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NEW ALGORITHM FOR ENERGY DISPATCH SCHEDULING OF GRID-CONNECTED
SOLAR PHOTOVOLTAIC SYSTEM WITH BATTERY STORAGE SYSTEM

Purpose. In last decade the problem of energy management system (EMS) for electric network has received special attention from
academic researchers and electricity companies. In this paper, a new algorithm for EMS of a photovoltaic (PV) grid connected
system, combined to an storage system is proposed for reducing the character of intermittence of PVs power which infect the
stability of electric grid. In simulation model, the PV system and the energy storage system are connected to the same DC bus,
whereas EMS controls the power flow from the PV generator to the grid based on the predetermined level of PV power. In the
case where the PV power is less than the predefined threshold, energy is stored in the batteries banc which will be employed in
the peak energy demand (PED) times. Otherwise, it continues to feed the principal grid. The novelty of the proposed work lies in
a new algorithm (smart algorithm) able to determine the most suitable (optimal) hours to switching between battery, Solar PVs,
and principal grid based on historical consumption data and also determine the optimal amount of storage energy that be
injected during the peak demand. Methods. The solution of the problem was implemented in the Matlab R2010a Platform and the
simulation conducted on Laptop with a 2.5 GHz processor and 4 GB RAM. Results. Simulation results show that the proposed
model schedules the time ON/OFF of the switch in the most optimal way, resulting in absolute control of power electric path, i.e.
precise adaptation at the peak without compromising consumers comfort. In addition, other useful results can be directly
obtained from the developed scheme. Thus, the results confirm the superiority of the proposed strategy compared to other
improved techniques. References 14, tables 1, figures 12.

Key words: PV generator and maximum power point tracker (MPPT), inverter, battery storage, management and control
strategies, injection of energy.

Mema. B ocmanne decamunimms npobaemi cucmemu enepzomenedxcmenmy (CEM) ona enexmpuunoi mepeosici npudinanacs
ocobnusa ysaza 3 60Ky HAYKO8Yi6 ma eleKmpoeHepeemudnux Komnanii. Y yiti pobomi npononyemuca nosuti areopumm oaa CEM
¢omoenexmpuunoi (DE) cucmemu, niokaoyeHoi 00 mepedxci, 00'€OHaHOI 3 cucmemor HAKONudenHs euepeii 01 3MeHUleHHS
xapaxmepy nepepuguacmocmi nomyoxcnocmi @E cucmemu, wo eniusac na cmabirbHicmu enekmpuunoi mepedsici. YV
pospaxyukogii moodeni OF cucmema ma cucmema HAKONUYeHHS eHepeii nioKaoueHi 00 oOHiel i miel e wuHu NOCMItIHO20
cmpymy, mooi sixk CEM xepye nomoxom nomyacrocmi 8i0 @E ecenepamopa 00 mepedici na ocnogi 3a30ane2iob 8U3HA4EeHO20 PigHs.
nomyscnocmi PE. Y momy eunaoky, xonu nomyxcnicme QE menuie 3a30a1e2iob 6U3HAUEH020 NOPO2Y, eHepeis HAKONUYYEMbCA 6
bamapesx aKymyasmopie, wjo 06yoe GUKOPUCMAHO 6 YACU NIKOBO20 nonumy Ha enepeilo. B inwomy eunaoxy @E npodosscye
oicueumu  ocnoeny Mmepeodicy. Hoeusna 3anpononosanoi pobomu nonsicac 6 HOB0OMY an2Opummi (PO3YMHOMY aN2OPUMMI),
30amHOMY BU3HAYUMU HAUOINbW NIOX00AWT (ONMUMANBHE) 200UHU 0N NEPEMUKAHHA MINC aKyMYAAmopom, coHaunumu ®E ma
OCHOBHOIO Mepedicelo HA OCHO8I OAHUX Npo ICMOPII0 CHOJCUBAHHSA, A MAKOJIC BUSHAYUMU ONMUMANLHY GeAUYUHY eHepeil
HAKONUYEHHS, WO 8600UmMbCs Nid uac nikoeozo nonumy. Memoou. Po3eé ‘a3anus 3a0aui Oyno peanizosano na niameopmi Matlab
R2010a, a moodentosanna nposedeno na noymoyyi 3 npoyecopom 2,5 I'Ty ma 4 I'BE onepamusnoi nam'smi. Pezynomamu.
Pesynomamu moodenioganna noxasyroms, wo 3anpoOROHOBAHA MOOeNb HAUONMUMANbHIWE NAAHYE YAC YEIMKHEHHS/BUMKHEHHS
BUMUKAYA, WO NPU3600UMb 00 ABGCOMIOMHO20 KOHMPOIIO NOMYICHOCMI WLIAXY elleKmpoenepeii, mobmo mounoi adanmayii Ha
niky 6e3 wkoou 01 komgopmy cnodcusauis. Kpim mozo, 3 po3pobnenoi cxemu modxcha 6e3n0cepedHb0 ompumamu iHULL KOPUCHL
pesyromamu. Taxum uunom, pe3yibmamu niomeepodlCcyloms nepesazy 3anponoHo8anoi cmpameeii NOpPiGHAHO 3 [THUUMU
60ockonanrenumu memooamu. bi6n. 14, tabun. 1, puc. 12.

