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Development of a Wind Turbine Simulator
for Wind Generator Testing

Bunlung Neammanee™, Somporn Sirisumrannukul” and Somchai Chatratana’

Abstract - The paper presents the development of a wind turbine simulator which consists of an induction motor driven
by a torque control inverter. The wind turbine simulation system includes wind speed simulation, mathematical models
of wind turbines, modeling of rotor blade characteristics, modeling of tower effect and emulation of rotor inertia. Wind
speed can be easily programmed based on Van der Hoven spectrum, or recorded wind speed data or manual set up. The
devel oped algorithms were implemented by a low-cost, high-performance digital signal controller with C language and
the system was tested in a laboratory with a 1 kW dc generator. The power responses, torque responses and tip speed
ratio responses confirmsthat the sysemcan performsatisfactorily under step changes of power reference, load disturbances

and tower effect.

Keywords - Wind turbine smulator, Wind speed generation, Power spectrum, Torque control.

1. INTRODUCTION

Wind power has become one of the most attractive energy
resources for electricity production as it is virtually
pollution-free (if noiseisnot considered as pollution). Asa
result, a great deal of research has been focused on the
development of new turbine design to reduce the costs of
wind power and to make wind turbines more economical
and efficient. The investigation of wind power system
involves high performance wind turbine simulators,
especially for the devel opment of optimal control solutions.
At present, wind turbine simulators have become a
necessary tool for research laboratories to enhance the
quality of thewind energy conversion system.

The basic requirement for awind simulator isthat its
static and dynamic characteristics must be as close as
possible to those of a real wind turbine. For the last few
decades, the most common structure of wind simulators
was based on the DC mator with current contral (i.e., torque
control on itsshaft) asaprimemover. However, thes mulator
requiresarelatively large-sized DC motor. Thisconstraint
makes DC motor system unattractive, due to its
unavailability and maintenance requirement. In addition, it
israther expensve. Later the DC motor system wasreplaced
by an induction motor system which eiminated the above
mentioned di sadvantages.

In this paper, a squirrel cage induction motor is
proposed for a wind simulator as a torque-generating
source. The wind simulator consists of two main parts as
shown in Fig 1. Thefirst part (Ieft hand side of thefigure) is
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used to create required wind speed. The power-speed
pattern of the wind can be generated from the data based
on the Van der Hoven power spectrum or from the actual
recorded wind speed data or from manual set up. This part
includes the mathematical model of the wind turbine to
calculate reference signals which will be used as torque
referencefor an torque control inverter in the second part.
The second part is an eectromechanical tracking system
which generates the shaft torque whose characteristicsare
governed by the pattern determined by thefirst part.
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Fig. 1. Purposed wind speed simulator.

The deve oped wind turbine s mulator employs a4-kW
induction motor asprimemover. A digital signal controller
(DSC) board is used to interface the wind speed generator
and theinverter which drivestheinduction motor. TheDSC
board is connected with a personal computer for data
acquisition to verify control algorithmsand display rel evant
parameters.

2. WIND SPEED SMULATION

Wind speed simulation is important in determining the
performances of wind generators and the features offered
by asimulator for predicting the energy output and analysis
of the energy conversion and system dynamics. Thenature
of wind speed is generally composed of two components:
steady state mean flow and turbulence. These two
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components are normally simulated separately. The mean
component is the steady part of temporal average over
period and increases with elevation. The turbulence
component is characterized by random fluctuation with the
mean component and with time and space. Theturbulence
component is commonly considered a stationary Gaussian
process.

Aswind speed data are time series, identificating the
datacan becapturedin forms of timeand frequency domains.
In this paper, the frequency power spectrum based on the
Van der Hoven spectrum shownin Fig. 2isadopted [1], [2].
Thisspectrum isregarded asone of the best known reference
of wind speed spectrum. In the frequency domain, the
equivalent description of wind fluctuation component can
be obtai ned through power spectrum density and coherence
functions. The figure is divided into low frequency
component and high frequency component. The former
generatesthe mean wind speed whereasthe latter generates
the turbulence.

