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Abstract— This paper presents a permanent magnet
synchronous generator (PMSG) wind energy conversiosystem
(WECS) with the implementation of a current controled voltage
source inverter (CC-VSI) and shunt active power filer (APF)
capabilities. The WECS is not only capable of supping extracted
wind power to the load, but also can be used for hanonic
mitigation and regulating the active and reactive pwer injected
into the mains. Consequently, a more favorable powesystem
results from the integration of APF into WECS. The proposed
WECS control concept and the CC-VSI/APF are verifid using a
computer simulation package (PSIM®) and a laboratoy
prototype power inverter, respectively

Index Terms— Active filter, wind energy, permanent magnet
synchronous generator, current controlled voltage a@urce
inverter.

I. INTRODUCTION

Wind energy will be one of the most promising renielea
energy sources in the future. This is mostly du¢hto
fact that it is clean, pollution free and its rabé
depletion is negligible. Thus, many efforts are outted into
finding the most efficient approaches to exploie thvind
energy into the power system [1-5]. Non-linear desi
produce distorted current and voltage wavefornthénpower
system. The injected harmonics have several impactthe
utilities grid and loads connected to system. T@roome
these power quality problems, harmonic active rltare
widely used in the system. [6-11] In this papee, dmalysis are
focused on the system configuration with a diremtipding
between the wind turbine and the active powerrfét@ployed
to inject the wind power into the utility grid undéxed and
various wind speed conditions. The proposed deisgnot
only able of delivering the wind power to the gudiring
various wind speed conditions, but will also astaashunt
active filter to mitigate the current harmonicsdamrgulate
reactive power injected by the non-linear loads.otder to
investigate and mitigate the harmonic capabilitis the

WECS; a 20 kW PMSG (36 Pole) WECS simulation model P :1@[03,3 EA[UJW3 Watts
2

was developed. The WECS is connected to a thresepiyd

connected current controlled voltage source inve(eC-

VSI), which injects the extracted wind power to tréd and
included with the active filter control strategi@e proposed
WECS control concept is verified using a compubetuation

package (PSIM®) and the CC-VSI/APF is verified gsia

laboratory prototype power inverter [9, 12].

II. WIND ENERGY CONVERSION SYSTEM

The WECS considered in this analysis consists BMSG
driven by a fixed pitch wind turbine. To facilitat grid-
connected WECS, the configuration of this WECSepicted
in Figure 1. The AC-DC-AC energy conversion stages
implemented using power rectifiers and a VS-CClfoBe
presenting the model descriptions and the perfocmand the
CC-VSI/APF WECS capabilities, a brief backgroundd an
description of each element in the wind energy eosion
system is given.

Rectifier Inverter
- |
wind— O— PMSG %S ( Grid
—
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Figure 1. Wind Energy Conversion System

A. Power Generated FromWind Turbine

The mechanical power extracted from wind is givegrthe
cube law equation (1), where power coefficient (Gp)a
function of tip speed ratid.f and is given in equation (2). This
relationship is usually provided by the turbine nmacturer.
The Cp curve that is used in this paper is showRigure 2.
Other variables used in equation (1) are A = wintbihe
swept area [m), U, = wind speed [m/s]p = air density
[kg/ms], r = radius of the rotor [m] and, = mechanical
angular velocity of the generator [rad/sec].

)
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)
W

From equations (1) and (2), it can be seen thathawge in

wind speed affects the tip speed ratio and a chemige speed

ratio influences the value of Cp as well as thepoubf the
mechanical power of the wind turbine.
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Figure 2. Power coefficient vs. Tip speed ratio
Ill. WECSAND VS-CCI/APFSYSTEM

B. Three Phase VS-CCI/ APF CONFIGURATION

The three-phase VS-CCI/APF is a three-phase currentThe integration of VS-CCI/APF into the WECS is woily
controlled “voltage source inverter” with a mid-pbiearthed, Ccapable of _supplylng ?thf’i_(?ted Wln_d_ power to thevgro
split capacitor in the DC bus and inductors in A@ output. Systém, but it also can significantly mitigate hame currents
The VS-CCI/APF is controlled in such a way that W& CCI Wh'Gh are dran bY_ non-linear loads. The schematithis
can be used to inject sinusoidal current into tie fgr energy  design is shown in Figure 5.
extraction from the wind turbine during linear loeahditions.