Knrouogi crosa: (poToesleKTPUYHUI TeHepaTOp Ta TpPeKep TOYKM MAKCHMAJIbHOI TMOTY:KHOCTi, iHBEepTOp, aKyMyJsTOp,
cTparerii ynpaBJiHHs Ta KOHTPOJI10, BIIOPCKYBAHHS eHeprii.

Introduction. The photovoltaic (PV) technology has
the reliability to become potentially one of the most
important renewable energy sources for future electricity
supply, Also under the implementing effective and
efficient policies that attract sufficient investments to
deploy renewable energy sources [1]. Also, the PV
generators are environmentally friendly as that don't
contribute air, water or greenhouse gas pollution [2].

The large-scale installation of photovoltaic
distributed generators (PV-DG) connected on the low
voltage grid; it requires more attention due to its impact
on the electric grid. Because, high integration bring some
negative impact on the system such as reverse power
flow, voltage rise, transformer and cable rating, voltage
unbalance and increase power losses [3].

A previous study also proved that the main factors
for integrating renewable energy sources (RES) such as
solar energy into the modern electricity grid are climate
change [4], and due to the intermittent nature of solar
energy, Therefore there is a difficulty in accurately

predicting the power product by the PV-DG, then is
injected to the grid.

A wide range of solution measures have been
suggested in several literary works to reduce problems
arising from by large scale PV integration into power
grids [5]. In a paper [6], the author explains the
accelerated energy transition using new datasets
renewable energy data. Technological advancements in
control and communication schemes lead to the
modernity of the smart grid, and the role of the smart grid
and the development of communication between devices
and data analytics are very important in the effective and
successful implementation of the proposed solutions.

It is recognized that the burden of voltage regulation
falls in the PV producers, this requires the use of a smart
grid that relies on Smart Meters to acquire and monitor
the electrical signal characteristics signal during the day
[7]. The suggested solutions to reduce voltage deviations
problem is to constrain the PV generation during the
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lower energy demand. However, this solution it's not an
appropriate ones, because leading to lost revenue to the
producer resulting in limitation into increasing PV
penetration. To avoid such solution, it is required of the
PV producer using the storage system [8] in an effort to
prevent leakage of this energy [9]. The authors in [10]
present a study about a PV-battery energy storage system
installed in a grid-connected residential house wherein
daily experimental results shown that the presence of
energy storage system has positive effect by reducing the
peak energy demand (PED) in midday feed-in of excess
PV power, thus providing benefits to the distribution
network in terms of reduced peak load and voltage
swings.

In view of aforementioned researches, we can see
that almost of them rely on a permanent and accurate
communication protocol and these clashes with the reality
and capabilities of some rural families or poor countries
as they using an unreliable communication network. This
makes it difficult to implement the solution with the
extreme precision suggested by previous authors. So an
alternative solution was proposed in this paper, as the
process of communication protocol for data entry has
been facilitated, and it helps to expand the presence of
photovoltaic energy within the energy system in rural
areas and developing countries in particular.

This paper aims to present more discussions to
create different models having ability to adapt with the
conditions and possibilities available. The methodology
consists of finding the optimal way to limit to feed the
grid by the intermittent energy and to mitigate the impact
of intermittence of PV power. In addition, the proposed
algorithm is used to adjust the energy value which fed the
grid by constant value within period’s time despite
constant changes in the atmosphere. For this purpose, the
PV system and the energy storage system are connected
to the same DC bus Fig. 1.

