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Abstract—This paper proposes a modified Perturb and Observe
(P&O) Extremum Seeking Control (ESC) technique in prsence
of multiple maxima. ESC is applied to single-phasedyrid-
connected photovoltaic (PV) arrays which have to mvide
maximum power irrespective of solar irradiance condions. In
particular, partially shadow conditions may lead to steady-state
power curves exhibiting multiple maxima. The power arvested
from the PV generator is injected in the single-phsed power grid
by using two power converter stages: step-up DC-DConverter
and DC-AC inverter. When multiple power maxima exis, the
amplitude of the perturbation signal plays an impotant role in
successfully tracking the global maximum. Two amplitde
modulation strategies are analyzed for the same oasstudy:
amplitude modulation by using a first-order-systemresponse
signal and amplitude modulation by using small duty ratio
square-wave  signal,  respectively.  MATLAB/Simulink®
numerical simulations are presented in order to asss the two
approaches comparatively.

Keywords. renewable energy systems, Extremum seeking
control; optimal control; cascade control; hill climbing;
modulation; perturb and observe.

I. INTRODUCTION
One of the most important issues all over the wegldow

to improve efficiency of renewable energy systems
(solar, wind, tidaletc.). Many researches focus on increasing

the efficiency of these energy systems while thergyn

consumption is also increasirg], [2]. Among such systems,

the photovoltaic (PV) generators nowadays recorpoitant
growth in terms of harvested power and penetraitom the
grid [3]. Many cells are grouped in one moduleanel), and

the PV generator, but this is not the case wheirithdiance is
imbalanced due to a cloud, tree or even the inisulangle,
that is, the P-V curve will have multiple peaks mgsed as
local and global MPP and it is desired to oper&e PV
module close to the global one. This process idedal
Maximum Power Point Tracking (MPPT). This MPPT
algorithm ideally should ensure working in the glbb
maximum one, but until now it is a challenge to makline
identification for the global power point whatevehe
surrounded conditions.
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Fig. 1. Photovoltaic cellV andP-V characteristics (in red and blue
respectively) with the maximum power point.

In the literature plenty of MPPT algorithms are pwsed
for such systems in order to harvest maximum powiort-
circuit photovoltaic generator method, open-circudltage

many modules form a PV generator. A PV module haghotovoltaic cell test method, incremental condocta

nonlinear steady-state characteristics, expressedeitner
currentversus voltage (the so callettV curve), or as power
versus voltage (theP-V curve, like the one in Fig. 1). TheV
andP-V curves of a PV system vary with the solar insalati
(irradiance) and cell temperature [4].

In grid applications, it is required to harvest thaximum
power from the PV system in order to inject it iritee grid
[3]. The P-V curve contains a single maximum poweint
(MPP) when balanced irradiance is applied for aldmles of

method (CI) [5], voltage-offset resistive contrd/RC) [6],
multivariable gradient-based ES [7], integer-ord&tremum
seeking control (IOESC) [8]. Perturb and observ&dp is
one of the most used classes of such algorithmausecof its
simplicity. It perturbs the operating point of tR& generator
and observes the output power; depending on ttgsrghtion,
the operating point is “pushed” in the direction grbwing

power until the maximum point is reached the‘%]= 0.

Classical P&0O method uses fixed perturbation ammét its
performance must be sized as a tradeoff betweaniérat rise



time and steady-state error [9].

In this paper a modified P&O algorithm is presented
checked by numerical simulation. Unlike the claakie&O,
this algorithm can ensure working in the desireckimam
power point in case of multiple maxima if propergaeters
are chosen without having high steady state efirbe. basic
idea is to modulate the perturbation signal's atagk. Two
types of such amplitude modulation are tested is plaper;

their advantages and drawbacks when applied to MPP"

control are assessed by numerical simulation. TimesMPPT
algorithm performance and its efficiency are testedler
different scenarios of irradiance variatiag(, corresponding
to different types of cloudy weather).

This paper is structured as follows: In sectionthke
structure of the considered PV system is preseatet the
associated control objectives are formulated. lktiSe 11, the
PV source and its associated DC -DC converter argetad.
Section IV details the two-level control strategydahe two
ESC algorithms with perturbation signal
modulation. Section V discusses some illustrativeutation
results under various daylight scenarios. The papds with
conclusion and future work.

