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Development of a non-rotating wind
turbine emulator

Phan Quoc Dung, To Huu Phuc, To Dinh Du and Pham Ngoc Thang

Abstract—A Wind Turbine Emulator (WTE) is a
equipment which closely imitates the dynamic
characteristics of a wind turbine. It is developed for
testing the performance and control algorithm power
converter of a wind energy conversion system in a
lab. The structure of this emulator is usually built on
the basis of a rotating system which consists of two
electrical machines coupling together. In this paper,
the development of a non-rotating WTE is presented.
The proposed WTE is built using hardware-in-the-
loop method implemented on the dSPACE 1103
system and a buck converter. Experimental setup
and results are shown to verify the validation of the
proposed system.

Index Terms—Wind turbine emulator, wind
energy conversion system, hardware in the loop.

1 INTRODUCTION

In recent decades, wind energy conversion
systems (WECS) became the fastest developing
renewable technology, and power electronic
converters play an important role in these systems.
The converters are used to control torque, speed
and power of the WECS to achieve high efficiency
and high performance in power systems [1]. In
addition, the wind turbine behavior is also
significantly affected by the control strategy
applied for the converters.
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In research and development of power
converters for the WECS, a real-time wind turbine
emulator (WTE) is important equipment because it
helps to create a controlled environment to test the
performance and control algorithm of the
converters without relying on natural wind
resources and actual wind turbines. Since the
design of the power converters for WECS is highly
dependent on the static and dynamic
characteristics of the turbine, the output voltage
and power of the WTE must be as close as
possible to those of the real wind turbine
generator.

In literature review, various studies on WTE
have been conducted [2-9]. The common structure
of WTE hardware consists of a motor as a prime
mover coupled with an electrical generator. In this
system, the motor is controlled by a variable speed
drive so that the motor behavior must be similar to
that of the wind turbine. Three main motor types
used as prime movers are: (1) DC motor, (2)
permanent magnet synchronous motor (PMSM)
and (3): induction motor (IM). Separately excited
DC motors have been used in [2-4] as their torque
and speed can be controlled easily and accurately.
However, this type of motor is usually expensive
and required long-term maintenance of its brushes
and commutator, making it unattractive. To
eliminate these advantages, other works proposed
the use of PMSM [5, 6] or IM [7-9] as prime
mover.

An important requirement of the WTE is that
the static and dynamic torque generated on the
prime mover shaft must be similar to that
generated by a wind turbine. To do this, the WTE
system is usually set up via method of hardware-
in-the-loop (HIL) and its general schematic is
presented in Fig.1. In this system, the software
simulator and the physical system are on-line
communicated with each other. The simulator
generates the reference signal to control the
physical system based on the feedback
measurements  from  this system. For a
conventional WTE system, the simulator takes
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wind speed pattern and wind turbine
characteristics as well as feedback signals as
inputs, and it calculates the reference torque (or
speed) to control the motor.

ETe— :
Software | References ) physical
. A
Simulator { Measurements | System

Figure 1. General structure of hardware in the loop system

Usually, the software simulator is implemented
on a personal computer (PC) combined with a
digital signal processor (DSP). In this system, the
wind turbine model is developed by equations
using high level programing language on PC, and
the generated code is executed on the DSP board.
Several rapid prototyping tools for this
configuration has been used in the research, as
DSP dSPACE in the SIMULINK environment [2,
9], FPGA card [4] or Data Acquisition Card [7]
with MathWorks xPC Target, or DSP card with
LabVIEW [5]. The physical system consists of the
motor combined with a variable speed controller,
the generator and sensors (torque, speed, etc.).

