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Renewable  energy  sources  (RES)  are  becoming  an  important  part  of  energy  continuity  for  today’s  electri-
cal  power  grid,  since  RES are  intermittent  and  unstable.  Energy  storage  technologies  are  the only  solution
for  this  energy  sustainability  problem.  In this  study,  a new  Smart  Energy  Management  Algorithm  (SEMA)
is proposed  for Hybrid  Energy  Storage  System  (HESS)  supplied  from  3-phase  4-wire  grid  connected  pho-
tovoltaic  (PV)  power  system.  HESS  consisting  of  battery  and  ultra-capacitor  energy  storage  units  is used
for  energy  sustainability  from  solar  PV  power  generation  system.  Several  different  operation  cases  in
HESS have  been  analyzed  and  experimentally  tested  by  using  the  proposed  SEMA.  In  experimental  tests,
load  status  of  one  sunny  day  and  PV  power  profile  have  been  created  and  tested  dynamically  by  using
ltra-capacitor
i-directional converter
mart grid

SEMA  and some  of  the test  results  in  eight  different  operation  modes  are  given  in  this  paper.  The  battery
group  is charged  with  1320  W  power  by  the  system  and  remaining  energy  is  transferred  to  the  grid  with
5%  current  harmonic  via  the inverter  in  one  of  the  operation  modes.  The  HESS  is the  most  effective  energy
storage  system  due  to  its high  power  density,  fast  response,  and  high  efficiency.  The  proposed  system
has  been  verified  simulations  results  and  experimental  tests.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Grid-connected solar photovoltaic (PV) power generation sys-
ems are the most widely used type of solar energy applications
owadays. Currently, the large scale grid-connected PV power gen-
ration systems are considered to be one of the main ways to
ecrease costs, reduce energy consumption and develop the reli-
bility and flexibility of power systems all around the world. A
eveloping trend for PV generation is connection of a large power
rid and participates in power flow dispatching [1–5]. PV systems
ssociated with energy storage systems are widely used as energy
upplies in remote areas or emerging micro grids. Energy stor-
ge devices offer energy buffer for intermittent PV generation to
onfirm a reliable and sustainable energy supply [6–9].
There are many research papers employing different energy
torage technologies for dealing with the challenge of RES. Sim-
lation and experimental results of applying a novel algorithm for
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ttp://dx.doi.org/10.1016/j.epsr.2016.11.022
378-7796/© 2016 Elsevier B.V. All rights reserved.
the charging and discharging of a battery energy storage system at
the grid level are presented in Refs. [10–12]. Hybrid energy stor-
age technologies are preferred instead of sole storage unit in the
second generation of storage technologies. There are various stud-
ies about optimum usage of hybrid energy resources and hybrid
energy system management [1,13–15]. In addition, sizing of stor-
age technologies used in hybrid system, power and energy capacity
calculations are another important subjects [6]. Energy storage
technologies also have important role to prevent factors affecting
power quality.

Integration of 3-phase 4-wire inverter structure to smart grid
and management of micro grid arrangement are the innovative
approaches of this study. Usage of a Support Vector Machine load
predictive energy management system to control the energy flow
between a solar energy source, relations between load variations
and HESS including ultra-capacitor and battery units has been
investigated in Refs. [16–19] to improve the reliability of deliv-
ered power. In Refs. [20–25], a new control algorithm for a hybrid
energy system with a renewable energy source, a polymer elec-

trolyte membrane fuel cell (PEMFC), ultra-capacitor and a PV array
is proposed to improve power quality and efficiency. A scheme con-
sisting of wind and photovoltaic generation subsystems, a flywheel
storage system is proposed in Refs. [26–30] for a micro-grid power
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Nomenclature

Acronyms
HESS Hybrid energy storage system
MPP  Maximum power point
MPPT Maximum power point tracking
PEMFC Polymer electrolyte membrane fuel cell
PV Photovoltaic
P&O Perturb and observe
RES Renewable energy sources
SEMA Smart energy management algorithm
SOC State of charge

Variables
f Grid frequency (Hz)
IMPP Current at MPP  (A)
IBAT REF Battery reference current (A)
IPH Short circuit current (A)
Lg Grid impedance (mH)
PBAT Battery power (W)
PBAT C Battery charge power (W)
PBAT D Battery discharge power (W)
PBST Boost converter power (W)
PLOAD Load power (W)
Pmax Photovoltaic maximum power (W)
Rg Grid resistance (m�)
VOC Open circuit voltage (V)
VBAT Battery voltage (V)
Vgabc Grid voltage (V)
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VMPP Voltage at MPP  (V)

eneration system. In Refs. [31–35], an energy management sys-
em for stand-alone hybrid systems composed by PV panels, a wind
urbine and two energy storage systems, which are a hydrogen sys-
em and a battery, is examined. Adaptive load shedding scheme for
requency stability enhancement in microgrids, non-cooperative
ame theory based energy management systems, distributed smart
ecision-making for a multi-microgrid system and real time experi-
ental implementation of optimum energy management system in

tandalone microgrid by using multi-layer ant colony optimization
re investigated by Marzband et al. [36–39].

