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ABSTRACT

This paper presents a robust control strategy éorewable
power generation system during voltage sag comdifibe
renewable power sources like photovoltaic, fuel aat
wind turbine are connected to grid using power &tatdc
converters include DC-DC converter and grid conedct
voltage source converter. To control the power from
renewable power source and stabilize the dc—linkgro
during voltage sag, control strategy has been desigor
DC-DC converter. Moreover, a robust current control
strategy of voltage source converter for both pesiand
negative symmetrical components is presented. yfitwéch
system is studied under unbalanced voltage sagitiomd
Simulation and experimental results are given tovsthe
response of system under voltage sag and illustitate
performance including active power control and agk
sag ride-through capability of the proposed control
strategy.

INTRODUCTION

Nowadays the power system is in a process of undarg
from regulated market to the deregulated one, alered to
more localized systems that are situated neartetoad
centers. The reasons behind are; increased cofieern
environment, utilization of renewable energy tedbgies,
flexibility of operation, lower initial investmebsts, lower
time of project completion, electricity market Iiaézation,
developments in Distributed Generation (DG) techgg)
constraints on the construction of new transmistives
and increased customer concern for highly reliable
electricity etc[1]. Many of the renewable power geation
systems like wind turbine, photovoltaic and fuell eee
connected to the grid via power electronic converte
improve the system integrity, reliability and eifiocy [2-4].
With the increasing power capacity of DG systernss i
important to design control strategy to keep thée sa
operation of these system during voltage and load
disturbances. The grid-connected power electronic
converters are highly sensitive to voltage distndea. This
makes it necessary to reduce the effects of voltage
disturbances on their operations [5]. A voltageisagdrop

in voltage with duration between one half-cycle am
minute [6], which is, in most cases, caused byoastircuit
fault. The operation of DG units under voltage Bag not
received much attention in the past. Moreover, ngnig/
operators demand the immediate shutdown of DGsia ok
grid disturbances as a prerequisite for grid cotimecAs

the power generated by DG units increases, thiaweh
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stresses the utility grid and could cause poweglarnite;
which may turn into instability. So, the interactibetween
DG units and the grid during the voltage sag isyver
important and it must be considered when desigttieg
proper control strategy. In this paper a contnaltsgy has
been proposed for renewable power generation system
during voltage sag conditions. First, descriptioh o
renewable power generation system include power
electronic converters are presented. Then cortitaitsire

of the hybrid power generation system is investidat
Simulation and experimental results prove the &ffeness

of the proposed control strategy.

DESCRIPTION OF PHOTOVOLTAIC POWER
GENERATION SYSTEM

To investigate the interaction between grid and
photovoltaic power generation system during voltsagg it
is necessary to consider a set of power electdmiices to
connect renewable power source to main grid. Thetstre
of proposed system that considered in this papsiosn in
Fig.1. As shown, it consists photovoltaic powerrseuDC
to DC power converter, grid connected converter and

transformer and output filter [7-8].
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Fig. 1 Topology of Photovoltaic Power System

POWER CONTROL DURING VOLTAGE
DISTURBANCE

One important problem that must be considered durin
voltage sag is the control of distributed genergtiower. In
fact, during voltage sag conditions, the power ftamtrol
strategy must be design to stabilize the dc limkgroand
regulate the dc link voltage consequently. Unddtage
sag, a decrease in voltage amplitude occurs abtieerter
terminal. To keep the power supplied to the gridstant,
the current should increase. It will be limitedthg current
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controller however, to avoid overloading of the werer.
This will thus limit the power that the DG unit campply to
the grid during a sag, resulting the dc-link votagill
increase. To avoid a too high dc-link voltage, prosver
balance between inverter power and DG power must be
satisfied. The following differential equation fdc link is
given:
Cdcvdc%

dt

P

= PDG_ grid

1)

Where:

Ppc is the power of renewable source,

Pgria is the grid power
According to the equation (1), in order to reguldte dc
link voltage it is necessary to keep the powertzdan dc
link. But the amount of power that should be prastlito
balance the power in dc link is very important anhd
depends on the dc link energy. The dc link energy
measurement is carried out by means of the follgwin
calculation:

Edc(k) = (%) Cdcvjc( @ (2)

In this paper, a power flow control structure haerb
developed for hybrid power sources during voltage K is
based on self tuning fuzzy control strategy tha¢ahines
the renewable generation power according to theviaig

inputs:

e(k): %c—ref(k)_ Eﬂc(a
Ae(K) = € R- € k1)

Where E4.f IS the reference dc link energy which
calculated by reference dc link voltage. The deshithe
self tuning fuzzy controller has been given in [Bje block
diagram of the fuzzy PI controller is shown in Rig.

