of the people lives in remote areas, ~ Fi9-1 shows the complete system configuration of a typical PMSG
the extension of existing transmission network to such areas is  based WEECS feeding an isolated load. The different components
economically unviable. So Renewable Electric Energy Conversion  Of the system are given below:
Systems (REECS) are becoming popular alternatives to cater the e Wind turbine
power supply needs of people living in remote areas. Various Permanent magnet synchronous generator (PMSG)
authors have developed stand-alone REECS using variety of re- Uncontrolled rectifier
newable sources to supply isolated loads. In this context, WEECS DC-DC boost converter
is found to be one of the good candidates for the stand-alone gen-
erating stations. Most of the literature available utilizes induction
machine (or) permanent magnet synchronous machine (PMSG)
for electricity generation in such WEECS [3]. The merits and
demerits of both these electromechanical conversion systems have
been detailed in [4].
On one hand, the use of induction machine based WEECS is not
suitable for isolated loads. Also it requires an additional capacitor
bank which consumes magnetizing reactive power rather than
delivering it. In addition, the control of IM based systems is com-
paratively complex than PMSG based systems. On the other hand
PMSG based systems does not require any capacitor bank and also
it is easy to control. So, in general IM based systems are preferred
for high power capacity grid connected operation and PMSG
based systems are preferred for low power capacity isolated opera-
tion. In this paper, a 650W wind generator is used to supply iso-
lated load and hence PMSG is chosen.
The objective of this paper is to derive a state space model of
PMSG driven WEECS feeding standalone load and test the de-

2. System configuration
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Fig. 1: Configuration of PMSG Based WEECS Feeding Isolated Load.

Wind turbine connected to PMSG generates fluctuating voltage
pertaining to intermittent wind pattern. The obtained voltage is
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then rectified using an uncontrolled rectifier. To match to the load
requirements, this voltage is then boosted using a DC-DC con-
verter. The primary aim is to maintain the DC link voltage con-
stant by controlling the duty ratio of the DC-DC converter. In
order to convert the DC link voltage to required magnitude and
frequency of the load voltage and to maintain them constant irre-
spective of operating conditions, SPWM technique is used to con-
trol the three phase inverter.

3. Mathematical modeling

Mathematical modelling of all the components including the con-
trol strategy will be discussed in the following subsections

3.1. Wind turbine model

It is a device that generates mechanical energy when the blades of
the turbine rotate as wind passes through them. It converts linear
kinetic wind energy into rotational kinetic energy [5]. The power
from a wind turbine rotor can be expressed as

P.=0.5C,(4)pR*’ 1)

The wind power coefficient C may be defined as ratio of power

output from turbine shaft to the power provided by the wind. The
wind power coefficient C mainly depend upon blade pitch angle,

B and the tip speed ratio, 4. C, can be obtained from the follow-
ing empirical relationship [6]:

116 2

C,(A.pB)= 0.5176(7 —0.43—5)e* +0.00684 (2)
1 1 0.35
R YTy ©)
. +0.088 p*+1

Where the tip speed ratio 2 is given by

2=Re @)

14

The graph of wind-power coefficient variation with respect to the
change in the tip speed ratio at zero blade pitch angle is plotted in
the Fig.2
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Fig. 2: The Relation between Power Coefficient (Cp) and Tip Speed Ratio
(A) at Zero Blade Pitch-Angle.

3.2. PMSG model

In order to develop the mathematical model for a PMSG, it is
essential to make the following assumptions [7]

e The conductivity of the permanent magnet is zero.

e  Saturation is neglected.

e Induced electromotive force (EMF) is sinusoidal.

e  Eddy currents and hysteresis losses are negligible.

e There are no field current dynamics.
The equivalent circuit of PMSG is as shown in the fig.3
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Fig. 3: Equivalent Circuit of PMSG.

The dynamic KVL equations can be written as follows

u, :_iARs _Ls dIA +OY,, COS(Q)
dt
. di 2r
U, :7IBRS 7Ls dtB tay,, COS(QE 7?) (5)
. di 2z
u =-i_,R,-L —*+o cos(6, +—
o =R -l ooy, (6, 3)

After converting the three phase abc dynamic equations into dq
form, the equations can be written as

v, =-Ri, —Ld%meLqiq
(6)

di
v, =-R.i, 7qu—t“7weLdid +aw,l,

In rotor reference frame the electromagnetic torque can be de-
scribed as

3 .
T, :Epnl//pmlq ©)

The relationship between the angular velocity of the generator
rotor and the mechanical angular velocity of the wind turbine rotor
is given as follows

0 =— (8)

T,=T, ————=-——0 9)

3.3. Uncontrolled rectifier

The three phase uncontrolled rectifier will convert the generated
AC voltage to DC voltage. It is connected between PMSG and
DC-DC hoost converter. Uncontrolled rectifier has the advantages
of simplicity, robustness and low cost while the disadvantages are
poor input power factor and distorted DC output voltage [8]. An
uncontrolled rectifier consisting of diodes connected in bridge
type connection is shown in Fig.4.
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Fig. 4: Uncontrolled Rectifier.
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3.4. DC-DC boost converter

Although the type of topology with uncontrolled rectifier and
controllable inverter is simple and reliable, but the power factor of
the generator is low. The other problem is that when the output
voltage of the rectifier is lower than the required, power cannot be
fed to the load.