However, the aforementioned WTE systems
are of rotating type, which usually requires two
electrical machines coupling together, a variable
speed drive to control the motor together with
torque and/or speed sensors. Therefore the actual
emulator system might be rather bulky and
complex. In this paper, the authors will present the
development of a non-rotating WTE using HIL
technique, where all the rotating components such
as the wind turbine and the generator are included
in the software simulator, and the electrical output
of the WTE is realized by a power converter. This
WTE is implemented with the DSP board dSPACE
DS1103 combining with a synchronous buck
converter only. Experimental setup and results will
also be presented to verify the validation of the
system.
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Figure 2. Structure of the WECS

2 MODEL OF WIND ENERGY CONVERSION SYSTEM

A WECS consists of two main components: a
wind turbine to convert the wind Kinetic to
mechanical energy and a generator to convert this
energy to electrical power. Fig. 2 shows the
physical structure of the WECS studied in this
paper. It is a variable speed wind turbine in low
power range with permanent magnet synchronous
generator (PMSG). For this generator type, there is
no reactive power required as well as active power
flows unidirectionally from the generator to the
load, only a rectifier bridge needs be applied on
the generator side. Thus the output voltage of this
wind turbine system is of DC type. Further, in case
the WECS is connected to a grid, the “load” on
Fig. 2 may consists of a step-up converter at the
rectifier side and an inverter at the grid side to
control the torque and speed of the generator as
well as the power injected to the grid [10].
However, such a system is beyond the scope of
this research.

2.1 Model of the wind turbine

The wind turbine is the primary component of a
WECS. The mechanical power extracted from the
wind is given by [2, 3]:

Py =2C, (1) phv,E (W) )

Where: p is the air density (kg/m®), vy is the
wind speed to the turbine (m/s), A is the area swept
by the rotor (m?) (A= zR?, being R the radius of
the blade (m)), and C,is the power coefficient of
the turbine.

The power coefficient C_(4,5) is defined as
the ratio of the turbine power to the power of wind
stream, and it is a function of the tip-speed ratio A
and the blade pitch angle . The tip-speed ratio A is
defined as the ratio of the speed at the blade tip to
the wind velocity as follows:

2=2R @

v
Where: «; is the angular speed of the turbine

rotor (rad/s) and v is the wind speed (m/s).

In. modelling the wind turbine, a generic
equation for C_ (4, /) is widely used [2-8] and it
is described as follows:

G
c &
Cp(l,ﬂ)=01(f—03ﬂ—c4)e R @)
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Table | With:
The parameters of wind energy conversion system 1 1 0.035
WIND TURBINE PARAMETER A - 1+0.088 1+/° )

Rated power 10 KW And the coefficients from c¢1 to ces are:

Max power 15 KW ¢, =05176,c, =116,¢c, =04 ,c, =5,¢c, =21,

Cut-in wind speed 3m/s ¢, =0.0068 .

Cut-off wind speed 25 m/s The typical C, (4, 3) curves with various values

Rated wind speed 10 m/s of pitch angle g are shown in Fig. 3. From these,
the mechanical power Pr of the investigated wind

PMSG PARAMETERS . . .

turbine versus the turbine rotor speed ¢, and wind

Rated power 10kVA speed v can be derived and plotted in Fig. 4.

Number of pole pairs 12 The torque Tt developed on the turbine rotor is:

Rated speed 250 rppm B

Output voltage 150-450 VDC R @y ©)

Efficiency 95% 2.2 Model of the PMSG

Total inertia J 0065 kg.m* The PMSG converts the mechanical power

Viscous damping coefficient B 0.005 Nm.s* received from the turbine rotor to the electrical

Generator constant K, 0.169 power and its model has been reported in many
works. However, to reduce the calculations of the

06 . DSP in the developed WTE system, following

—beta=0 ‘ assumptions are adopted:

05 232;2 i (1) The electrical time constants of the generator
8 edoooad gz:::ﬂ are ignored as they are much smaller than the
2 8% | ° beta=20| mechanical time constant of the system.

