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Abstract

In this, three wind turbine driven Permanent Magnet Synchronous Generators are modelled and simulated. The
proposed system is tested with dc loads of different power ratings. The machine side controller is designed to obtain theMPPT
control (Maximum Power Point Tracking) so that the wind power was extracted, whereas the load side controller provides the
DC voltage regulation for the connected loads. Simulation work is carried out using Matlab/Simulink.

Index Terms— Voltage mode control, Buck converter, PMSG (Permanent Magnet Synchronous Generator).
1. Introduction

Recently, the renewable energy sources are shown interest as they are free from pollution, no
requirement of raw fuels such as coal, diesel, etc., Especially the wind energy is in much demand as it is
perennial resource for energy generation. This leads to generation of electrical energy from wind energy
under controlled environment to achieve better performance in terms of electrical quantities like
frequency, power and voltage. The generated power is either fed to the grid based on the grid
requirements and remaining power is stored in the storage devices such as batteries for later
consumption. There are two types of induction generators, SCIG and DFIG which is used for fixed speed
wind energy conversion systems. There is need for variable speed generators as the wind speed is
continuously varying. Also, the requirement of generators to operate in grid connected mode and also
for standalone mode are increasing. The PMSGs are now used for fulfil those requirements providing
generation of electrical power from wind energy as shown in Fig 1. In such scenarios, an storage
element such as battery is introduced as it provides stability to the system in low wind speed.

9326



Nat.Volatiles&Essent.Qils,2021,8(4): 9326-9339

PMSG1 _"#}

A
|

| Loads/
Grid

PMSG2 41#}

FrsEs 41#}

AT
|

@
HHHH HH
Iy

Fig 1 Proposed System of Wind Energy Conversion

In case of grid connected mode, the battery is unnecessary as it can be fed to the grid directly
while maintaining the voltage and frequency as constant.

Il. Modelling of Wind Turbine

The wind turbine process the energy from the wind to mechanical energy and later it is
converted as electrical energy in the hands of electrical generator [1].The power generated by the wind
turbine with area A, is provided below [2]:

P AVC (4.8 (1)

Il
(] =

where

p - air density(kg/m3),

Pm-power generated using wind (watts or J/s),
A-swept area of the blades of the turbine (m?),
V-velocity of the wind (m/s) and

Cp-coefficient of power [3] [4] [5] [6]:

o, R
v

A=

(2)

where

wm—speed of the rotor of electrical generator (rad/s),
R- radius of swept area and

B- pitch angle (degrees).

The coefficient of power is provided below (3):
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The parameters of power coefficients of (3) are:

The maximum coefficient of power is 0.593 which denotes that we can achieve the maximum
efficiency of 59.3% as the power extracted by the wind turbine is within 59.3%. In practical, due to
various inefficiencies and losses due to aerodynamics of the turbine the actual coefficients of power
arenearly 40 %. In Fig 2, the performance of the wind turbine is provided by the graph between
coefficient of power and tip speed ratio for various pitch angles. It is observed as the maximum value of

coefficient of power is 0.48 for A =8.1 with pitch angle, 6 = 0.
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Fig. 4 dg and abc axis of PMSG model
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lll. PMSG Models

In the PMSG modelling, the q axis is leading by 90 degrees with d axis in the synchronous
rotation frame. The abc and d-q axis of PMSG is shown in Fig 4. The equations of d-g voltages of the
electrical generator are provided by (5) and (6) [7], [8]:

did dl//f

Vg = Ryig + L Ewt M - w,L i, (5)

. di, dy,
Vg = Ryl + L d—;+ n

+ @, (Lyig +y¢) (6)
The speed of the rotatingelectrical field of the PMSG provided in [9]:
@, =(p,/Da, (7)

The d and gparameters are acquired from abc parameters using Park’s transformationis
provided below in (8):
Al sinad  sinfar —2x/3)  sinfar +27/3)
F 1=Z|cosad cosle —27/3) coslfg 27/, | (8)
| 7| vz 1/2 1/2 I |

[FE] ]

Similarly, the abc parameters are acquired from the dgparametersusing Inverse Park’s
transformation is provided below:

V. sin e cos @t 1T,
IV, |=|sinfef—2x/3) coslei—2x/3) 1|7 (9)
V| |sin(er+27/3) cos{er+2x/3 1||F, |

The input power that is measuredin the stator side is provided in (10):
|:>in :Vsaia +Vsbib +Vscic (10)
where Vs, , Vi, Vic are voltages across the stator windings.

