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Abstract—This study first presents an experimental control
strategy of photovoltaic (PV) system composed of: PV array, de-dc
power converters, electrolytic storage, and programmable dc elec-
tronic load. This control aims to extract maximum power from PV
array and manages the power transfer through the dc load, respect-
ing the available storage level. The designed system allows simulta-
neously the supply of a dc load and the charge or the discharge of
the storage during the PV power production. The experimental re-
sults obtained with a dSPACE 1103 controller board show that the
PV stand-alone system responds within certain limits that appear
as soon as one of the storage thresholds is reached: either loss of
energy produced, or insufficient energy toward the load. In urban
area, it is proposed to overcome these limitations by connecting the
utility grid with the PV system while maintaining the priority for
self-feeding. The experimental results of this PV semi-isolated sys-
tem are shown and discussed. For this first approach, the goal was
to verify the technical feasibility of the suggested system controls.
The final results are energetically relevant.

Index Terms—AC-DC power converters, batteries, dc—dc power
converters, maximum power point tracking (MPPT), photovoltaic
(PV) power system, power grid, power system control.

I. INTRODUCTION

HOTOVOLTAIC (PV) systems convert directly solar en-
P ergy into electricity. Nowadays, the favorable politico-
economic context allows a significant development of small
means of decentralized PV power production, therefore, asso-
ciated or integrated to buildings. PV power purchase conditions
lead quite naturally these applications to grid-connected system
with a total and permanent energy injection. Thus, currently, the
PV grid-connected system is suggested in the most applications.
There are many studies performed on different problems of PV
grid-connected systems [1]-[5].

However, this development can lead to grid-connection inci-
dents that become true technical constraints (setting voltage and
frequency, islanding detection, etc.) [6].

In contrast, the other operating mode is the PV stand-alone
system whose applications context is specific to the countryside
or isolated locations. This system is seen as a substitute of
utility grid connection. Given the intermittent PV production,
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the major problem associated with this system is the service
continuity, whence the importance of energy storage and the
addition of conventional sources, most often microturbines and
cogeneration plant. The studies in this axis concentrate more
on techno-economic feasibility conditions, optimized storage
sizing, and load management [7]-[11].

The energy produced by a PV stand-alone system is intended
for self-feeding, whence the isolated aspect. In order to obtain
a reliable power distribution, this system needs to be secured
by means of storage and/or conventional power production. Ac-
tually, passive houses strongly insulated and fully electrified,
equipped with PV sources, could progressively become net-zero
energy with significantly reduced greenhouse gas emissions. PV
stand-alone system with adequate storage could cover the en-
ergy needs. Regarding house electrical loads, in order to obtain
better energy efficiency, it is possible to supply electrical loads
directly with dc power, whose realization is not trivial but nowa-
days technically feasible, and most often used in aerospace and
naval applications. Regarding the protection devices, a panel of
choice is possible, between the solid-state circuit breaker and the
hybrid breaker, and permit, following the place and the purpose
of the protection, to take the good switchgear in accordance with
the specification of breaking time, perturbation on the bus, etc.
These convergent factors have led to researches on dc power
supply for buildings [4], [12], [13].

Taking into account this context, this paper focuses on the
analysis of a PV stand-alone system control strategy and gives
the system limits, then exposes a possible extension of the PV
system. First, the PV system is presented: a PV array, dc—dc
converters, electrolytic storage cells, and a programmable dc
electronic load, which imposes currents in order to simulate the
functioning of a low-consumption house lighting. In order to
transfer to the load, at every moment, the maximum PV power
available, a maximum power point tracking (MPPT) strategy is
introduced. To feed correctly the dc load, the dc bus voltage is
secured thanks to the storage system within the respect of the
available storage level. The experimental results show that the
system responds within certain limits that appear as soon as one
of the storage voltage limits is reached. To overcome these lim-
itations, the solution could be to connect the utility grid to the
system, economically feasible in urban areas. Nevertheless, the
produced PV power remains priority for self-feeding. The exper-
imental results of this semi-isolated PV grid connected system
are energetically relevant and show the technical feasibility.