:§0_3 N\ %) (2) The generator efficiency is considered to be
” [ o7 eesesea, . ‘ unchanged with variations of generator output
£ 02f b A\ : pOWer.
'01 ”y:;f'j " A \ | (3) The saturation effect in the generator is
' 858 " neglected.
“6“"'““4 i s *) ol _ Ne_glected the losses in the rectifier and otho_sr
Tip-speed ratio - 1 circuit to the WTE load, the electromagnetic
torque on the generator shaft is given by:
Figure 3. The power coefficient C,, (/1, ,[)’) curve T, = P _ & (6)
ngwg ngwg
;i 12 mis Where: Py is the load power (W) of the WTE,
3 M ; N T V, and I, are respectively the WTE output voltage
&1 ‘O-S'Qfs and current, 7, is the generator efficiency and
é 08 9-°"<5 \ a, is the generator angular speed (rad/s).
g0 8.4 mis § For the sake of simplicity, it is assumed that
2 04 m;ﬂ} there is no gearbox between the turbine rotor and
02 \ \ the generator, thusw,=e;, and the dynamic
o - 0'"#’\1 L ) equation for the generator speed is:

Rotor speed - pu d an
T-T,=d-2-Ba, (7)

Figure 4. The turbine mechanical power versus rotor . . .
g speed atdifferemwindpspeed Where: J (kg.m?) is the total inertia of the

turbine rotor and the generator rotor and B is the
viscous damping coefficient (Nm.s™).
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Figure 5. Configuration of the proposed WTE system

As assuming in the above, the saturation effect
in the PMSG is omitted, thus the phase voltage
amplitude of the PMSG is proportional to the
generator speed as follows:

V, =Ko, (V)

Where Ky is the generator constant (V.s/rad).

The three phase output voltages of the PMSG
are given by:

v, (t) =V, sin(2z f t)
v, (1) =V, sin(2z f t —27/3)
v, () =V, sin(2z f t+27/3)

Where fq is the output frequency of the PMSG in

according to the generator speed @, .

The parameters of the wind turbine and the
generator are given in Table 1.

®)

)

3 CONFIGURATION OF THE WIND TURBINE
EMULATOR

The WTE system in this paper is set up via HIL
method mentioned in Section 1, and its block
diagram is illustrated in Fig. 5. The software
simulator includes the wind turbine model
described in section 2.1, and the PMSG combined
with the rectifier described in section 2.2. The

Voltage loop
compensator (PI)

Current loop
compensator (P)

physical system is a synchronous Buck converter
to realize the output of the WTE.

3.1 The software simulator

The control algorithm of the whole proposed
WTE is implemented in MATLAB/SIMULINK
and run in the real-time controller ASPACE 1103.
This board is plugged into a personal computer
(PC) and it can be programmed using
MATLAB/SIMULINK software combined with
Real-Time Interface (RTI) software developed by
dSPACE.

The wind turbine model is implemented using
the one available in SIMULINK, with its inputs
consisting of wind speedv,, , blade pitch angle f

and turbine speedw,. The PMSG block is

modelled using equations (6) — (9). The inputs of
this block consist of the turbine torque Tr and the
generator torque Tg, and the block outputs are the
generator speed e, and three-phase voltages. The

rectifier is implemented using the model in
SIMULINK, and its output voltage is used as the
reference signal Vorr to control the Buck
converter to realize the actual electrical output of
the WTE.

Kpi

PWM
signals

Duty
cycle'

PWM signal
generator

K.
Voref l»?—» K, +— _+.Q_>
A s c
Vo

Ll

Figure 6. Structure of the Buck controller implemented in the dSPACE DS1103
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3.2 The Buck converter

The synchronous buck converter in Fig. 5 is
selected for the power stage of the emulator as it is
simple to control and its output voltage ripple can
be kept small with a proper design of its LC filter.
The values of L and C are selected based on
following equations:

L>— i and co_Blee (10)
4Al,, £, 8f,,AV,,
Where: Vi is converter input voltage,

Al and AV, are accordingly peak-to-peak ripple
current and voltage, and f,, is switching

frequency of the converter. The parameters of this
converter are given in Table I1.

It is noted that the average output current I, and
the average inductor current I_ are equal:

I,=1, (11)

The controller for this converter is of two-loop
cascade type. It consists of an inner loop to control
the inductor current i_ and an outer loop to control
the converter output voltage V.. The cut-off
frequency of the inner loop is much higher than
that of the outer loop, so that these two loops are
decoupled.