The Van der Hoven spectrum in Fig. 2 shows the
contribution of harmonic componentsin arange from 0.0007
t0 900 cycleg’h (i.e., morethan six decades). This spectrum
gives a complete description of the energy content of
turbulence. The freguency range contains the spectrum
domain that describesthe medium and long-term variations,
aswell asthe spectrum range of the turbulent component.
From theVan der Hoven spectrum, anumerical wind speed
simulation procedure has been developed based on the
sampling of the spectrum. For every val ue of discreteangul ar
frequency w;,i=12,..N + 1the spectrum gives a
corresponding value of power spectrum density, S, (w;) .

Theamplitude A, at frequency w; isgiven by

Az' = \/%[SUU (wz) + va(wi+1)](wi+1 - wi) (l)

Thewind speed, v, , asafunction of timeis simulated by
N

o= Ay + 30 A cos(ut + ) @
i=1

with 4, =7, wy =0 and ¢, = 0. Note that the first

and second terms of Equation (2) represent theaverageand

turbulence of wind speed, respectively. The parameter 7 is

calculated on atimehorizon greater than thelargest period
intheVan der Hoven characterigtic.
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Fig. 2. Van der Hoven spectrum.
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3. MATHEMATICAL MODEL OF WIND TURBINES

A horizontal wind turbine is coupled with a gear box to
capture and transfer energy to the generator, is shown in
Fig. 3(a). Manywindturbinesaredirectly coupled with low
speed generator without a gear to reduce the gear’s|osses,
wel ght and maintenances. A vertical wind turbine, shownin
Fig 3 (b), hasthe same characteristicsbut it can be operated
at alow tip speed ratio. The characteristics such as power,
torque and speed for a wind turbine can be modeled by a
motor and generator set with amotor torquecontroller. The
controller uses a torque reference which is a function of
wind speed, rotational speed and the aerodynamics of the
rotor blades to generate a desired torque.

(b)
wy, Ty

g

Twisted HRotor J

Fig. 3. @) Horizontal wind turbine coupling with gear box
b) Vertical twisted-H Rotor with direct coupling to generator.

Modeling of Rotor Blade Characteristics

In general, wind speed varies more significantly with
elevation of the blades than any other direction. Every
single spot on the blades would not have the same wind
speed owning to wind field impact. Therefore, it would be
difficult if modeling of wind speed takes into account all
different positions on the blades. For this reason, asingle
value of wind speed isnormally applied to the wholewind
turbines.

The power from an ideal wind turbineis calculated by
alinear momentum theory [3] with thefollowing assumptions:
i) homogenous, incompressible, steady state fluid flow, ii)
no friction drag, iii) an infinite number of blades, uniform
thrust over the disk rotor blades and iv) a non rotational
wake The power generated from thewind can be expressed

by (3).
Rmn,(] = gAﬂll'l)/Uf

According to Betz'slaw, an ideal wind turbinewould,
intheory, extract the 16/27 of thispower. However, in practice,
due to non-laminar air flow and friction between blade

)
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surfaces, the energy capture of thewind turbineis reduced
by afactor known asthepower coefficient, ¢, , givenin (4).
Thepower coefficient, also called the Bezt factor, isdefined
by

power coefficient ; ¢, — — oo POWer @

power of wind

For a real wind turbine (usually) with three
aerodynamically designed blades, the power coefficient
depends on the tip speed ratio, ), defined by

y\ = wilt ©)

Ut
Thevalue of ¢, isalso afunction of the pitch angle,
3. Changing will affect lift and drag forces acting on the

blades, thus changing the output power. Hence, the power
captured by the blades, , is

Pf,ur'b = g ’/TRQ’UECP (>\7 ﬁ) (6)

The aerodynamic torqueacting on theblades, T, ,is
obtained by

thurb = §7I'R3U?CT (>‘7ﬁ) (7)
If cp is known, the aerodynamic torque can also be
calculated from

1—;117‘1) = gﬂR?UtSCP()\aﬁ)/wt (8)

In this paper, a constant value of 3 is of interest;

namely, the pitch angleisfixed and thisisgenerally truefor
small and medium sized wind turbines. Therefore, ¢y and

cp depend onlyon ).
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Fig. 4. ¢ — XA and ¢p — A characteristicsfor areal 3 kW
wind turbine.

