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Development of an Isolated Small Wind Turbine Emulator
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Abstract: An isolated small wind turbine emulator based on a separately excited DC motor is developed to evaluate the
performance of small wind turbine control strategies. The test rig consists of a 3HP separately excited DC motor coupled
to a synchronous generator. A dump load is connected to the generator through a buck-boost converter controlled by a mi-
crocontroller. Wind turbine rotor and furling dynamics are incorporated in the emulator with the use of a PC based wind
turbine model. Emulation of the wind turbine is achieved by running the DC motor to track the theoretical rotational speed
of the wind turbine rotor. A dynamic maximum power controller is implemented and tested. The controller uses the wind
speed and rotor speed information to control the duty cycle of the buck-boost converter in order to operate the wind tur-
bine at the optimum tip speed ratio. Test results indicate that the proposed system accurately emulates the behavior of a

small wind turbine system.
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I. INTRODUCTION

The abundance of renewable energy resources has en-
couraged the application of renewable energy systems to
generate electricity. Electricity generation using wind power
has undergone rapid advancement in the past several decades
while, large-scale wind power generation systems are pri-
marily used for community power, they are complex in op-
eration and deploy a multitude of control methods. Small-
scale wind power generation systems have the advantages of
low visual impact, very few moving parts and ready deploy-
ment in remote and isolated locations.

Limiting the rotor power of a Small Wind Turbine
(SWT) in high wind speed situations is a challenge. Active
stall, passive stall, and pitch control are suitable options to
reduce the aerodynamic power during high wind speed [1].
Indeed, these control schemes require significant understand-
ing of the airfoil design which tends to increase the cost of
the wind turbine. Passive pitching is another option for SWT
systems, while Furling Control Method (FCM) has received
major attention [2-5]. It is understood that the control of
aerodynamic power by FCM does not ensure maximum
power extraction; therefore a Maximum Power Controller
(MPC) is also required along with the aerodynamic power
control mechanism. In order to investigate the power elec-
tronics performance and MPC algorithm of a Wind Turbine
(WT) in a laboratory environment the development of a
Wind Turbine Emulator (WTE) is very important. A WTE
can be used to investigate and fine-tune control strategies in
a laboratory environment.

A WTE may use an AC or a DC motor to represent the
WT rotor. Rresearchers more often choose an AC motor due
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to the advantage of large power and low price, however, the
control method is comparatively complicated and rotor pa-
rameters are easy to change, hence speed or torque regula-
tion and simulation accuracy are not pleasant [6, 12]. On the
other hand, from a control point of view, the DC motor pre-
sents a simple control approach by which the torque and
speed can be controlled through the armature current [7-9].
Few researchers have considered the armature voltage con-
trol to operate the DC motor [10]. Although both armature
voltage and current control methods have their own penetra-
tion into the field of emulator, however, armature voltage
control method is preferred due to the fact that it does not
change the speed regulation and speed is easily controlled
from zero to maximum safe speed.

This paper proposes an isolated small WTE system
which incorporates the high wind speed control and electron-
ics for maximum power extraction. Furling control and the
resulting dynamics for high wind conditions are incorporated
with the use of a Personal Computer (PC) based wind turbine
model. In order to represent the rotor dynamics, a large iner-
tia disk is designed and coupled to the system. Dump load is
connected to the generator through a microcontroller con-
trolled DC-DC converter. To ensure maximum power extrac-
tion, a dynamic controller is developed which compares the
actual Tip Speed Ratio (TSR) with an optimum TSR and
uses the difference to control the Pulse Width Modulation
(PWM) duty ratio of the buck-boost converter. A block dia-
gram of the proposed emulator system is presented in Fig.

(1).

This paper is organized as follows: The first section is a
short overview of an emulator, and a synopsis of the associ-
ated literature review. In the second section, the modeling of
a small wind turbine system with furling dynamics is pre-
sented and the proposed emulator is described. The emulator
power electronics is discussed in the third section followed
by the maximum power controller power electronics in the
fourth section. The maximum power control algorithm is
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Fig. (1). Block diagram of the Wind Turbine Emulator system.

presented in the fifth section, and the sixth section contains
test results. Finally, the findings of the investigations are
highlighted in the conclusions.