1. SYSTEM CONFIGURATION AND CONTROL GOALS

The studied PV power generator consists of 16 panel | 1| i

each of which containing 72 PV cells connecteddries. 4
panels are connected together in series formingwa and
there are 4 such rows connected in parallel (Fjg.This
system can produce 3 kW while it is working in refece
conditions (irradiance 1000 W/nand temperature 25C).
The PV generator is connected to a boost (ste@@@)DC
converter, which allows controlling the output agje of the
PV generator. As grid application is considerect toost
converter is followed by an inverter in charge wiglgulating
the DC-link voltage. Finally, the inverter is cowlted to the
power grid. Cascade control strategy is chosenrderoto

amplitude

control the system (Fig. 3). The control structaomsists of
two level control loopstow-level loop contains two sub-loops,
the PV voltage control loop and the boost convectarent
control loop, andhigh-level loop controls the PV power. In the
low-level, the internal variables are controlled ander to
operate the system in a desired working point; eviml the
high level, the desired working point is achievedading to
the ESC algorithm.
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Fig. 2. Grid-connected PV energy conversion systéim series- and
parallel-connected panels.
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Fig. 3. Cascade control strategy of the PV system.

[ll. SYSTEM MODELING

The system consists of three main parts as deskciibe
Fig. 4 [10]: the PV generator, the DC-DC boost aater, the
DC-AC angle phased inverter (H-bridge) and the poyvil.
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Fig. 4. Electrical scheme of the two-stage PV gnepnversion system emphasizing the boost comleetrical scheme [10].



In order to investigate the behavior of the ES@atgm, 1 v —(1—u )V
the first two parts should be studied. It is suggbthat the V., =(Ipy = lg)—=——, |4 =—2 /D¢
inverter works well and keeps the DC-link voltagmstant Cpy s Ro+lnlS
in order to convey all the available power into fhawer

grid; its operation is not of interest in this pape i i i
. PWM control signal andv/,. being the DC-link constant
APV Gener'ator Modehn.g ) voltage maintained by the grid-tie inverter (foliogy stage).
The basic element in the PV generator is the PV, cel
modeled by using the 5-parameter model, which is an IV. CONTROLDESIGN
equivalent electrical circuit with the same nonsineehavior
of the PV cell (Fig. 5) [2], [6], [11].

With 1,, being the PV generator current,, being the

The two levels of the control structure in Fig. B a
designed as it is detailed next.

RS ]ccll
T = A. Low-level Control Loops
I L,y R v Two nested control loops are used, the converteeou
" T ShH = control loop and the PV generator voltage contadpl
respectively. The converter current is controlledorder to

o ensure the continuous-conduction mode of the ceevand
to avoid over-currents which are harmful for theneerter
components. To this end, a Pl controller is usedueng
The 5-parameter model is described by: zero steady-state error. The PI controller is tuttedatisfy
closed-loop fast response.d., 10 times faster than the
Vi +Rol response of the voltage closed loop) without ov@wssh
_|ph_|o(e v, _1}_Vca| +R Oy The outer Pl-controller-based closed loop is used t

Fig. 5. 5-parameter model of a PV cell.

| =
ool R, ensure tracking the voltage reference imposed byB&C

algorithm, thus establishing the system’s desiraxtkimg
ln = [ Noor +0 (T = T,) ], point.(Fig.3) The controller is tuned in order tave fast-
time closed-loop responsed., 10 times faster than the ESC
3 [aBg(1 1 loop) without overshoot. Both PI controllers aradd based
I I (Toeu] J: ( H V n[kD-CeII
o or

AT T )] = —— on linearizing the steady-statev curves around the MPP

q point and under the reference conditions (irracat600
W/m? and temperature 2%).

where G and T, are the irradiance level and the cell

temperature respectively, determined according he t Converter + PV generator+ low-

climate conditions, R, and R, are series and shunt i tevel control laops

resistances respectively, being related to the tfpesed PV
cell, andV,,, is the cell voltage as imposed by the DC-DC| * *

T_

r

converter. |l  is the short-circuit current andl, is the . @_ E| | ®-
M s S+Wl
diode inverse saturation current referergrés the electron -
charge,Ey is the silicon energy gagk is the Boltzman's | .
constant and is the diode ideality factor. . —® sin (w.t) |