The block diagram of the converter controller is
illustrated in Fig.6. It is also implemented in the
dSPACE 1103 with its input signals are the
reference Vorer from the inverter block and the
real-time feedback signal V, and i. from the
converter. The PWM signals to control the buck
converter are generated from the PWM block in
the Slave DSP of the dSPACE 1103. The
proportional (P) compensator is selected for the
inner current loop, and the proportional-integral
(PI) compensator is designed for the outer loop.
The parameters of the converter controller are
given in Table II.

Table 11.
The parameters of buck converter
THE CONVERTER

Input voltage Vi 500 VDC

Switching frequency 20 kHz

Inductor L 3mH

Capacitor C 100 uF
THE CONTROLLER

Inner current loop

Cut-off frequency 18,850 rad/s
Kpi 56.5

Outer voltage loop

Cut-off frequency 1885 rad/s
Kpv 0.603

Kiy 355

4 EXPERIMENTAL RESULTS

To validate the proposed idea, the WTE system
is implemented in the Power Electronic Research
Laboratory (HCMUT). Fig. 7 shows the setup of
the system in the lab, and Fig. 8 shows the user
interface screen developed using the data
acquisition software ControlDesk for dSPACE.
This interface screen allows the user to monitor
and change the system parameters while the
emulator is operating.

Experiments have been performed at several
values of wind speed: v =5, 7 and 10 m/s and the
pitch angle p = 2°. At every value of wind speed,
the load of the converter is changed to survey the
relationship between the actual load power and the
simulated rotor speed. Fig. 9 compares the
variation of simulated and actual load power with
rotor speed. It can be seen that the actual curves
are well matched with the simulated curves.

5 CONCLUSION

In this paper, the development of a wind
turbine emulator (WTE) using only a DSP card
DS1103 connected to a PC and a DC-DC
converter is presented. Experimental results show
that the emulator behavior is close to that of the
simulated wind turbine generator system. This
emulator is suitable for education purpose or for
research and testing of power converters for small
wind turbine systems whose output is of DC type.

As above mentioned, a simplified model of
PMSG is used in this paper to reduce the
calculation time of the DSP system. Further work
to improve the proposed WTE has been
conducting by using better model for the PMSG
while maintaining the good response of the
system. Another future work will be focused on
developing a non-rotating WTE system with its
output is of three-phase AC voltage, so it can be
suitable to emulate actual high power wind turbine
systems.

Figure 7. Experimental setup of the proposed WTE
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Figure 8. User interface screen of the proposed WTE built with software ControlDesk for ASSPACE
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Figure 9. Simulated power curves and experimental
results at different wind speed
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khong sur dung may dién quay

Phan Quédc Diing?, Té Hiru Phiict, T6 Binh Dy? va Pham Ngoc Thing?
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Tém tit — B6 md phong tuabin gié (WTE) la
mét thiét bi mé phong chit ché cac dic tinh
dong ciia tuabin gi6. N6 dwoc phat trién dé thir
nghiém b chuyén ddi ning lwgng hiéu suét va
thuit toan diéu khién ciia hé thong chuyén déi
ning lwong gié trong phong thi nghiém. Ciu
tric cia by moé phoéng nay thwong dwrge xay
dung trén co sé mdt h¢ thong quay bao gom hai

may dién khép véi nhau. Trong bai bao nay, su
phat trién cia WTE khéng sit dung may dién
quay dugc trinh bay. WTE dwgc dé xuit xay
dung bang phwong phap Vong 1ap phan cirng
dwgc trién khai trén h¢ thong dSPACE 1103 va
b chuyén dbi buck. Thiét 1ap va két qua thir
nghiém dwoc hién thi dé xac minh xic nhin hé
thdng dwoc dé xuit.

Tir khéa — md phéng Tuabin gié, hé thong chuyén ddi ning lwong gi6, phin cimg trong vong lip.
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