I1. WIND TURBINE MODEL

A wind turbine is a highly nonlinear system and to realis-
tically represent a wind turbine, several dynamics should be
included in the model to develop proper understanding of the
dynamic behavior of the WT system. Several steady state
wind turbine models have been investigated for the emulator
platform based on the power/speed characteristics [11-13],
torque coefficient characteristics [9, 10, 14], power coeffi-
cient and pitch angle characteristics [15]. However, static
modeling is unable to reflect the different dynamic aspects of
a wind turbine which is a crucial concern during operation.
In published research, dynamic aspects are incorporated with
the WT model using different approaches, including elastic
model of the turbine shaft [16], mechanical balance equation
for the turbine torque [8, 17], combination of the aerody-
namic, oscillatory and dynamic torque [18]. Passive pitching
mechanism and rotor blade inertia have been considered with
the wind turbine model which leads to more generalized ap-
proach for a small wind turbine emulator system [7]. A re-
view of research on the development of wind turbine emula-
tor given by A. D. Diop, et al. [19], indicates that the furling
action is still unexplored in the development of wind turbine
emulator. In this work, the model of the WT employed in the
emulator includes the nonlinearities and dynamics of a real-
istic wind turbine and the dynamics of the furling action and
wind turbine rotor. As the wind turbine system considered is
of the direct drive type, gear-box dynamics are not consid-
ered in the model. Rather, an inertia disk was added to the
system to represent the inertia of the wind turbine rotor [20].
This represents a more practical approach compared to the
approach that uses the inertia value in the controller algo-
rithm [11].

A wind turbine can be characterized by the non-
dimensional curve of power coefficient C, as a function of
tip speed ratio (TSR) 4, where, A is given in terms of rotor
speed, wy, (rad/s), wind speed, V (m/s), and rotor radius, R
(m) and is expressed as

Ra
V

The relationship between C, and 1 is typical, and can be
approximated by a quadratic equation. In this research, the
curve is obtained from the literature [21]. A model for C, as
a function of 1 is calculated, and the curves generated by the
approximate model and the actual data are presented in Fig.

A=

@

(2). Statistical analysis showed that the R? value of the model
is 99.8% and the goodness of fit is less than 0.0001, which
shows that the predicted model for C, with the fitted coeffi-
cients is acceptable. The resulting equation is found to be

C, (A) =0.000444* -0.0122° +0.097A% -0.24+0.11 (2)

The curve between wind speed and furling angle is also
derived from published data [22, 23]. An approximate model
is used to determine the relationship between wind speed and
furling angle. It is found that a fifth order model is ade-
quately represents the relationship. The R? value and good-
ness of fit of the expected model are found to be 98.59% and
less than 0.0001 respectively, thus validating the modeling
approach. The relationship between the furling angle and
wind speed is represented by

6 =-0.00017327V ° +0.0085008V * —0.12034V *

+0.4501V % +1.0592V +0.38972

The curves of the actual data and approximated model
curve represented in Fig. (3).

3)

The furling action should be achieved within a reason-
able time and it is assumed that the furling action would take
10 seconds to attain the WT rotor in its stable state [24]. The
second order dynamics for this furling action is considered
as
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Fig. (2). Power coefficient as a function of tip-speed ratio.
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Fig. (3). Furling angle versus wind speed.

The continuous function of (4) is converted to a discrete
equivalent with a zero order hold for 0.1 second sampling
time. The discrete equivalent is given by [11]

0.003747z +0.003652
H(2)=— (5)
2 -1.9192+0.926

The output power of the wind turbine can be expressed as

P.o =0.5pAC, (A)V® (6)

aero

where, p is the air density (kg.m™®) and A is the rotor rota-
tional area, i.e., zR".

The torque produced by the wind turbine is given by
P
T =20 @)

Substituting (6) in (7), the torque term can be expressed as

. 0.5pAC, (A)V® @

w
m

When the wind speed increases, small wind turbines yaw
to an angle 6 along its horizontal axis because of the furling
action. The effective wind velocity at the rotor plane in that
case will be Vcosd [2]. Incorporating the furling action, the
theoretical rotational speed of the wind turbine can be writ-
ten from (8) as

05pAC, (1)(V cos6)’
n” T

w

9)

w

This represents the reference speed of the WT rotor for a
specific wind speed. The torque information required in (9)
is obtained from the DC motor current.

A velocity PI algorithm was used to track the theoretical
rotational speed of the wind turbine rotor. The output of the
PI controller can be written as [25]

uft)=u(t-1)+ K, *[e(t)-e(t-1)]+ 2 o) a0
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Where,
K, is the proportional gain of the PID controller.
T, is the integral time of the controller.
T is the derivative time of the controller.

e(t) is the error between reference and actual control
variable.

A flow chart for the controller loop and algorithm is
given in Fig. 4.

I11. WIND TURBINE EMULATOR POWER ELEC-
TRONICS

A separately excited DC motor is used to represent the
WT rotor and the parameters are given in Table 1. A DC
motor operates more accurately at low speeds, thus ensuring
accurate emulation at low wind speeds. The PC based con-
troller triggers the silicon controlled rectifier through a
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Fig. (4). Flow chart of the control loop.