Figure 4 shows the c, curveas afunction of ) of a
real 3 kW, three blade horizontal axiswind turbinewith a
rotor diameter of 4.5 m [4], [5]. This curve represents an
important characteristic which determinesthe sarting torque
of thewind turbine. In generd, thiscurveisavailablefrom
the manufacture or can be obtained from afield test. With
the cp curve, which indicates the efficiency of power
conversion of the rotor blades, can be calculated by

multiplying cr with )\ [6]. Figure4 asoshowsthe ¢, — A
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profile corresponding to the curve. It isimportant to note
that the power and torque coefficient of a wind turbine
depends on aerodynamic design of the blades. With
Equations(5), (7) and Fig. 4, ablock diagram can be built as
shownin Fig. 5.

Wy Wy A Tturb
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Fig. 5. Block diagram of rotor blade characteristics.

Periodic Torque Ripple Caused by Tower Effect

Theoretically, therotor of ahorizontal-axiswindturbine
must rotate as closed as possible to the tower to limit the
length of the nacelle [7] because an extremely protruding
nacelle causes the rotor facesto act with great leverage to
the tower axis. The upwind turbineis affected merely by a
retardation of theflow in front of thetower, which isknown
as the bow-wave effect. If the clearance between the rotor
blades and tower issmall, the blow wave hasmore effect to
the wind speed and makes more hazard if the rotor blades
and tower have vibration. In practice, aminimum clearance

of approximately one tower diameter (z/D =1) is
maintained for structural safety. With this clearance, the

wind speed striking on the blade reduces approximately
10%, asshownin Fig. 6.
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Fig. 6. Flow field ahead of a cylindrical tower for upwind.

The tower effect causes the output torque of a wind
turbineto be periodically rippled torque[8]. The phenom-
enon can begraphically explained by Fig. 7a). Asthewind
passes through the tower, the wind speed in front of the
tower decreases due to the resistance of the tower struc-
ture. At thistime, if the tower and one of the bladesarein
alignment, the wind speed striking the blades will reduce
and causetherippleeffect asshown in Fig. 7 b), wherethe
shape of the torque ripple is modeled as a ramp function.
Thefreguency of thetorquerippleisequal totherotational
frequency multiplied by the number of blades. The shape
and amount of the torque ripple depend on the physical
structures of the blades and tower. The net output torque
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taking the tower effect into account can be calculated by
(9) and(10)

Tturb = Tt1lu’b - Ttower ©

T;ﬁm‘b = (Jf + GJg )at + GTg + Tfl (10
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Fig. 7. (a) Rotor position at w, = 0, 27/3, 47/3 rad (black
blade creates the tower effect). (b) Ramp shape of torque
ripple modeling for upwind tower effect.

Emulation of Rotor Inertia

Figure8 showsthephysical structureof awind turbine
consisting of blades (I eft part), agear box (middle part), and
agenerator (right part). A torque equati on of thewind turbine
isgiven in Equation (10) with an assumption that all of the
rotating partsare considered alumped mass. Figure 9 shows
the block diagram of thewind turbine, which is devel oped
from Equations (5) and (10).
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Fig. 8. System moment of inertia.
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Fig. 9. Block diagram for the wind turbine and generator
torques.

If an induction motor is employed in the wind turbine
simulator, the torque behavior generated by motor should
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besimilar tothat generated by areal windturbine. Thiscan
be achieved by a dynamic equation [9]

T, = (Jy + GJ,)ay + GT, + Tpy @

Subtracting (10) from (11) with theassumption that the
friction and gear lossescan benegligible(i.e, Ty and Tr2=0)
and rearranging gives

Tm = Tturb - (Jf - Jm )at (13

T;:mn,p = (Jz‘ - Jm )az‘, (13

Figure 10 shows an extension of Fig. 9 toinclude the
term (J, — J,,) (compensation moment of inertia) and
derivative of the rotational speed used to produce the
compensation torque, ..., . The compensation torque

varies with the acceleration or decderation of the wind
turbine. A low passfilter (LPF) in thefigureisincluded for
noiseelimination.
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Fig. 10. Block diagram for compensation of the moment of
inertia.