The power can be described in terms of dq parameters are provided below in (11):
3 . .
|:)in :E(\/dld +Vq|q) (11)
The resultant power is provided in (12):
3 - . .
Pout = E(a)r I—dldlq + a)rl//mlq — quqld) (12)

The resultant power is provided in (13) with pole pairs as:
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3 - . ..
I:)out = Z pna)m(LdIqu +l//m|q - quqld) (13)

The torque (Te) equation can be expressed from eq 13 by dividing it with rotor speed is provided
in (14):

3 .. . ..
T, =2 Pn(Lalgly +wl, — Lyigig) (14)
The electromagnetic torque is provided below in (15) with pole pairs (p):

L =2p(@ ~L i, +¥.0) (15)

3 .
I = 3P, (16)

The wind turbine dynamic equation is provided in (17):

7 -
O T -T, -Foa, (17)

a

J

where J is the inertia moment, F is the coefficient of viscous friction and T, is torque transferred
from the wind turbine.

1. Buck Converter

The buck converter circuit is provided in Fig. 5.
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Fig 5 Buck Converter Circuit

The buck converter is used to step-down the dc voltage according to the duty ratio of the
switching pulse provided. It consists of an inductor, switch, diode and capacitor. The load voltage will be
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less than that of input voltage. The operational stages of the buck converter are provided as follows:
Stage A

The operational circuit of buck converter in stage Ais provided in Fig. 6. Here, the gate pulse
provided to switch S is HIGH and the inductor gets charged during this time period. The inductor voltage
and load voltage are provided in the following equations:

Vo=Vin =V,
o0 AN
o—0 :
Switching Inductor
Device +
+
? = Diode \J Capacitor
—

Fig 6 Stage A operational Circuit of Buck Converter, Vo=Vin-V,
STAGE B

The operational circuit of the buck converter in stageB is provided in Fig. 7. Here, the gating
pulse provided for the switch, S is LOW and the inductor gets discharged during this time period. The
load voltage is provided in the following equation:

90 ) AN
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Device -

- . Capacitor
Diode

] ks

Fig 7 Stage B Operational Circuit of Buck Converter, Vo=V,
The design of the buck converter circuit is provided by the following equations:

The Duty ratio (D) of the buck converter circuit is provided below:

Vo

~ Vin

The inductor value of the buck converter circuit is calculated by the following equation:
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_ Vo*(Vo-Vin)
Alo*Fsw*Vin
The inductor ripple current is selected using the following equation:
Al =02 %1,
The output capacitance of the buck converter circuit is given by the following equation:

Aloc
Co=—————
8xFswx*xAVo

The capacitor ripple voltage is selected from the following equation:
AVoc = 2% ofVo
1. Proposed Control Schemes

In this, the frequency and voltage is to be maintained as constant and hence the generator side
and load side controllers are designed in such a way to achieve this.

A. Generator Side Controller(GSC)

In this, the controller consists of two loops named as outer and inner loops. In outer loop, the
rotor speed is controlled with the help of Pl controller whereas in the inner loops, direct and quadrature
axis current are being controlled with separate Pl controllers. From 16, the torque is being in phase with
gquadrature axis current and hence using g axis current, the torque control is achieved.

The Pl controller consists of a proportional constantKr and integrator constantk;, which is tuned
in order to achieve the control and better response. The reference g-axis current igres is provided by
speed control loop and the Pl controller output is:

=K,8,+K,,[e,dt (18)

Iqref po~w

The d-g output voltage from the Pl controller areprovided below:

(19
)

(20
)

Ve =K +K, [e,dt—o L,

V= Koi€q + Kli_[eth_'_a)r(l‘did +4n)

The Vd* and Vg* are transformed to three phase abc voltages by inverse Park transformation to
3 phasemodulation signals which is provided to PWM in order to generate pulses for the generator side
converter.
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B. Load Side Converter Control(LSC)

The proposed voltage mode controller block diagram is shown in Fig 8. The reference voltage
compared with the measured voltage and the error voltage generated is provided to Pl controller. The PI
controller provides the duty ratio for buck converter so that the error voltage is to be reduced and
reached zero.