Rule base 1

Inference
Mechanism

3)

Fuzzification — —{ Defuzzification

Inference
Mechanism

Rule base 2

Gian Tuning Mechanism

oy
R

Fig.2. The block diagram of the self-tuning fuzaycBntroller

Fuzzification — |—»| Defuzzification | *

Process

By using the scaling factors (SFs), Gae, the quantities
e andde are converted to normalizeg andAey. These
normalized quantities yeandAey are crisp in nature and
therefore need to be first converted to their gomding
fuzzy variables. After fuzzification, the fuzzifiedputs are
given to the fuzzy inference mechanism which, depen
on the given fuzzy rile base, gives the normalized
incremental change in control outpfitig). The outpufluy
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is converted into actual incremental change in rabnt
output QAu) by using the scaling factor (GFor the
implementation the fuzzy inference engine, the "min
operator for connecting multiple antecedents iale, the
“min” implication operator, and the “max” aggregati
operator have been used. Actually, the oufjuytfrom the
inference mechanismis fuzzy in nature, hencegterchine
the crisp output, the defuzzification stage is eguplThe
centroid defuzzification scheme has been used fwere
obtaining the outpufiu. Finally, the actual value of the
controller output (u) is computed by:
u(k) = u(k-1)+AuR 4

The relationships between the SFs and the input and
output variables of the self-tuning FLC are asdwll

e =G.e

Ag, =G Ae

Au=(a.G,)Au,

In this scheme, the FLC is tuned on-line (while the
controller is in operation) by dynamically adjustiits
output scale factor by a gain updating factor The value

of a is determined from a rule base defined on efsnand
derived from the knowledge of control engineering.

(®)

SIMULATION
RESULTS

AND EXPERIMENTAL

In order to show the effectiveness of proposedrobnt
strategy, the simulation and experimental resutstlfie
system shown in Fig.3, using the specificationg ddw
power laboratory system are presented. The testhbisn
presented in Fig.9. The parameters of the systerstexwn
in Table 1. The control system has been implemeiged)

a PC embedded DSP (dSPACE), with a sampling time
Ts=10Qus. Hence, the switching frequency (fs) is set to
10kHz. The system with the proposed control styategs
been tested under a 60% voltage sag type C (urdean
Voltage sag has been generated at the laboratory by
switching one grid phase from its rated voltage sonaller
voltage by a three phase autotransformer, using fas
switches. The control strategy that has been destiin
section 2, has been examined in case of unbalamdadje
sags. A voltage sag, resulting from two-phase {aal type

C), is applied at the grid side. The voltage sagsat 4.5
sec for duration of 0.1 sec with voltage drop o¥60
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Fig.3 Test ench for grid conn
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TABLE 1: Parameters of the photovoltaic power getianesystem

Boost DC-DC Converter Parameters

Rated voltage (V) 100V/300 [V]

Rated power 250 [W]
Nominal duty cycle 0.66

L 415x10-6 [H]
C 1500105 [F]

DC/AC Converter Parameters

Nominal AC Voltage 100 [V]
Nominal Power 200 [W]
Maximum current of grid 3[A]
Nominal DC voltage 300 [V]
DC-link capacitance 3300 juF]
Rs 23 [mQ]
Ls 0.5 [mH]
fq 50 [Hz]

DC Power Source Parameters

Nominal DC voltage 100[V]
Nominal DC current 2[A]
Internal Resistance 0.01[Q]
Minimum Active Power 100[wW]
Maximum Active Power 250[W]

The grid voltage during voltage sag type C has lsbemwn
in Fig.4 (a). The grid currents during voltage $gae C
increase (Fig.4 (b)). In this case, the grid cuseare
limited by current controllers to avoid overloadiofjthe
converter. Also after voltage sag, the current ralers
adapt fast according to the new current referetecelape
the grid currents. In Fig.4 (c), the average asthimaneous
active power during normal and voltage sag condititave
been illustrated. As shown during voltage sag tijected
active power to the grid is decreased and thegesimall
oscillation in active power. These oscillationsaceording
to the proposed current control strategy that ckared in
this paper. It makes that the oscillating activevgothat
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demands by the filter to be delivered from the guid no
oscillating active power flows between the dc lard the
filter. But the average active power is zero. THe-link
voltage is shown in Figs.4 (d). During the voltagg, there
is an increasing on dc link voltage but it is nataim more
than 10% of nominal value. In these conditionstédilize
the dc-link power, the fuzzy controller managespbeer
from the DC power source, resulting the referermeqy of
the renewable power source changes for decrealsang t
input power to dc bus during voltage disturban€es.the
validation of proposed control strategy, the experital
results also have been presented in Fig.5.
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Fig.4. simulation results during voltage sag typg@ voltage (a), grid
currents (b), average and instantaneous activerp@yeaverage and
instantaneous reactive power (d), dc link voltage
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Fig.5. experimental results during balance voltsag grid voltage (a),
grid currents (b), average and instantaneous agtivesr (c) and dc link
voltage (d)