4. IMPLEMENTATION OF WIND SIMULATOR
SYSTEM

Wind Simulator Hardware
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Fig. 11. Hardware structure of the wind turbine simulator.

The hardware componentsin Fig. 11 are composed of
1) three phase 4-kW induction motor coupled with 1 kW dc
generator, 2) 1000 pulsesrotary encoder, 3) torque control
inverter, 4) Digital signal controller (DSC) board, and 5) a
personal computer. The DSC board usesa high performance
16 bitsdsPIC30f4011 which combinestheadvantage of high
performance 16-hit microcontroller and high computation
speed digital signal processors.
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Fig. 12. Signal flow of wind simulator software.

Speed signal from the encoder is sent to the torque
controller inverter and the DSC board viaa dataacquisition
interface circuit inside the DSC board. The DSC board is
linked with the personal computer viatwo RS232 ports. one
port for transferring wind speed data to the DSC board and
the other for sending the val ues of different parameters( p,

wy, o, \, cr)tothecomputer.

Wind Simulator Software

Figure 12 showsasignal flow diagram of the software
implemented on the DSC board. The command sets were
programmed in C language. Thea gorithm startsby receiving
rotational speed signal from the encoder and wind speed
that can be selected from three sources as shown by ablock
at thelower end on theleft hand corner of Fig. 12. Thethree
sourcesare 1) manual input from a potentiometer, 2) adata
filefrom awind speed recorder and 3) the proposed software
simulator, which is ableto generatetime-serieswind speed
such astheVan der Hoven. With wind speed data, the DSC
isableto calculate parameterssuch as w, , \ and o, . The
parameter cr, needed for the aerodynamic torque
calculation, can bedirectly obtained from alook up table.
The DSC computes the torque compensation and the
periodic torgue ripple due to the tower effect represented

by ablock diagram at thetop of Fig.12. Once T, isobtai ned,

it will be sent to D/A to convert into a torque reference
command voltage between 0to 10V. This command will be
passed to the torque controlled inverter to drive the motor
[10],[11].

5. EXPERIMENTAL RESULTS

Three experimentswere conducted on thewind turbine
smulator: 1) determination of thewind turbinecharacterigtic,
2) load perturbation and 3) wind speed smulation. Figure 13
shows power-speed curves at different wind speeds (4, 4.5,
5and 5.5 m/s). Thesolid linesin thefigureareobtained from
the cal culation using Equation (6) whereasthe diamond and
plus symbols represent the measurement from the

experiment. Figure 14 showsapl ot of power coefficient, cp,
and )\ . Thesalid lineinside the graph is calcul ated based
on Equations (6) and (7). The plus signs stand for power
coefficient of thewind turbine. As can be seen from thetwo
figures, thereis agood agreement between the calculation
and measurement from the simulator. Theresultsverify that
the wind turbine simulator can reproduce the steady-state
characteristics of a given wind turbine at various wind
conditions.
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Fig. 13. Characteristics of a wind turbine simulator (¢ and +)
and calculated results.
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Fig. 14. Power coefficient of the wind turbine simulator

compared with that of the real 3kW wind turbine.
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The power response of the wind turbine simulator on
the 1 kW wind turbine system is shown in Fig. 15. At the
beginning ¢ =0, thereference power wasrai sed toaccelerate
thewind turbine. The output power in Fig. 15(b) increased
and reached steady state condition at + = 70. At =220, the
load disturbance is stepped up to 750 W, as seen from a
jump in the output power. In each step of the load increase
at t =0and 220, thecontroller of thewind turbinetook afew
seconds to track the output power until it matched the
reference power (Fig. 15(a)). Figure 15(c) displaystheerror
between the reference power and output power.
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Fig. 15. Power responseof thewind turbinesmulator toa
stepincrease and load disturbance: (a) refer ence power
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Fig. 16. Responses to load perturbation: (a) motor speed,
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The response of tip speed ratio and motor speed for
thesame condition asin Fig. 15isshownin Fig. 16. It can be
seen that at t=220, both motor speed and tip speed ratio
decrease, asindicated by the characteristic of Fig. 4. Figure
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17illustratesthat the power coefficient increaseswhen the
system load is stepped up to 750 W. Figure 18 presentsthe
output torgue response for the same operating conditions,
confirming that the controller is capable of tracking the
reference torque calculated from (7) effectively. It can be
concluded from Fig. 15-18 that the digital controller of the
wind turbine simulator gives very satisfactory steady
performance.
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Fig. 17. Responses to load perturbation: (a) tip speed ratio,
(b) power coefficient, (c) output power of induction motor.