Fig 8 Constant Voltage Control Circuit for Buck Converter
The transfer function of Pl controller is provided below:
Gpi(s) = Ko+ Ki/S
Design of Ann Control

The ANN senses the change in voltage and power and generates the duty ratios as per the
equations (2) and (3). Hence if there is change in irradiation, the ANN control is accurate and quicker in
response than any other control and provides the appropriate duty ratio in order to extract maximum
PV power. The training was done with the help of data taken from the base system. The Levenberg-
Marquardt algorithm used for training the neural network. This algorithm requires more memory but
minimum time. Training will stop when improvement of generalization stops, as indicated by an increase
in the mean square error of the validation samples.

The fitting curve of the training of ANN controller is provided in the following graphs (Fig. 9):

Function Fit for Output Element 1

1 et '

Output and Target

Error

Fig 9 Fitting Curves from Neural Network Training

The regression value obtained from the training of neural network control is 0.99953. The
regression curve is provided in the following graphs (Fig 10):
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Fig 10 Regression Curves from Neural Network Training
1. Simulation and Results
The simulation data is provided below in Table I.

Table |

Wind Turbine Generator System Parameters

Wind Turbine Parameters
Turbine Blade Radius [ /) 6 m
Air Density (o) 111
Mominal wind velocity K 12 m/s
Maximum wvalue of power | 048
coefficient (C,)
Optimum value of Tip speed | 8.1
ratio (4 ]

PMSG parameters
Stator winding resister (R.) 0.250
Stator winding inductance | 0.6857 mH
{Le=L=L) '
Permanent flux 0.0534 Wh
pole pairs (p) 24
Mament of inertia (1) 0.0001295 Kg.m?®
Coefficient of viscous friction { | 0.0001 N.m.s
Fl
OC Link

OC link Voltage 760V
Capacitor { C) 2.2 mF
Inductor { L) 0.5 mH

The simulation circuit is provided below in Fig 11
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Fig 11 Simulation Circuit of Proposed WECS

In this, three wind energy conversion system with PMSG provides supply to the load using three
set of machine side converter and buck converter. Initially Load1 is connected to the system and after
t=1s, load2 is connected and again at t=2s, load3 is connected. By this, the transient and steady state
performance of the proposed control system is verified. The wind speed is provided as 12m/s. The rotor
speed of the PMSG is provided below along with reference speed in Fig 12.

Fig 12 Reference and Actual Rotor Speed of PMSG

In this, initially there are oscillations present in the waveforms and it is settled within 0.4s and
the actual rotor speed is controlled by the reference speed provided to the controller.

The stator voltage and current waveforms are provided in Fig 13:
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Fig 13 Stator Voltage and Current waveforms of PMSG based WECS

The dc voltage measured at the output side of machine side converter is provided below in Fig
14.

Fig 14 DC Link Voltage at MSC

In this, the dc voltage is controlled using the reference dc voltage of 700V provided to the
controller. This is provided as the input of the buck converter. The buck converter steps down the
voltage according to the load requirement. The load voltage and current is provided below in Fig 15:

o seopen R
EERHIHL LI

Fig 15 Load Voltage and Current Waveforms
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In this, the load is increased at the time of 1s and 2s. Hence there is increase in current in those
time periods and the voltage is maintained at 200V using the voltage mode control circuit or load side
controller. The measured load voltage is around 202V for loadl and load2 and when load3 is connected,
it is reduced to 196V which 2% reduced from the rated load voltage. The load power is provided in the
following Fig 16:

Fig 16 Power Consumed by Load

As the load is increased at t=1s and 2s, the power consumption is also increased similar to
current.

VIl Conclusion

In this, multiple wind energy conversion system with PMSG is simulated along with Machine and
load side converters. The controllers for these converters are also designed and voltage regulation at the
load side is provided. ANN controller design is discussed and designed for the voltage mode control loop
provided for load voltage regulation. The %regulation for the load is calculated as 98% for load3 and for
other two loads, it is around 99%.
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