II. PV STAND-ALONE SYSTEM

PV systems operating in a stand-alone mode consist of a
PV source, storage means, ac or ac consumers and power
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Fig. 1. PV stand-alone system power generation.

conditioning devices. Per definition, a PV stand-alone system in-
volves no interaction with a utility grid. In almost all commercial
PV stand-alone systems the only existing control is the batteries
charge regulator. Compared to these systems, the suggested PV
stand-alone system has a control that allows simultaneously the
supply of a dc load and charge/discharge of the storage during
the PV power production, as presented in [14].

A. System Overview

The PV stand-alone system is suggested for local dc genera-
tion that feed directly a dc load, in a safety configuration. This
system extracts maximum power from PV sources and manages
the power transfer through the dc load (house), respecting the
available storage level and taking into account the requested load
power, as illustrated in the Fig. 1. When the solar irradiation is
too weak to generate the entire necessary power to transfer to the
load, the dc load is supplied simultaneously by the PV system
and the storage. In contrast, when the generated PV power is
higher than the dc load requirements, and the storage has not a
full state of charge (SOC), the system sends power back to the
storage.

Aiming to optimize energy transfer, an experimental platform
has been installed in the Centre Pierre Guillaumat of our univer-
sity, whose images are given in Fig. 2. It refers mainly to 16 PV
panels [2 kWp, Fig. 2(a)], a weather station, a set of electrolytic
accumulators (Sonnenschein Solar S12/130 A, 12 V=130 Ah), a
dSPACE 1103 controller board, and power electronic necessary
devices (SEMIKRON SKM100GB063D, 600 V-100 A).

This system is associated with a programmable dc electronic
load (Chroma 63202, 2.6 k€W 500 V=50 A) that has a role to ab-
sorb and dissipate energy, allowing the simulation of the power
required by the virtual house lighting.

B. PV Array

The PV array (PVA) is composed of 16 PV panels Solar Fabrik
SF-130/2-125, whose electrical specifications are presented in
Table I. The electrical coupling is given in the Fig. 3 with D
reverse-current protection diodes and Ry g power line losses
resistances.

C. PV Stand-Alone System Electrical Scheme

The electrical scheme of PV stand-alone system consists of
PVA, two-leg power converter (B; and B>), electrolytic storage

Fig. 2.

(b)

(a) Image of PV array and (b) programmable dc electronic load and

control devices.

TABLE I
ELECTRICAL STC SPECIFICATIONS OF PV PANEL

Solar-Fabrik SF-130/2-125

Ny number of cells in series 36
Isc short-circuit current (A) 7.84
Voc open-circuit voltage (V) 21.53
Iypp maximum power point current (A) 7.14
Vypp maximum power point voltage (V) 17.50
K, temperature coefficient for current (A/K) 0.00545
6* temperature reference (K) 298.15
g* solar irradiance reference (W/m?) 1000

Fig. 3.

ipy

vpy

PVA electrical coupling.
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Fig. 4.

PV stand-alone system electrical scheme.

TABLE II
NOTATION OF VARIABLES

Symbol notation

Reference variable x*
Modulated variable X'
Reference and modulated variable x*

cells, programmable dc electronic load and a set of inductors and
capacitor in order to ensure compatibility between the different
elements. Inductors and capacitor used in the experimental setup
were designed to obtain a very large time constant (of the order
of a few seconds). Taking into account the technical conditions
available (PV panels wiring, converter structure, etc.), this study
is assumed to be primarily energy transfer study rather than the
control study. In this context, the designed electrical scheme
of stand-alone PV is shown in the Fig. 4, where g and 0 are,
respectively, solar irradiance and PV cells temperature.

In this paper, the notation of variables is done following the
Table II.

In order to extract the maximum power of PVA, an impedance
adapter is used. It consists of Lpvy inductor, C capacitor, and By
power converter leg. The C capacitor is a common element for
PVA and storage system.