Load curve data
Solar Energy_ .., . 2

requested per day

HLGIE

Time (24 hours)

Load =
Grid

Battery

Fig. 1. Schematic of the system model illustrating the main
components and energy

Among these positives, it also reduces the possible
scenarios of grid-connected photovoltaic with storage-
battery of home consumption as a fixed PV matrix size of
3 kWp. In the case where the PV power is less than the
predefined threshold value, the energy is stored in the
batteries bank, which will be used during PED hours. In
the other case, it continues to feed the main grid. It is

worth to mention that in this work, we are not interested
in studying the capacity of battery storage; detailed study
of battery storage are can be obtained in [11].

Modeling and simulation of the system and
developed algorithm.

Photovoltaic module modeling system. Numerous
models have been developed in the literature for
describing the behavior of solar cells; a special attention
has been focused on the single-diode model. Basically,
the PV cell is a p-n junction semi-conductor which
directly converts light energy into electricity. Its
equivalent circuit is presented in Fig. 2 [12], in which
indicated: I,, is the generated photo-current; Vp is the
voltage of diode VD; Ry, is the shunt resistance which
usually very large can be neglected; R, is the series
resistance of the PV module; /.., and V,,; are respectively
current and voltage of cell.

RS I cel

1
| |

® " e

Fig. 2. Equivalent PV cell circuit

In order to extract maximum energy from the
photoelectric cell shown in Fig. 2 and to get shape of the
injected current into the grid, it’s necessary to calculus the
coordinates of the maximal power point (V,,p, L)
Mathematically it can be defined by the following
equations [13]:

E
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n
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sc

where N, is the parallel cell number; N; is the series cell
number; I, is the reference short circuit current; £ is the
irradiation (W/m?); E, is the normalized insolation; K, is
the temperature coefficient of cell short circuit current /;
T. is the cell temperature; 7, is the normalized
temperature; R, is the series resistance of the PV module;
V, is the thermal voltage; V. is the open-circuit voltage:
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where K is the Boltzmann’s constant; B is the diode
quality factor; ¢ is the charge of an electron; /; is the
saturation current of diode are given by [12]; I, is the
reverse saturation current; £, — energy band gap.

To assess the behavior and simulation of the
proposed system we have utilized the real data have been
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obtained from an acquisition system available in the
Renewable Energy Development Center (REDC)
Algeria, as illustrated in the Fig. 3. The data used here are
based on the real data of solar insulation and temperature
of one day for both winter season and summer. In our
application, module Isofoton 106 Wc is used as PV
generator. Table 1 summarizes the manufacturer
characteristics of module, in which V,,, is the maximum
grid voltage; # is the inverter efficiency; L, R,/ are the
inverter parameters.
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Fig. 3. Synoptic total of the system acquisition
(GPIB — general purpose interface bus; 7,,, — ambient
temperature (°C); Gy p — global horizontal irradiation;
G c and Gy, — inclined irradiation; Vpc, es — DC link voltage
measured; V¢ s — AC voltage measured; Ipc, ues — DC link
current measured; /,c,,.s — AC current measured)
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Table 1
Simulation parameters values
Parameters Values Parameters Values
E, 1000 W/m? K, 2.3-107/2 A/l°C
T, 298 K R 0.153-2/36 Q
I 6.69/2 A K 1.38.10 2 J/K
Ve 20.32/36 V N, 540
Iy, 1.406:107/2 A N, 4
L, 6.03/2 A Ly 0.02H
E, 1.12eV Ry 0.02Q
q 1.602:10" C Vinax 22042
B 1.3 n 0.95

Inverter modeling. The inverter connected to a grid
receives the DC current from PV plant and converting it
to AC current to inject in electric grid with unity power
factor. A simplification has been introduced to the
inverter model. The full bridge DC-AC converter is
modeled as current controlled voltage source where the
harmonic content is ignored. Fig. 4 shows the schematic
diagram of grid connected inverter. The key variable for
controlling this operation is the voltage of inverter (V).
The inverter current (/) can be written as

I = I/;'nv _ Vac (6)
g . ’
JLyw

where V;,, is represent fundamental component of inverter
output; V. is the utility grid waveform; w defines angular
frequency of the voltage vector.
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Fig. 4. Grid connected inverter

Simulation of the PV grid inverter.

The implementation of this system in MATLAB
platform that the behaviour schematic of PV grid
connected inverter is presented in Fig. 5. In this case
indirect current control is used for drawing a reference /,
current that must injected to the electric grid is calculated
according the power produced from PV generator model
and modelled as a controlled current source. The
amplitude of current that inverter drawing in from
continuous source is deduced by the power balancing
principles [13].