According to the Figs. 4-5 (b) (c), there is a siant
condition in grid currents and instantaneous agitweer at
the beginning and the end of the voltage sag. Tam m
reason for these transient conditions is relat¢ittdelayed
signal cancellation method (DSC). Another reasaitdcoe
related to the fast control response of sliding encarrent
control strategy. In this case, control variablédsexceed
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itchi imi i [6] M.H.J. Bollen. ‘Understanding Power Quality
switching strategy limits, leading to the over miadion Problems. Voltage Sags and ?nterruptidnskEEE

region and transient conditions. Despite of these
inaccuracies due to DSC and switching strategytdithiat
can be observed in the currents and power perfarendime
simulation and experimental results obtained semimet
acceptable and good agreement is found betweerasionu
and experimental results. The main difference betwe
simulation and experimental results is found od gurrent
harmonic content. These harmonics could be redbged
designing a proper filter. The operation of rendevglower
generation system under voltage sag condition iy ve
important problem. The amount of active power ttmatld
be delivered form this system to grid is relatedséone
parameters like voltage sag magnitude, dc-link ppde-
link voltage and current control strategy. The id&-power

is very important during voltage sag. In some paeeirces
i.e. fuel cell and photovoltaic system, there en@ations to
respond very fast to the change in power durintagelsag.
In this case, the need for implementation of enstgyage
like supercapacitor and battery is vital [8].

CONCLUSION

This paper presents the control strategy of renkwab
power generation system under unbalanced voltage sa
conditions. For this purpose, power electronic esters
model and a simple model for renewable power scaree
presented and then by designing control strateggdch
component, the power control problem of the progose
system is studied under unbalanced voltage sagoiitol
of the dc link power and regulate of dc link vokagelf
tuning fuzzy controller is presented to determime t
necessary power according to the amount of energlg i
link. Moreover, robust current control strategy Heeen
developed to control of positive and negative sagaef
dg-components. Simulation and experimental reshibsv
that the proposed control strategy is able to aéeunder
various voltage sags and keep the system perfoesdike
active power control and stability of dc-link.

REFERENCES

[1] W. El-Khattam and M. M. A. SalaméDistributed
%eneranon technologies, definitions and benefits”
lect. Power Syst.Res. 71(2)é2004) 119-128.

[2] C.Wang, M.H.Nehrir, H.GadControl of PEM fuel
cell istributed  generation systems” IEEE
Trans.Eener%y.anv.Zl (2) (2006) 586-595. )
M.A.Galkar, A.Hajizadeh;Control strategy of hybrid
fuel cell/battery distributed generation syste -
connected operation”J.Zhejiang. Univ.Sci.A. 10 (4)
gZOOQ) 488-496. .

Jain ,V.Agarwal, An Integrated Hybrid Power
Supply for Distributed Generation Applications
Nonconventional Energ Sourées |IEE
Trans.Enerrgy.Con., 23(2) (2008) 622-631.
G.Saccomando, J.Svenssoiirdnsient Operation of
Grid Connected Voltage Source Converter under
Unbalanced Voltage Conditiohsin: IEEE Industr
éggﬂcatlon Society Annual Meeting 4 (2001) 2419-

(3]

(4]

(5]

Paper No.0615

[7] A.Haﬂ)izadeh.A, M.A.Golkar, Fuzz
Cell

(8]

[9]

Press, New York (2000).
zad . Control of Fuel
istributed Generation Syste’%tzaman. J. Elec.
Elec. Eng. 3(1- 2) (2007) 31-41.
A.Hajizadeh, M.A.Golkar, Improving voltage sag
ride-through in hybrid fuel cell/ battery distrited
eneration _systefis International Journal of
zéségbuted Energy Resources, Vol.5, No.1, Apridu
R.K. Mudi, N.R. Pal, A robust self-tuning scheme for
PI- and PD_%)e fuzzy controll€rsEEE Trans. Fuzzy
Syst. 7 (1) (1999) 2-16.

4/4