The described PVA and impedance adapter subsystem are
modeled as follows

diPV 1 /
dt = Loy (vpv — vpy)
ipy ipy
l“iﬂ\/] - [ v }
1 /T
apy = T/o fp1dtapy € [0;1]. (1)

The dc bus consists of a C capacitor and an electrical coupling
of v voltage. The operating dc bus equations are

dv 1 . .
€* - C (ipy —1')

i =iy +ip. )

The storage subsystem consists of a set of electrolytic storage
cells. It is a matter of voltage source vg, inductor Lg, capacitor
C, and By power converter leg. The dc bus voltage v is secured
thanks to this subsystem. Equations (3) give storage system

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 27, NO. 9, SEPTEMBER 2012

modeling equations

dis _ 1

o
g~ I (Vs Us)
i is
v =as |y
1 /7
ag = ?/ fBQ dtag € [0, 1] . 3)
0

The dc load is modeled like a current source iy, which repre-
sents a lighting installation power demand. Thus, in this study
case, for experimental test the programmable dc electronic load
imposes currents in order to simulate the functioning of a low-
consumption house’s lighting.

D. Control System Strategy

The system control strategy is designed for two objectives:
extract maximum power from PVA and manage the power trans-
fer through the dc load with the respect to available storage level.
By means of two settings, apy, and a§, a global control strategy
is suggested. Thus, in order to extract the PVA maximum power,
the incremental conductance (INC) MPPT strategy is suggested.
In addition, the dc bus voltage must be secured respecting the
available storage level.

1) Maximum Power Tracking Method: The power produced
by PVA depends on the solar irradiance, PV cell temperature,
array voltage and the current through the PVA. The operating
point of a load connected at the PV generator does not coin-
cide always with the optimal point and varies according to the
weather conditions. In order to maximize the produced energy
from the PVA, an MPPT method is needed to find and maintain
the peak power. Many MPPT methods have been suggested and
reported in the literature [15]-[18].

Two direct algorithms are commonly used to track the max-
imum power point (MPP): the perturb and observe (P&O)
method and INC method. They act in real time on the voltage
reference variable, corresponding to the maximum power pro-
vided by the PV system. In [19], these two algorithms, subject
of an experimental comparison, impose the current reference.
According to this study, the experimental measures, obtained for
strictly the same given set of conditions, show that both MPPT
energy efficiencies of the suggested algorithms are very similar.

Generally, the difference observed between the extracted
powers on the basis of these two algorithms is negligible for a
period of at least a day. A real difference between the extracted
powers can be observed for very short periods, up to the second.
Depending specially on solar irradiance variations (period and
amplitude), an algorithm may be better for an instant measured
power but without necessarily a satisfactory time response. In
terms of energy, for a significant period, this difference becomes
negligible. It is well known that a PV system becomes interest-
ing for an energy production that requires a significant period of
time (day, week). Nevertheless, in the long term, INC algorithm
can extract a little more energy available from the PVA with
a better performance: rapid time response to solar irradiance
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variations and less oscillations around the MPP. In this case, the
INC algorithm could be rather preferred to P&O algorithm.

The MPPT strategy aims to find in real time the voltage
or current reference for which PV panel would provide the
maximum output power. In this study, we are interested to INC
MPPT algorithm that is implemented in order to impose the
current reference 7py,. According to the available equipment,
this choice was made to avoid an overly complex control (nested
loops, pole placement, etc.) and the addition of a capacitor.

Hence, the derivate of the PVA impedance dvpvy /dipy is
introduced. It is because the slope tangent of the characteristic
ppy = [ (ipy) (with ppy = vpy ipy) is zero in MPP, positive
on the MPP left side, and negative on the MPP right side. As
the power is equal to the product of current and voltage, the
calculation of this slope is given as follows:

dppv dvpvy

dipv

“4)

= vpv +lpy dipy "
The following equationgives the development of this derivate
in MPP

vpy | dvpy

ipy  dipy

=0. (5)

When the operating point is to the left of the MPP, there
is (vpy/ipy) + (dvpy /dipy) > 0, whereas when the oper-
ating point is to the right of the MPP, there is (vpv /ipy) +
(d’l}pv/d’ipv) <0

dipy ~ Aipy =ipy (2) —ipv (2 — 1)
dvp\/ ~ A’UPV = Upv (Z) — Upvy (Z — 1) . (6)

From the instantaneous measurement of ipy and vpy, and as-
suming (6) with z and z — 1 instants measurement, the algorithm
can instantly calculate vpy /ipy and dvpy /dipy to deduct the
direction of perturbation leading to the MPP. This is done by
acting on ipy;. Fig. 5 shows the flowchart of this version of the
INC algorithm.