20,V
g v,

max

1 , 7

where [, and V,, represent the coordinates of the maximal
power point.
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Fig. 5. Matlab schematic of PV grid connected inverter

Proposed algorithm. A major reason for grid data
unavailability and transparency shortfall is data
accessibility [14]. On the other hand, the input data
needed by grid models or so-called grid data and their
demands highly variant depending on the type of the grid
model used. In this paper we focused only at the Load
Curve Data required within day. Fig. 6,a,b confirms that
energy demand has nearly stable during of both monthly
and seasonal periods. Thus, in order to fulfilling the gaps
of data accessibility, the monthly load curve, which
represents the inputs data of algorithm is obtained by
using 30 daily load curves. The proposed algorithm can
be summarized in a diagram as indicated in Fig. 7.

The work of the algorithm consists of several steps.

The first step to determine the time corresponding to
the PED, within winter season there is only one peak of
energy demand named T, but at season summer, there
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is one off-peak hour between 2 on-peak hours demand, The third step consists to identify discharging time
named, T3, Tmaxt @nd T respectively. These peaks  of battery according to the signal provided by the

are calculated using algorithm shown in Fig. 8. algorithm.
The second step is dedicated to find right time for
charging the battery.
The average day in the month for load curve data requested The average day in the month for load curve data requested
r T T T T 15000 T T T
12000 fomvemeesedeersnssenenbeneeeeh i January day : H i
i X May day
10000 f-- | — Fibruary day
‘ March day
ESOOO June day
z —— April day
5]
§_6000 September day
o i H H H July day
4000 feeeeeeeee S foeseeennd = October day
— Novwember day
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: H : H : — December day : : : :
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14iime (h)19 1Allime (h) 1
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Fig. 6. Daily load curve data
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Fig. 7. Diagram of different stages of the algorithm
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Fig. 8. Algorithm to define the time for Tpax1, Tinaxz a0d Tins

Based on the data acquisition system using in
Algerian Renewable Energy Development Center
(AREDC) can extract a profile of solar radiation during a
day, which contains 1440 (24 h % 60 min) values of solar
radiation, so that each minute in day represent a value of
solar radiation as operation point. in other side, the
simulation time required during 1440 operating points is
Tsmax» 10 the same way we can determine simulation time
in seconds that correspond of one value of solar radiation,
(i.e., one operating point corresponding to a real single
minute in day); thus, we can identify the real time in

X=¢-t, ©)
where 7 is time of simulation; B, ,, ,, is the maximum
power generated by the PV generator

X
&= (10)
T, S max

re = rem (X,60), (11
where rem indicates of remainder after division; T, is
the maximum simulation time; Xj.x 1S the maximum

operating minutes.

h= (X—re)

minutes X and hours /4 at any moment of simulation time. . (12)

To this end, the proposed smart algorithm can easily 60

managing the maximum and minimum peaks of energy, Calculate the battery current Iy T,

as well as staring time of charging and discharging AP -

batteries. Tyattery 7, =7 1 h < Thaxy- (13)

Follow calculate the power that will be stored in the B Vpy

batteries: Calculate the total battery current before 7y,
AP=Fypp pv=Fioad 1t Prpp_pv > Fload (@); Ipar 7, =€9¢/ % Y Ipaery 7 » A, (14)
AP =P, pp_pv if B, o _pv < Floaa (b); Calculate the battery current Ibattery_T2
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Ibattery_T2 :V_ if 7> Thax - (15)
PV
Calculate the total battery current after 77,y
I]batiT 2 =coef - Z IbatteryiTz , Ah. (16)

Calculate the hours of capacity in the battery before
Tax1 that will be discharged by the value of current /.

Tipar 11

hours = floor ; (17)

c

(M - hours] - 60
1

c

minute= floor , (18)

where term floor () denotes the nearest integer less than or
equal to hours or minutes.
Calculating A¢ T is the time of battery discharge
At _T; =hours- 60+ minute. (19)

Calculate the hours of capacity in the battery after
Tmaxi that will be discharged by the value of current /.

Tipar T
hours = floor [——=-2| if Tnax1 #0;
C
(20)
. Tipar 1, .
minute = floor|| ———=2—hour |-60| if Ty #0;
1
c
T +T;
hours = floor M if Tmaxl =0
. 21)
T, +T,
minute = floor] (w - hour} 60| if Tyaycy =0
[C

Calculating Az T, is the time of battery discharge
At T, =hours- 60+ minute. (22)

Results and discussion.