A boost converter is used in between diode rectifier and inverter in
order to solve the issue of generator power factor. For this topolo-
gy including boost converter operation at relatively low wind
speeds is only possible. The boost circuit can maintain the DC bus
link voltage at a constant value. The two operating modes of boost
converter is as shown in the Fig.5.

L i L i
Y Y ey
+ + + +1
o ——C uge o ——C uge
- - - -
(a) (b)

Fig. 5: Operating Modes of Boost Converter when A) Switch Turned OFF
B) Switch Turned ON.

The inductor current i during turn ON period is given by,

di, _u,
(dt j L (10)
During turn OFF period,
di, _u, -u,
(E]oﬁﬁ - L (ll)
Therefore average model can be obtained as,
di di di
Bl 0 | L —_t — 12
(dt ) (dt ) wTH(dt lw(l o (12
Substituting equations (12) and (13) in (14), we get
(dliLj _ (1-d)u, +u, (13)
dt ), L

Within each electrical cycle of the generator, the diode bridge
rectifier has six commutation points. With the commutation pro-
cess ignored, the interval in which phases A and B are made sim-
ultaneously to conduct electricity and the dc-link current flows
from phase A to phase B is defined as the AB interval. Similarly,
each electrical cycle can be divided into six intervals, namely, AB,
AC, BC, BA, CA, and CB. Taking the AB interval as an example,
the following equations can be obtained

Substituting equations (5) and (6) in (16) we get

. a
di ZRS \/gl//w Sm(ge 75) u u

L= i - o -—*—+—= (14)
dt 2L +L 2L, +L 2L +L 2L, +L
Equating equations (10) and (12) we get
By, plsin(@, - %)
dw, T 3 R P (15)
dt J J J

And

do,
e _ 16
Tt (16)

3.5. Three phase voltage source inverter

The load requires three phase constant voltage and constant fre-
quency supply. Hence the DC supply is converted back to AC
supply using a three phase inverter. Fig.6 shows the common to-
pology of an inverter
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Fig. 6: Three Phase Inverter.

Now, writing the voltage equations in average mode

di, -R,. 1 u,

Se=TTei e 4% (25,-5,-5))
at L, L, L,
%: ’LRU i, —Lieb +;’i° (=S, +25, -S.)
d- 0 0 0 (17)
di, Ry 1o Y (5 _5 125
at L, L, © 3L,
Mo Li Lis,+is +iS)
dt C c
Where Sa, Sb, Sc are the duty ratios of switches
ea,en,ec are the 3 phase AC output voltages
ia, In, ic are the load currents
R is the load resistance
L is the load inductance
Using d-q transformation,
i sin(d)) sin(6, —2—”) sin(é, +2—”) i,
¢ 2 3 3 :
{i }5 2 27 || (18)
d cos(8,) cos(é, —?ﬁ) cos(6, +?”) i
Converting ia, ib, ict0 ig, iq
d, R,. . S, 1
L =——20 +ol +—Uu, —— €,
dt L, L L, 19
di R . .S 1 (19)
—=——2j -0, +—u, ——e
dt L, L, “ L °
And the dynamics of the DC link capacitor is given by,
S
Qg __Se _Sey 14 20)

dt c*c*ct
4. State space model of the complete WEECS

The complete circuit diagram of wind energy electric conversion
system (WEECS) is shown in Fig.7
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Fig. 7: Circuit Diagram of WEECS.
The state space model of the complete system can be obtained by
defining

X1=iL, Xo=0e, X3=(0e-1/3), X4=1d, X5=iq, X6=Udc and u1=d, u>=Sq,
U3s=Sq

Hence the complete sixth order non-linear system is given by

X =f(X)+g(X)u 1)
Y =h(X)
Where
kx, +k,x,sin(x,)+k.x,
k. x, sin(x,) +k.x, +k,

X
f(x)=| °

22
kox, +kx, + kX, 22)

;9(X)=| 0 N, O
0

=k X, + kX, KX,

1074

k13X1 +k14x4 7k15X5
(23)

Where

k =- k, = K, =- Kk,
Y2l 4L, 7 2L +L, 0t 2L +L,
1 k _\/gwpmpn’kez_JE’k7:(pn)Tm

ToL L) J (24)

2Rs k 77’\/§WPM k 1

K, =k, =k, =~ k =tk =Rk
ceTL L

u 1 1
L' 2L +L, 7 L

As we obtained the above model by considering only one interval
AB. As the interval changes the values of xs and ki, ks changes.