Fig. 6 shows the INC MPPT strategy experimental result and
proves that the algorithm works correctly according to ipy pro-
portional to g, with solar irradiation and PVA current recorded
on 6th April, 2011 in Compiegne, France.

The reference current ipy, is obtained following the INC
MPPT strategy. The adopted control is performed according
to apy; setting described as follows:

—Cpy (ipy —ipv) + vpy
v

apy = (7
The Cpy controller used in (7) is proportional, with a very wide
bandwidth. As the inductors and capacitor used in the experi-
mental setup were designed to obtain a very large time constant
(of the order of a few seconds), the synthesis of controllers was
performed based on pure integrator instead of a first-order inte-
grator. Thus, in order to simplify the control, in this study, all
controllers are proportional with disturbances compensation.
2) Batteries and DC Load Control: In order to feed correctly
the dc load, the dc bus voltage must be secured respecting the
available storage level. In this case, with Cg controller, the
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Measures ipy (z), vpy (z)
dipy =ipy (2)=ipy (z-1)
Advpy =vpy (z)—vpV (z—l)
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Fig. 5.

Flowchart of the INC algorithm.
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Fig. 6. Experimental result with INC algorithm.
following setting is used
Cs (i% —ig) +v
* S S S
ag = . (8)

v

The current reference ¢% is determined with a v control loop
and a power balance. By inverting (2), with Cy- controller, the
current reference 7™ is equal to

i = —Cy (v —v) +ipy
ig—FiL =—-Cy (U*—U)—i-iiav. ©)]
According to the assumption that there are not losses through
the inductors Lg, with v ¢§ = vg %, and Lpy, with v ipy =
vpy ipy, and neglecting the total losses of power converter legs
(B1 and B»), the product of (9) by v gives

. 1 x : ;
iy = g(v(—CV (v* —w) —ir) +vpvipy).

(10)

The control diagram for the dc bus voltage for PV stand-alone
system 1is illustrated in Fig. 7. The voltage vcr is a carrier
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Fig. 7. Control diagram for the dc bus voltage for PV stand-alone system.
reference needed to achieve pulsewidth modulation. Fig. 7
shows that the only control variable is v* with six measurable
variables (V, iL, VPV, ip\/, Vs, and is).

E. Experimental Results Analysis

The goal of this study is more to validate a comprehensive ap-
proach rather than purely numerical results. For this reason, we
do not give the numerical values of various system components
studied. All the implemented automatic controls, described ear-
lier, are working satisfactorily. The experimental results of the
PV stand-alone system are presented in Figs. 8 and 9. For a solar
irradiance g and a cell temperature 6 corresponding to an arbi-
trary day, 6th April, 2011 in Compiegne, France, as illustrated
in Fig. 8(a), the powers evolutions are shown in Fig. 8(b). The
following powers expressions are used: ppoap = viy power
absorbed by lighting installation, ppy = vpy ipy power sup-
plied by PVA, ps = vg ig storage system transfer power and
Ap = proap — ppv.

Concerning the theoretical lighting power evolution proap,
as illustrated in Fig. 8(b), it is considered an idealized arbitrary
power required by the load.

Fig. 9 illustrates the storage voltage evolution vg, as well as
the current crossing ig. Figs. 8(b) and 9 show that for Ap < 0
the storage system receives energy, in contrast for Ap > 0 it
provides.

For the period taken into account, these results show that in
the limit of the storage (115.2 V as maximum voltage and 81.6 V
as minimum voltage, constructor datasheets), and whatever the
sign and the amplitude of the difference of Ap, this experimental
system is secured.

Regarding the dc bus, it is shown in Fig. 10 that the voltage
remains at an almost constant level. The dc bus stability is
satisfactory with voltage’s fluctuation less than 1.25%. These
fluctuations can be improved by means of a better control.

Finally, for the period taken into account, the system responds
satisfactory, but note that once the storage has reached its high or
low voltage limits, the system could lead to either loss of energy
produced, or insufficient energy toward the load. Thus, the im-
plementation of an algorithm able to extract a PV limited power
according to the load request and to manage the load shedding
is needed. In addition, the PV stand-alone system involves an
optimized sizing adapted to each specific load and according
its specific use. The sizing’s problem could be overcome if the
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PV semi-isolated system electrical scheme.

utility grid connection may be economically made. This is why,
in urban areas, the utility grid connection is desirable within a
PV system, and gives a really continuity power service. There-
fore, as soon as one of the storage SOC thresholds is reached
the utility grid takes over, as presented in the next section.