Tablel. DC Motor Parameter
Armature resistance 0.4 ohm
Inertia 0.026042 kg-m®.
Back emf constant 73.167 v/krpm

Torque coefficient 0.0711 kg.m/A.
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LabMaster I/O board. A tacho generator is used to measure
the motor rotational speed and a current sensor is used to
measure the motor armature current. The output of the phase
controlled rectifier is filtered and applied to the motor arma-
ture while the motor field voltage is kept constant at 76 volt.
An inertia disk representing the inertia of a real wind turbine
rotor is coupled to the synchronous generator. A complete
schematic of the wind turbine section of the emulator with
peripheral is shown in Fig. (5).

V. MAXIMUM POWER CONTROLLER ELEC-
TRONIC CIRCUIT

A Small Wind Turbine (SWT) system is very often used
for remote and isolated locations, or in the absence of the
electrical power grid. In such a scenario, it is always desir-
able to power the associated power electronics circuitry of
the wind turbine from the wind turbine itself. The situation
has been taken care of by an approach in which the necessary
power for the power electronics components is generated
from the wind. The output of the synchronous generator is
first rectified by a 3-phase bridge rectifier and passed
through a DC-DC converter. The buck-boost converter to-
pology is selected since the variation of wind speed and ex-
pected output voltage are not known in advance. The duty
ratio of the converter is controlled by a microcontroller (PIC
18F452) and the output of the converter is connected to a
dump load. The maximum power controller is implemented
through the PIC, which compares the actual TSR with an
optimum TSR and uses the difference to control the pulse
width modulation (PWM) duty ratio of the buck-boost con-
verter in order to achieve maximum power extraction. An
isolated supply using a single output +5V to +15V commer-
cially available dc-dc converter is designed and implemented
to power the opto-coupler and driver. The generator RPM is
determined from its output voltage. The single-phase voltage
of the generator is lowered using a transformer and con-
verted into square wave using a Schmitt trigger. The square
wave pulses are converted into an analog voltage using a
frequency to voltage converter with a calibration equation
described by

Md. Arifujjaman

Generator frequency = 4.4271*

. (11)
Voltage input to the PIC -0.2933

The analog voltage from the frequency to voltage con-
verter is supplied to the microcontroller. The reference volt-
age for the Schmitt trigger is also generated using a voltage
divider and output of the dc-dc converter. The variable fre-
quency of the pulses is converted to voltage using an F/\V
converter IC. An amplifier stage is necessary to amplify the
low voltage to 0— 5V range. A dual output (+5 to +15/-15)
dc-dc converter is used to power the Schmitt trigger, F/V
converter and amplifier. A fixed voltage regulator is used to
supply the necessary +5 volts to the dc-dc converter and the
PIC. A 3-® bridge rectifier is used to convert the ac voltage
to DC and a variable resistor and zener diode combination is
used to regulate the input DC voltage variation to the accept-
able input voltage level of the fixed voltage regulator. The
complete power electronics circuitry is divided into four
stages, namely the buck-boost converter stage, power stage,
driver stage, and RPM information extraction stage. To en-
sure maximum power production, the rotational speed of the
WT is extracted from the RPM information extraction stage
and used to calculate the TSR. The maximum power control-
ler power electronics is presented in Fig. 6.

V. MAXIMUM POWER CONTROLLER

In order to extract the maximum power, an optimum TSR
control is first selected. An optimum TSR of 7 is considered
as the maximum power point (Fig. 2). It should be men-
tioned that the optimum TSR is not a constant, it can vary
from one system to another. The actual TSR of the wind tur-
bine is compared with the optimum TSR and the microcon-
troller generated PWM signals control the buck-boost con-
verter in order to control the effective dump load connected
to the system. The maximum power control algorithm is
programmed through the PIC and interfaced with a PC
through a serial port. MikroBasic 2.0.0.4 as a programming
language and used to code the MPC algorithm of the emula-
tor system.
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Fig. (5). Small wind turbine emulator structure with peripherals.
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Fig. (6). Maximum power controller electronic circuit.

A terminal emulator (TERA TERM PRO) is used to pro-
vide communication between the PIC and PC. The basic
structure of the maximum power controller and the complete
flow diagram is shown in Fig. (7) and Fig. (8) respectively.
Real time issues were identified during testing. For instance,
a situation occured when the wind turbine was not rotating
but the power electronics stage was ON, or when suddenly
the power was switched OFF to the power electronics stage
but the wind turbine was rotating. To address such issues, the
MPC code was modified so that it will check the input con-
dition and jump to an appropriate section of the program as
required. Also to display various data value onto the PC
screen, a separate routine was created to send data to the
serial port while the main loop was executing.