PED emerges as a phenomenon which epitomizes
the relevance of social practices which lead us to our
understanding of the dynamics of energy demand is the
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Fig. 9. Simulation shape of injected current 7,

position that the timing of energy demand is determined.
It has been defined of PED times by using the smart
algorithm, through the data base as shown in Fig. 4,
which represents the energy demand curve for days for
months of the year. For example, in January, we find that
Tmaxx = 19 h, Tz = 16 h, and in June we find that T, =
14 h, Tmax2 =22 hand Tmin3 =19 h.

Simulation results for typical days, sunny and
cloudy in the summer and winter, respectively. The value
1. which represents the value of current when the battery
is discharged is choosed in a proportional to the current /,,,
produced by the PV generator when the solar radiation £
is equal to the threshold E,, in order to maintain the same
size of electrical wires. As for the choice the threshold of
solar radiation E,, it is related to the storage capacity of
the batteries, taking into account the cost, but in this study
it was an experimental direct choice.

Simulation results by using the data of a day in
the summer. Based on the daily load curve data for
energy-consumption pattern illustrated in Fig. 6 and the
weather conditions, we obtained the results presented in
the Fig. 9 and Fig. 11, in which illustrates the different
energy flow scenarios produced by the PV generator, over
time periods determined and with different quantities,
according to the solar radiation profile and the value of
the energy stored in the batteries shown in Fig. 10 and
Fig. 12.

Simulation results by using the data of a cloudy
day in the winter. From Fig. 9 Period I it can be seen
that before 06:52 AM, the value of the current /, is equal
to 0, which means that the photovoltaic generator (PVG)
does not produce any energy due to the unavailability of
sunlight; during this period the local load is totally
supplied from public electric network, so I, = 0.

Period 2 within the interval time 06:52 am — 11:00
am, the PVG charges battery by current /,, and supply the
local load by energy, so I, = I, — I, = Ijpua.

N
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Fig. 10. Switch of control for simulation current of battery
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Fig. 11. Simulation shape of injected current /,

Period 3 during 11:00 AM to 14:00 the local load is
covered by PVG and the excess energy is injected into the
network, because the solar radiation exceeds his threshold
E,. In addition, herein the battery is focused only to store
intermittent energy causing from the weather conditions,
or the solar radiation is inferior to his threshold, so
I,=1,,.

Period 4 in the time domain of from 14:00 to 15:47,
the PVG feeds the local load and contributes with battery
to inject energy into the electrical network in coinciding
with the time T, the conjunction of PV systems with
batteries enables as additional increase energy, so
Ly=1,+ 1.

Period 5 within the interval time between 15:47 to
18:21, the PVG is charging a battery and the local load
feed also, where I, = I,, — I}, = I 4.

Period 6 the time interval between 18:21 to 21:13,
the PVG doesn’t generate electricity, due to the total
absence of sunlight, so in this case the local charge is feed
from the public network, so I, = 1,,=0.

Period 7 in the last case, between 21:13 to 22:47, the
battery are discharged into the public network in
conjunction with 7y, time, so the current I, = /..

Figure 11 shows that over the course of the day,
period 2 through 07:00 to 14:15 all the intermittent energy
produced by the PVG is stored in the battery without
resorting to feeding the grid with this fluctuating energy.
In the end, this strategy was able to supply the main grid
with energy during the peak, within a specified time
interval period 4 between 17:30 to 20:20, which lead to
facilitate the monitoring of the network's stability.

Conclusions.

In this paper, a new management scheme based on a
system behavioral approach is proposed with a novel
power flow management strategy to grid-connected PV
system smart scheme, based on the real load curve data.

It is shown that the demand for energy is relatively
stable within a month, which allowed us to understand the
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Fig. 12. Switch of control for simulation current of battery

dynamics of energy demand and we developed a novel
strategy to facilitate the communication between the
distributor of electricity dispatcher and the producer of
energy generated by solar panels, so that the defect
existing in this type of generator is corrected.

The proposed strategy describes how to exploit the
power produced from PV generator based on determining
the solar radiation threshold that is relied upon in
specifying the energy path, either directly injected into the
network or stored in order to inject later as per schedule
given by algorithm.

This study not only allowed us to anticipate and
estimate the amount of energy that will be injected into
the network, but also to define the appropriate schedule
for injection, supplying the network with energy at the
peak energy demand times, in avoiding to supply
intermittent power into network even under bad weather
conditions. On the light of the obtained results, it would
be very helpful and facile to control the stability dispatch
in power networks. More importantly, the proposed
strategy reduces the negativity of the intermittent nature
of solar-energy, which encourages widespread investment
in solar power generators.
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