III. PV SEMI-ISOLATED SYSTEM

A PV system in semi-isolated and safety grid configuration
for local generation is suggested. The energy produced remains
priority for self-feeding. Regarding this system, satisfactorily
simulation results have been presented in [20].

A. PV Semi-Isolated System Electrical Scheme

The electrical scheme of PV semi-isolated system is presented
in the Fig. 11. The reference current 7}y, is obtained following
the INC MPPT strategy described earlier. The PV semi-isolated
system operates respecting the available storage level and taking
into account the utility grid connection. In case of insufficient
energy toward the load, the system security is ensured thanks to
the grid-connection and by means of minimized storage, which
is primarily involved in smoothing of the requested power. If
any excess PV power, the grid-connection gives the possibility
to trade it back.

4035
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Fig. 12. PV semi-isolated system flowchart strategy.

In order to be economically profitable, and therefore able
to continue the use of already existing cable infrastructure
(400/230V ac) for house lighting, an optimal dc bus volt-
age value to adopt may be 325 Vpc [12], [21]. This techno-
economic compromise leads to test the suggested PV semi-
isolated system for this value. Nevertheless, for technical
reasons, in this study we adopt for the dc bus voltage the value of
400 Vpc. Taking into account calculations of losses and power
transfer rate, as presented in [21], this voltage value achieves
better energy efficiency in a quantitative comparison of high ef-
ficiency ac versus dc. Regarding the voltage limits of the cable
infrastructure used in building, the value of 400 Vp ¢ is adequate.

Experimental PV semi-isolated system refers to the same
16 PV panels, weather station, electrolytic accumulators, and
programmable dc electronic load that allow the simulation of
the lighting power. The utility grid emulator (linear ampli-
fier 3 kV-A) is electrically coupled to the dc isolated network
through the B3 and B, power converter legs and the L inductor
and C capacitor.

In this configuration of PV semi-isolated system, (1) to (8)
remain valid with the following change of the current equation:

(1)

i =iy +ip +ig.
The utility grid emulator operating equations are

di _ 1
dt

£

T
/ (fBs — fBa)dt, fos = fpa,ac € [—1;1].
0

(12)

1
aG:?

Regarding the grid synchronization, a method suitable for grid-
connected converters based on a phase-locked loop is used [22].
Furthermore, to simplify this study, it is assumed that no reactive
power can be supplied or absorbed by the grid: i¢ is always in
phase or opposite-phase with v .
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Fig. 13.  Control diagram for the dc bus voltage for PV semi-isolated system.

B. Control System Strategy

In order to control four state variables (ipvy, v, ig and ig),
in addition to the previously defined settings apy, and ag, a
third setting ag, is introduced by (13). The C¢ controller is
proportional (taking into account the same reasons as mentioned
earlier), with a very wide bandwidth

Cq (ig, —ig) +va
v

ag = (13)
The security system is exactly achieved by dc bus voltage con-
trol. The dc bus current adjustment i* is defined by

i"=—Cy (v —v) +ipy (14)

where Cy is the same corrector like Cpy, Cg, and C¢;, with the
same type of setting.
From (11) and (14), the following expression is obtained:

as)

i+ it = —Cy (V" — ) + iy — L.

According to the assumption that there are not losses through
the inductors L and neglecting the total losses of power con-
verter legs (B3 and By) with v i} = vg if,, the product of (15)
by v gives

vs i +vg ig =v(=Cy (v" —v) —iy) +vpy ipy. (16)

DC load, that represents house lighting, imposes the values of
voltage v* (400 Vp ) and the current iy, . Therefore, in this case,
the combination of these two powers (vg ig + v i) involves
the regulation and the security system. Using the values of this
combination, an infinite number of solutions may exist. In this
study, a simple and quick to implement strategy is applied. This
strategy was not necessarily developed to improve global effi-
ciency or life cycle of the storage system. For this first approach,
the goal is to verify the feasibility of the PV semi-isolated sys-
tem control. The suggested strategy gives priority to the storage
charge or discharge before the use of the utility grid without