During non-linear load conditions, VS-CCI can bedigo -
operate as APF for harmonic and reactive companmsd$,
11] . Rectifier Inverter T4i_Load

. . - o T )
Under the operation as an APF, the VS-CCI provides | |™¢ 5 | e v b L taverter
. . . . (| _dc = ranstormer [
harmonic cancellation and reactive compensatiorreots

based on calculated reference currents from thé. grhe

injected currents from the WECS inverter are metmt
“cancel” the harmonic and reactive currents drawyihie non-
linear loads. The fundamental building block of fireposed
VS-CCI/APF is shown in Figure 3. The major inveatign

took place at the Point of Common Coupling (PCCjere the -
existence of problematic harmonic from non-linegads can NG v_grid_phase_
be observed and therefore compensated.

LL i_Grid

i_feedback

Grids
50 Hz

Figure 5. Integration of VS-CCI/APF WECS

PCC
I_orid I_load As part of the APF design, reference source cusrang
®_m<_ _> NoE-Linear \ generated in phase with voltage sources in gridhfempurpose
AC source ; oad of maintaining unity power factor. To fulfil thigpscification,
Lvsi T current sensors are placed on the transmissionoiee the
3 phase VSl grid side so that the waveform of the grid currevit be
J%ES . \nglut::f: forc_ed to_ behave as desired. By er_1$uring tha_lt Iluboglrrent
is sinusoidal, the APF can automatically provide tiarmonic
Ponae and reactive currents for non-linear loads withtyuower
Figure 3. Fundamental building block of the VS-GGIF factor as described in the following formula of thasic
current summation rule at the PCC:
To control the performance and the effectivenesshef | |nverter(t) =i _Load(t) +i_Grid(t) 3)

filter, the CC-VSI is operated based on the conadptero
average current error (ZACE) [12, 13]. The contnput is a
current error signal, which, in this application e difference
between the actual grid current and the desiredefarence
grid current waveform. According to the ZACE methdiis
error will be used to produce another signal witua
magnitude in the opposite direction as shown inuf€g4
where A represents the error signal. This will lesua zero
average current error in one switching period.

The existence of this relationship is proven by the
simulation results in the following section. Howevehe
direction of current flow varies depending on threoant of
current generated by the WECS, which is governeavimgl
speed, as well as the amount of current drawn byldhds,
which is fixed in this analysis. Additionally, tlsgnusoidal line
current reference signal is given as follow:

i ref () =k(t)[v_ref _phase_A(t) (4)
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where v_ref phase_A(t) is the fundamental compooétibe
grid voltage and k(t) is obtained from the Pl cohlér. The
value of k determines the required magnitude afraaurrent.
This is an effective way to regulate the DC bugag# since
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These will provide the higher resolution simulatiaesults of
the switching and operation characteristics of YH&-CCl
WECS with no-harmonic load. A constant DC reference
voltage (Vdc_ref) for the APF is maintained at 28@\order

any mismatch between the required magnitude ofvectito target optimum wind speed (8m/s). Figure 7 shofes

current and that being forced by the VS-CCI are pamrd.
The ‘error’ from the mismatch is then treated asoatrol
signal to manage the operation of VS-CCI.

IV. MATHEMATICAL MODEL VIRIFICATION

Figure 6 shows the test set-up and simulation te$oit the
20kW PMSG, 5.2m-blade radius wind turbine connedted
VS-CCI with fixed voltage operation at 280V [4] dheal
wind speed operation characteristics of the PMSGC@®ith
VS-CCI are measured in Western Australia. This e/alould
typically be optimized knowing the Weibull distrifan for
wind speed at the site. In this control schemeadditional
software or hardware is needed for the CCI to vaeyPMSG
load line to match the maximum power line of thedvurbine
generator, and results in lower conversion efficjeat wind
speed above and below the optimum chosen. Duririgtion
of wind speed, this voltage is compared with thdpou
voltage and the error is then fed to a Pl contrafleeduce the
steady state voltage error. During the setup measemt, the

WECS with VS-CCI is operating under grid connected

configuration with minimum voltage and current hanit in
the system.

i) Measured wind speed (m's)

N

S

0 5 Ll 1 pil 5 pl ki L} L il
Simulated RPM

Tw-ne(s)
Figure 6. Test set-up and simulation results f&VZBPPMSG,
5.2m-blade radius, VS-CCI grid connected fixed&Q\2

In order to demonstrate the possibilities of miiigg
harmonic currents, the system configuration in Feduas well
as the validity of the concepts discussed prewoissfurther
simulated with smaller time step simulation usin§IN®.