VI.RESULTS

The small wind turbine emulator and the maximum
power controller described above were implemented and
tested in the laboratory environment. Digital Pl controllers
were designed for both WTE and the MPC to ensure that the
speed of the separately excited DC motor was the same as
the required rotational speed of the wind turbine rotor and
that it corresponded to the optimum TSR of the wind turbine.
It was expected that the emulator would reflect the character-
istic of a wind turbine and ensure maximum power extrac-
tion by maintaining the optimum TSR. The results for two
constant wind speed of 7 m/s and 8 m/s are presented in
Figs. (9-24).
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Fig. (7). Structure of the maximum power controller.
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Fig. (9) and Fig. (10) show the expected furling dynamics
of the wind turbine for 7 and 8 m/s wind speed respectively.
Within 10 seconds of the constant wind speed, the rotor
reached a stable state at a furling angle of 5.3° and 4.4°,
which corresponds to the value obtained in (3). The limita-
tion of the armature current is of importance in order to pro-
tect the motor armature. The variation in armature current
characteristic corresponding to the change in wind speed was
recorded and averaged to generate a uniform distribution
over the entire wind speed range. It can be seen that the pro-
posed controller limits the amplitude of the armature current
of the DC motor below 4 ampers and 5 amperes for 7 m/s

Md. Arifujjaman

and 8 m/s wind speed respectively as presented in Fig. (11)
and Fig. (12). With a constant wind speed, the motor started
to draw current from the main, while no unwanted overshoot
of the current was observed. The experimental results thus
prove that the current limitation functions well, and the con-
troller has a good performance, independent of the speed and
motor dynamics. The corresponding reference rotor speed,
actual rotational speed and error are shown in Fig. (13) and
Fig. (14). It is observed that with a constant wind speed, the
motor speed follows the reference rotor speed and the error
becomes more or less zero within 500 seconds and 1400 sec-
onds for 7 and 8 m/s respectively. The performance of the
proposed design of the maximum power controller is de-
picted through Fig. (15-24).

The signals from the transformer (upper trace) and
schmitt trigger (lower trace) are given in Fig. (15) and Fig.
(16) respectively. It can be seen that there is a good agree-
ment between the experimental frequency and the expected
frequency. The PWM signal generated by the PIC shows
harmony with the driving signal to the MOSFET gate (Fig.
17-20). The ringing observed on the PWM signal as well as
the driving signal is due to the electromagnetic noise from
other stages of the system. In order to investigate the maxi-
mum power extraction from the developed small wind tur-
bine emulator, the TSR was recorded for each wind speed.
Fig. (21, 22) shows that the TSR reached an optimum TSR
of 7 as predicted from Fig. (1a) and remained more or less
constant.

Although a step change in wind speed is not very realis-
tic, the change can be used to investigate the system dynam-
ics from the point of the control of the system. Consequently,
the emulator model was subjected to a step increase in wind
speed from 7 m/s to 8 m/s (Fig. 23a, b) represents the ex-
pected furling dynamics of the wind turbine. Within 10 sec-
onds of the step input, the rotor reached a stable state at a
furling angle of 4.3°, which again corresponds to the value
obtained in (3). The corresponding reference rotor speed,
actual rotational speed of the motor and error are shown in
Fig. (23c). It is observed that after a step, the motor speed
follows the reference rotor speed and the error becomes more
or less zero. Fig. (25) represents the variations of the arma-
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Fig. (23). (a) Wind speed profile applied to the wind turbine emulator (b) Furling dynamics. (c) Rotor rotational speed.
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Fig. (24). (a) Wind speed profile applied to the wind turbine emulator. (b) Armature current, (c) Variation of TSR with time.

ture current and TSR with time. With the step change in
wind speed (Fig. 23a, 24a), the armature current increases
slightly as shown in Fig. 24b. The measured current was
filtered using averaging technique. The TSR for the step
change in wind speed was recorded (Fig. 24c). It was found
that as soon as the wind speed changed, the TSR of the wind
turbine dropped, then started to increase, and finally reached
an optimum TSR of 7 (Fig. 24c) and remained more or less
constant as predicted. The results presented above for the
WTE and MPC reveal that the developed WTE is able to
accurately represent small wind turbine behaviour and is
capable of extracting the maximum power from the system.

CONCLUSIONS

The development of an isolated wind turbine emulator
for small wind turbine system with furling and rotor dynam-
ics has been presented in this paper. The proposed system
along with required power electronics and control scheme
were designed, implemented and tested in the laboratory.
Maximum power extraction was ensured by operating the
wind turbine at an optimum tip-speed ratio. Test results
showed acceptable performance in terms of wind turbine and
maximum power controller characteristic. This operational
wind turbine emulator can be used for further research on a
small wind energy conversion system and provides a test-bed
to investigate and develop other control strategies.
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