B.DC-DC Converter Modeling |
The PV generator is followed by a DC-DC converter

which imposes an operating point; it steps up thiéage to . Hiahlevel control : |

fulfill the requirements of the next stage. The oo T T T T T/

converter structure is illustrated in Fig. 4. Fig. 6. General ESC algorithm scheme witbeing the amplitude of the
It is considered that the DC-DC converter works in injected perturbation signal.

continuous conducting mode (its currépt never becomes B.High-level Control Loop. ESC Design

zero). The converter is controlled in input-voltegacking Extremum Seeking Control (ESC) is an optimal cdntro
mode (its input voltagee., the PV output voltage/p,, 10 strategy aiming at finding the extremum of a uniaiod
follow variations imposed by the upper control leviae characteristic which varies with time based only the
ESC MPPT algorithm). The model is given by: information that this extremum exists. Needing miai



information, ESC is applied when the system isidiff to The larger value is applied periodically in orderédnsure

be modeled, or it is varying significantly for exal®, thatthe system never blocks in local maximum.

because of the surrounding conditions, like thadiance Note that changing needs some parameters to be tuned,

and the temperature in our case [12]. depending on the system configuration. The worsteca
Although it is proved that this algorithm convergeshe scenario should be considered in order to ensuae ttte

maximum power point and can do MPPT successfullgrwh system is able to work at the global maximum relgsi of

the P-V curve is unimodal [13], but in the casemofltiple the climatic conditions changes (solar irradianced a

maxima there is no guarantee that the ESC algoritliin  temperature).

finally succeed in reaching the global maximum. The V.SIMULATION RESULTS

amplitude of the perturbation signalplays a main role in Both ESC algorithms with variable amplitude of
this algorithm as it affects both the convergenpeesl and pertyrbation signat are tested in different sunny and cloudy
the variation of the output signal. It is provedtfESC \yeather scenarios. The features of the considevesyBiem
always converges to the MPP even with small ani#itu 416 given in Appendix A. In sunny weather, the syshas
values in the case of unimodal steady-state cuwbie in  nimodalP-V curve as shown in Fig. 8, thus ESC succeeds
multiple maxima case the ability to overpass lavalxima iy MPPT regardless of the value afbut larger value leads

depends on the amplitude value: larger amplituddees the ;4 higher variations of the output power extrachen the
convergence more probable, but with more rippletia py, generator.

output signal (trade-off). Different amplitude mdation
methods have been proposed to render the algoritt H =y
successful also in the case of multiple maxima, etarby 5 | H H
forcing escape from local maxima [14]. S =k
The general implementation of the ESC algorithmMer | H HH
systems is illustrated in Fig. 6. = - I
In order to avoid apply fixed amplitude and havimgh ‘ H H H | 1000}
steady state ripple all the time, two different hoets of = ===
amplitude modulation are proposed as illustrateHign 7 a ‘ H;H T8

and b respectively. of : 1% 200
Voltage (V)

3000

N
=]
Q
=]

Power (W)

b) Fig. 8. P-V curve in reference conditions.

In cloudy weather different scenarios are tested to

analyze the tracking performance of the ESC andhikty

to find the global MPP. The first scenario is whemloud
passes over the system applying an incrementabshakhe
degradation of the total generated power is cleadtced
while the cloud is passing over the PV generataedag
more rows of panels. Next, in order to denote tifferént
shadowing status of the PV generator (as consegquefc
clouds passing over) symbols like the ones reptedeim
Fig.9 are used.

Fig. 7. a) Perturbation signal’'s amplitude modofatike a first-order
system response; b) Perturbation signal’s amplitnddulation as 20%-
duty-ratio pulses.

EeeeR..
The first scheme is to change the amplitude of the Coo0 Cood
Uooo ouad

perturbation signaly, as the response of a first-order system - _
(0 a square wave signal (ike charging and disdhara 15 STIbOs St e siadonn seubery gereror ) Y
capacitor). This amplitude modulation is provedtdmverge
to the global MPP in case of multiple maxima, pded that The cloud scenario (the irradiance evolutions)iisatly
good parameters tuning has been performed [15]. reflected in the power time evolution in Fig. 18ptsame
The second scheme (see Fig. 7b) is an improvedovers figure shows comparatively the performance of the ESC
of the previous scheme, whatés changed like pulses with @lgorithms with amplitude modulation doing MPPT.Hiy.
small duty ratio (20%). The small value is the doanit one 10 theé successive shadowing states due to the passing
since it is applied most of the time, this valuagutees the OVer have been represented by numbers, whose ngeanin