WECS operating under average wind speed conditioa,
WECS performs like an inverter supplying sinusoidatrent
for injecting active power to the grid. During puresistive
and maximum wind speed operation (12.5m/s), theCZ$s
producing the maximum output power of 20kW from the
PMSG WECS. The output current from the VS-CCI is
approximately 28.9A. Although there is some sigaifit high
switching harmonics generated by the inverter, desd not
affect the expected performance in the grid. Thsulte
comparison has been presented to indicate the amcand
applicability of the basic simulation model usedted PMSG-
VS-CCI configuration. It will then prove to be alwable tool
between theoretical studies and the field experisdn
designing a WECS.

a)i_Loadi®)

19940.0019950.001 2950001297000 2220 0019990002 0000 .00
Time {ms)
Figure 7.The AC current characteristics of (a) Harmonic-Free
Load, (b) Grid and (c) Inverter at wind speed =/8.m

V. PERFORMANCEOF THE SYSTEM

The output current characteristics from CC-VSI/ABFe
shown in the following sections. The WECS produa&® Hz
sinusoidal current with 10 kHz harmonic due to skagtching
frequency in the CC-VSI.

A. Constant Wind Speed

Under the constant wind speed operation, two differ
scenarios are investigated to reveal performant€ECS.

1) High Wind Speed with Non-Linear Load
The first scenario is based on the simulation urigin non-
linear load operation with high wind speed of 8 .nBBssides
acting as an inverter, this configuration perfoassan APF to
cancel the low harmonic generated by the non-lifesad. The
waveform and spectrum can be seen in Figures 8 %nd
respectively. Especially from Figure 8, it can chgahow that
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the WECS-APF injects appropriate amount of curramt a)i_Loadis)
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Figure 10.The AC current characteristics of (a) Non-Linear

o ) Load with Harmonics, (b) Grid and (c) Inverter ainev
Figure 8.The AC current characteristics of (a) Non-Linear speed = 4 m/s.
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Figure 9.The AC current spectrum of (a) Non-Linear Load ;
; . . - B. Variable Wind Speed
with Harmonics, (b) Grid and (c) Inverter at winuked = 8 Sp . )
m/s. In order to demonstrate the maximum potential efWECS-
APF configuration under normal site operation, datian
2) Low Wind Speed with Non-Linear Load results are also generated under a haphazardlyerhos

When the WECS is operating at the rated cut-offdvépeed condition of variable wind speed as shown in Figleeln the
4m/s, the wind turbine is unable to supply adeqaateunt of €VeNnt, the wind speed is fluctuating with a norfamn
active power for both grid and non-linear load. ded, the distribution and the output power from the invertéll not
WECS performs more like a shunt type APF to suppl erform in a ste_ady manner. The fI_uctgatlng outp(JWer
harmonic components for harmonic cancellation psegoin 10mM the VS-CCl is due to the fluctuation in poveeefficient
order for this configuration to act as an APF, mpidnted Caused by varying wind speed. The APF for grideuir
earthed, split capacitor in the DC bus is charged g waveform control action is much faster than the adyic
discharged simultaneously by the grid during eastching behaviour of the wind power extraction. The actpawer

cycle to match the required operating voltage, Vdc. delivered to the grid is similar to the DC powebguced by
PMSG through an uncontrolled rectifier. The sméfedence

is related to the losses.
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Figure 12 Output characteristics of WECS under varying
wind speed.

Under high harmonic load operation, this configoratstill
acts as an APF to cancel the low harmonic geneiayetthe
non-linear load. Another point that should be ndi®an the
observation is that as long as the magnitude afeatifrom
inverter is higher than the consumed current byldiael, the
inverter current will be injected to support griddaload as
well as producing harmonic cancellation as showrigures 8
and 10. From the current spectrum (up to 10 kHZ&igures 9
and 11, the lower order harmonic has been greaitiuced by
the WECS VS-CCI, the spikes and the ripple preduay the
inverter do not contribute significantly to the loarder
harmonics injected to the grid. When wind speedpsirto
certain level where the generated wind power do hante
sufficient contribution to support the load as wadl the grid
on its own, like the case in Figures 10 and 11, finw of
current will, therefore, change its direction. Tfalowing
equation reflects this variation with respect toapn (3):

i _Load(t) =i _Inverter(t) +i_Grid(t) (5)

VI.

The purpose of this paper is to investigate themdal of
direct coupling VS-CCI/APF and PMSG WECS and veiti$y
capability to optimise the use of wind as a favbleaenergy
source of the future. From the results obtaineid, proven that
by using the proposed system, wind power can beiagftly
extracted and harmonic currents can
Subsequently, wind energy can potentially be tHatiem to
the growing demand of power. Although the maximurargy
available from the wind, according to equation (13,
significantly more than the active power delivetedhe grid
due to aerodynamic, mechanical and electrical fosise
PMSG. This difference can be improved by implementi
Maximum Power Point Tracking (MPPT) [5] into thigstem.
This implementation will be done in the near futtoéncrease
the efficiency of WECS.

CONCLUSION
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