L=
(=]

.
=3
———
1

]
=

=]

0 50 100 150 200 250 300 350 400

£
=]
l 3

(=]

(¥
=
r
ol
=
o

Qutput torque [N.m] Reference torque [N.m]
@
(=]

0 50 100 150 200 250 300 350 _ 400
Time [s]

w
o

Error
[=]

V““"‘ i Ry Mt 31 ()

-50 L 1 L L 1 il L
0 50 100 150 200 250 300 350 400

Time [s]

Fig. 18. Torque response to load increase: (a) reference
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An experiment on the tower effect was conducted with
acongant load of 130 W and a constant wind speed of 5 m/
s. Theresultisshown in Figure 19. In thisexperiment, the
wind turbine was assumed to have three-blades, and

therefore the torqueripple occurred every 27 / 3 rad.



B. Neammaneeet al. / International Energy Journal 8 (2007) 21-28

400 T T T T —r—

e
=4
=]

Output power [W]

0
0 100 200 300 400 500 600 700 800 900 1000

Time [s]

Qutput torque [N.m]

0
0 100 200 300 400 500 600 700 800 900 1000
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torque between 0-77 seconds of the wind speed profile in
Fig. 20.
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Figure 20 showstime-serieswind speed for a period of
400 sec. Thewind speed is smulated by theVan der Hoven
power spectrum implemented with MATLAB. The input

parameters used in themodd areasfollows: 4,=4.5m/s,
N=55and w; = ; « 10* [rad/h] for ; =1,2,...,9and f =-2,
-1,0, 1, 2(refer toEquations (1) and (2)). These wind speed
data will be passed and served as input data for the DSC
board. Figure21 isacloser ook of thewind speed profilein

thefirst 77 seconds. The corresponding tip speed ratio and
output power are also provided in thefigure.

6. CONCLUS ONS

The development of wind turbine ssimulator for wind
power plant testing is presented. The devel oped simulator
was implemented by a low-cost, high-performance DSC
controller developed by C language. Wind speed can be
easily programmed based on the Van der Hoven power
spectrum, or from recorded wind speed data or from manual
set-up. The advantages of the simulators are that various
wind profiles and wind turbines can be incorporated as
desired in the control software and it includes the data
acquisition to verify the control algorithmsand display the
parameters. The experimental results confirmed thewind
turbine simulator can perform satisfactorily under steady
state wind profile, turbulence and tower effect. The system
could provideall necessary parameters of thewind turbine
system such as wind speed, output torque, torque
coefficient, output power, power coefficient, and tip speed
ratio.

NOMENCLATURE

A,, = sweptareaof theturbine [m?]

= frequency [HZ]
f equency
cp™ = maximum power coefficient [pu]
™ = maximum torgue coefficient [pu]
D = tower diameter [m]
G = gear ratio [pu]
J, = inertiaof generator [kg.m?]
J, = inertiaof motor [kg.m?]
J, = inertiaof turbine [kg.m?]
N = sampling operation
P = output power of turbine [W]
R = radiusof blade of blade [m]
Ty, = frictiontorque of wind turbine system [N.m]
Ty, = frictiontorque of M-G set [N.m]
Tiomp = compensation torque [N.m]
T, = generator torque [N.m]
T, = motortorque [N.m]
Tiower tower effect turbine ripple [N.m]
T ot turbine torque without tower effect [N.m]
Tiurt turbine torque [N.m]
v = mean wind speed [nMV/g]
p = ardensity [kg/m7

angular acceleration of turbine [rad/s]

£
I
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Pi

Wo

W

(1]

(2

(3]
[4]

[6]

(8]

9]

= pitchangle[rad]

= phase angle with uniformly distributed random
number in adomain of [rad].

= darting radian frequency [rad/q]

= angular velocity of generator [rad/s]

= angular velocity of turbine [rad/g]
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