SB4" = fa

allowing their use simultaneously. Thus, a distribution coeffi-
cient Kp is applied. In this experimental test, only two values
are retained, Kp = 0 and Kp = 1, but further work involves
more elaborate strategies and therefore a multitude of possible
Kp values. Equation (16) becomes

Kp vg Z*S‘i’(]-*KD) VG ZZv

:’U(—CV (1)* —’U) —iL) + vpy Ipvy. (17)
Fig. 12 shows flowchart of the applied strategy with SOCy1ax
and SOCyx the limits high and respectively low of SOC.

The control diagram for the dc bus voltage for the suggested
PV semi-isolated system is illustrated in Fig. 13.

C. Experimental Results Analysis

The experimental test was recorded on 10th April, 2011 in
Compiegne, France. The results are given in Fig. 14 using pg =
vg i as utility grid transfer power. For the period taken into
account, we observe that the strategy outlined earlier is well
respected. For Ap < 0 the storage system receives energy, in
contrast it provides. The storage charge discharge operation has
priority over the utility grid. Once the battery has reached its
limits high or low, SOCyax or SOCy1x, the public grid takes
over.

The storage SOC and K distribution coefficient evolutions
are given in Fig. 15. Therefore, as soon as one of the stor-
age SOC thresholds is reached the utility grid takes over. The
evolution of distribution coefficient Kp shows this change. Re-
garding the constraint to record a significant period related to
K p changes, the storage SOC thresholds were arbitrary imposed
as: SOCMIN = 48% and SOCMAX = 55%

Fig. 16 shows the charge and discharge storage cycle follow-
ing the storage current ig sign and the storage voltage evolution.
The storage hysteresis effect can be seen during the period taken
into account. Following a charge operation, the storage voltage
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relaxes to a value less than the true open-circuit voltage corre-
sponding to its SOC.

Taking into account that the goal was to verify the feasibility
of the suggested system control, finally, we can say that the
overall PV semi-isolated system, as has been modeled, responds
satisfactorily within the outlined strategy. However, in order to
use fully and correctly the available storage, its control must be
improved. In addition, in our further work, Kp binary values
will be replaced by calculated values corresponding to techno-
economic criteria, weather, conditions of use, forecast power
demand, etc.
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IV. CONCLUSION

Autonomous systems of local renewable power production
become increasingly complex and selective for many powered
loads. In this paper, first, an experimental PV stand-alone sys-
tem control strategy was presented and its limits were discussed.
These results show that the system allows simultaneously sup-
ply of a dc load and the charge or the discharge of the stor-
age during the PV power production. Nevertheless, it responds
within certain limits of the storage SOC thresholds. Obtained
result indicates that the suggested method operates successfully
within the control of a PV stand-alone system but involves an
optimized storage sizing and an algorithm able to extract a PV
limited power according to the load request and to manage the
load shedding.

In order to overcome limits, it is shown that a PV semi-
isolated system can be applied in urban areas. This second PV
system uses a utility grid connection, which is economically
made in urban areas. The experimental results show that the PV
semi-isolated system responds within certain limits of the PV
power and utility grid availability.

In this study, a simple and quick control to implement was
done for both PV systems, stand-alone system and semi-isolated
system. These controls were not necessarily developed to im-
prove global energy efficiency. For this first approach, the goal
was to verify the feasibility of the suggested system controls.
The proposed PV system (stand-alone and on-grid) could run
successfully for small building and/or house, but the economic
criterion remains the main problem. Technical solutions exist,
but certainly not yet ready to plug and play. However, the result
of this paper leads to study, design, and develop an intelligent
energy management system, which optimizes the power trans-
fer within a multi-source power system. The chosen approach
will take into account the uncertainties on PV power produc-
tion, utility grid availability, load request, and load shedding, in
order to achieve more efficient power transfer with a minimized
public grid impact. The main work is a multicriteria optimiza-
tion that is related to the risk of discrepancy between prediction,
planning and actual operation, on the one hand, and the need
to take into account criteria, constraints and indicators (com-
fort level, meteorological data, life cycle, sustainable operating
conditions, etc.) difficult to quantify, on the other hand.
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