MPPT of the PV generator power with reasonableleipp gxplained in Fig. .11. Although this scenario is sliated for
just 20 seconds, it could be expanded to reflexirtipact of
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Fig. 10. Cloud passing over the PV generator tgninipact on the ESC MPPT performance and evolstitinterest variables (PV power, PV voltage and
boost duty ratio): blue: ESC1 with perturbatiomsits amplitudeg, varying like first-order system response; pinE@ witha varying like pulses.

the cloud on the behavior extended along a whoje da into the DC-AC inverter control. Effective implentation
Both ESC algorithms converge to the MPP in lesa tha of such action is beyond the scope of this paper
second (the convergence speed depends on the @hejpljt
They succeed in tracking the MPP and to work aratiadl
the time. Also, the power ripple generated by both ool P
algorithms can be compared, pulses strategy lemdess e \\
chattering in output power sinads small most of the time. : as d }
The second scenario corresponds to a cloud covering
some panels of the PV system. It is supposed higatibud
comes suddenly over the PV generator; such eveniupes
significantly imbalanced solar irradiation, leadingp
multiple maxima.
Fig. 12 shows theP-V characteristics and how it is
affected by the passing of a cloud over the panels.
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Fig. 12. Significantly imbalanced irradiance dhattion leads to multiple

[F 7] [r ﬁ] [r ﬁ] [F T] [F*“?] maxima in theP-V curve in contrast to the balanced one.
( ) ] ) | ] )
e VI. CONCLUSION AND FUTURE WORK
6 7 8 9 A modified P&O algorithm is presented in this papad
0000 0000 0000 0000 it has dealt with single-phased grid-connected g@laitaic
{ | ]| | ) systems. The main control objective is to harvds t
, i , maximum power available irrespective of the solar
Fig. 11. Sequence of shadowing states of the P¥érgéor corresponding . . ..
to the scenario used in Fig. 10. irradiance and temperature conditions. The perfamaeof

) the new MPPT algorithm is studied in conditionstbngly

According to the simulation results (Fig.13), botimbalanced irradiance levels applied to the PV goe. In
algorithms fail to reach the global maximum sincés not Such cases multiple maxima may be present in thadgpt
large enough to pass the local maximum. Sufficierittate power curve and the system must be kept tpgra
increasing ofa prevents the system from blocking in localclose to the global maximum power point. As the ktugbe
maximum and ensures successful MPPT performancd. the searching sinusoidal signal plays the maile fin
Fig. 14 shows that the system is working at thédaldPP. Over-passing the local maxima towards the globa, dhe
On the other hand, the second strategy has beseits in basic idea is to vary the amplitude of perturbasamal in
terms of ripple amplitude where the perturbatiagnal has order to force escaping the local maxima and miziimgi the
high amplitude for a short period of time. ripple in steady state.

The DC-link power ripple has to be minimized and it Modulation of this amplitude by two strategies hen
appears as a drawback, but one can note that ppderi @nalyzed: changing as the response of a first-osgistem
frequency is precisely known in both cases and mgpen (like charging and discharging a capacitor) anchgheg as
the chosen modulation signal and the carrier sigttaé Sequence of pulses with small duty ratio. The sécon
perturbation signal frequency is 10 Hz). This sigoan Strategy has better results due to the short pesfobigh
therefore be eliminated by sorfittering action embedded amplitude of the perturbation signal. Most of tiraigdation
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scenarios show satisfactory results to be applredeal
world with good performance. Applying the MPPT-b$E&
strategy to other grid-connected renewable enavgyces is

an

interesting issue to investigate further.
APPENDIX

PV generator: 3 kW maximum power in reference conditions

(irradiance 1000 W/fand temperature 25C); total number of

cells in one PV panel is 72 and the total numbd?\éfpanels is 16

(4*4 matrix); Chopper type: boost, L4=0.5 mH, Cp,=270 uF,
switching frequency 10 KHZC-link: Vpc=500 V, Cpc=470 uF;
ESC parameters: probing signal: 10 Hz; integrator parameteg;
wash-out filters:a) =, = 211 rad/s
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