5. Control of output voltage

The above modelled wind energy electric conversion system pro-
duces three phase output voltage depending on the wind pattern.
As the wind pattern is sporadic in nature, WEECS produces varia-
ble output voltage. But the three phase load requires constant volt-
age. So in order to maintain constant output voltage at the inverter,
a closed loop control needs to be implemented. So, a proportional
integral (P1) controller is used in feed back to control the duty
ratio of the DC-DC boost converter in order to maintain constant
DC link capacitor voltage. The control structure of the DC-DC
boost converter is as shown in Fig.8.
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Fig. 8: Control Structure of DC-DC Converter.

The voltage source inverter needs to be controlled to regulate the
magnitude of load voltage. To control the inverter out of many
techniques available, this paper uses sinusoidal pulse width modu-
lation (SPWM) technique and the relation between DC input volt-
age and AC output voltage is given by [9].

v _ \/§ mu,
line —to—line 2 2

Where ‘m’ is the modulation index

If the load is balanced, a constant modulation index should be
used in order to maintain constant voltage. But in the case of un-
balanced load, three different modulation indexes should be used
for three phases. Fig.9 shows how to generate pulses for each
switch according to modulation index for each phase.

(25)
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Fig. 9: PWM Generation for Unbalanced Load.

6. Simulation results

The proposed system is simulated using state space modelling
equations under dynamic conditions. The various results obtained
has been furnished in this section

Table 1: Simulation Specifications

S.NO PARAMETER VALUE

1 Rated Power 650 W

2 Rated Speed 600 RPM

3 Rated wind Speed 10.5 m/s

4 No.of poles 10

5 Stator phase resistance 0.425 Q

6 Armature inductance 0.000835 H
7 Flux linkages 0.433 wh/m?
8 Moment of inertia 0.01197 kg-m?
9 Friction Coefficient 0.001189

10 DC link voltage 415V

6.1. PMSG Output voltage waveform

The PMSG output voltage variation for different wind speeds is as
shown the figure 10. In figure 10(a) it can be observed that the
transient peak voltage rises upto 150 V when the wind speed is
10.5 m/s. In fig 10(b) it can be seen the steady state waveform of
output voltage.
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(A)
PMSG voltage output for 10. 5 m/s Wind speed
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PMSG steady state voltage output for 10.5 m/s wind speed
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Fig. 10: PMSG Output Voltage for 10.5 M/S Wind Speed.
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Fig. 11: Wind Velocity Is Changed from 12 M/S to 7m/S at T=5 Sec and 7
M/S to 12 M/S at T=10 Sec Respectively.

a) Wind velocity variation b) change in output voltage correspond-
ing to wind velocity

From figure 11 it can be observed that the output voltage variation
as the wind velocity varies. When wind velocity is at 12 m/s the
output voltage is around 100 V and as the wind velocity changes
to 7 m/s the output voltage reduces to 60 V. figure 11(a) shows the
wind velocity variation and figure 11(b) shows the corresponding
output voltage variation.

6.2. DC link capacitor voltage waveform

Fig.12 shows the dynamics of DC link capacitor voltage. It can be
observed that the DC link capacitor voltage is maintained constant
at 415 V irrespective of speed variations. This is done by the
closed loop Pl controller connected in the feedback path of the
inverter.

DC link capacitor voltage
800 T T T T

waltage involts

i i i i i i i i i
[1} am 0.02 003 0.04 005 0.06 a.o7 0.08 002 01
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Fig. 12: DC Link Capacitor Voltage Waveform.

6.3. Inverter output voltage waveforms

Fig.13 shows the inverter output voltage. It can be observed that
the inverter output voltage and frequency is maintained constant
independent of load current variation. As the load current is varied
from 4 Ato 9 A, the output voltage and frequency are maintained
constant.
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Fig. 13: Step Change in Load from 4 A to 9 A at T=0.3 Sec and from 9 A
to 4 A at T=0.6 Sec.

a) Constant output voltage from inverter independent of the load
variation

b) Load current variation

From Fig.13 it can be observed that the output voltage of an in-
verter is maintained constant irrespective of wind velocity varia-
tion. Fig 13(a) shows the wind velocity variation from 12 m/s to 7
m/s at time t=1 sec and from 7 m/s to 12 m/s at time t=3 sec.
Fig.13(b) shows the constant output voltage of the inverter at all
times irrespective of wind velocity variation. Fig.15 gives the
steady state output voltage waveform of an inverter. We can ob-
serve that the inverter output voltage is maintained constant at 415
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Fig. 14: A) Change in Wind Velocity B) Constant Output Voltage Irre-
spective of Wind Velocity Variation.
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Fig. 15: Steady State Output Voltage of an Inverter.
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7. Conclusion

The state space model of WEECS has been formulated and model
has been validated using Matlab/Simulink. A Pl controlled has
been used to control the duty ratio of DC-DC boost converter in
order to maintain constant voltage across the inverter end. All the
dynamic equations formulated has been validated through Matlab
and the results shows that the derived state space model is correct.
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