The biggest challenge with incorporating renewable energy into
he current electrical power system is the fact that the energy pro-
uced by renewable energy sources is inconsistent and variable
ith meteorological conditions. A sunny day without any cloud,

he more electric power can be produced with solar energy, but
he amount of the produced electrical power is fluctuating contin-
ously by depending on the climatic condition and solar irradiation
f the day. Usage of energy storage technology has become an
ssential solution for providing more power quality to the loads
y using smart micro grid structure. Solution of this problem given
bove is the main aim of this study. The proposed system has a
ew HESS to the solar power generation system with the proposed
EMA. The proposed SEMA offers control of the load management
nd shifting between utility source, HESS and photovoltaic power
ystem.

Smart grid technology is only available solution to integrate
nergy storage systems to the solar power system which is the most
romising type of RES. In this study, design, analysis and devel-
pment of a HESS consisting of a battery and ultra-capacitor unit

upplied from solar power system for 3-phase 4-wire smart grid
tructure and controlling of dynamic response of the system in dif-
erent operation cases have been provided by using the proposed
EMA. Hence, the combination of HESS with photovoltaic power
 Research 144 (2017) 185–196

source and developed SEMA are main contributions of this study.
Furthermore, smart energy management of these units has been
handled in terms of energy sustainability and power quality should
be provided in smart gird structure.

In this paper, eight different operation cases in the proposed
system have been analyzed and experimentally verified and tested
by using SEMA. In the experimental tests, one sunny day load and
solar PV power profile were created and tested dynamically by
using SEMA. The HESS together with SEMA is the most effective
energy storage device due to its high power density, fast response,
and high efficiency. The major contribution of this study contains
design; development and detailed analysis of the proposed SEMA
for HESS based smart grid applications. The block diagram of the
proposed system is given in Fig. 1.

Renewable sources as PV’s have intermittent characteristics.
Therefore, they should be used with an energy storage system
[40]. Usage of only battery energy storage system alone, causes DC
bus voltage fluctuations during instant load changes. Usage of the
battery unit with ultra-capacitor group increases stability of the
system. Also, SEMA perceives the dynamic changes and ensures
that the system is operated at steady state cases [41–44].

2. Hybrid energy storage system

In this section, grid-connected PV system supported by HESS
composed of battery and ultra-capacitor unit in 3-phase 4-wire
4-leg inverter structure is experimentally investigated in a smart
micro grid structure. The block diagrams of the HESS and SEMA is
shown in Fig. 2. Experimental studies are performed with a HESS
supplied from PV power under different operation cases.

PV modules having 5 kW power are used as a renewable energy
source in the experimental laboratory setup. The HESS is used as
energy storage to overcome the fluctuating of PV power generation
and to meet the energy demand in weak solar power condition.

The SEMA is proposed and developed between the battery, ultra-
capacitor and PV power to achieve the following goals:

1. Keeping the power equilibrium of all the system,
2. Control of the produced PV power based on the maximum power

point tracking (MPPT) algorithm,
3. Increase the performance of the battery by preventing its action

with high frequency ripple currents and high rate of depth of
discharge to increase the battery lifetime.

Battery and ultra-capacitor units are used together in the pro-
posed HESS. Ultra-capacitors have higher power density but lower
energy density. In contrast, the batteries have higher energy den-
sity. Therefore, battery and ultra-capacitor energy storage units are
used together to get higher power and energy density [45–51]. PV
panels work as a current source to deliver appropriate energy to
the grid. When the micro grid is connected to the main grid, PV
panels provide power under MPPT mode as a current source. A
DC/DC bidirectional converter provides energy for the DC bus and
the energy storage system from the grid. The battery bank is con-
trolled to discharge properly, until they are totally discharged. By
utilizing battery and ultra-capacitor together in a hybrid energy
storage system as shown in Fig. 2, the battery size can be reduced
and a higher state of charge (SOC) can be maintained.

3. Control structures of boost and bi-directional converter
There are eight different operation cases based on energy flow
in the proposed power system. These cases are transferring power
from PV to the load and energy storage system, transferring power
from grid to energy storage system and load, the last one is the
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Fig. 1. The proposed HESS block diagram.
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Fig. 2. Block diag

ack of photovoltaic power. In the experimental test system, photo-

oltaic modules, inverter output, load, grid and battery power are
easured. In addition, the study includes state changes between

hese eight different cases.
 HESS and SEMA.

The performance of the battery bank is enhanced with the help

of the proposed SEMA as ultra-capacitor unit captures the ripple
while sharing the steady state power component with the battery.
Moreover, the ultra-capacitor helps the battery operation by avoid-
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 control algorithm.
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ng in high rate of depth of discharge area. The proposed SEMA
s able to achieve power balance in the HESS while providing the

aximum power from the PV panels.
A PV module’s P–V (power–voltage) characteristics shows that

here exists only one point (Pmax) where the module delivers max-
mum power. MPPT is a method that enables the efficient use of
V panels. This method is a control structure that captures the
aximum power point where the highest power provided by the

olar panel. Maximum power point (MPP) can be determined by
alculation models or search algorithms. In order to achieve this
rocess, control mechanism evaluates variables of PV panel and
hanges the reference of the power converter to provide power
o reach the maximum power point. In the literature, there are

any methods to find MPP  such as Constant voltage method, Pilot
ell method, Constant current method, Perturb and observe (P&O)
ethod, Incremental conductance method and One-cycle control
ethod [34]. In this study, P&O algorithm is used. Fig. 3 shows

erturbation-observation MPPT control algorithm block diagram
sed.

The proposed P&O algorithm was observed in experimental
tudies with over 99% of the MPPT efficiency.

Fig. 4 shows Simulink block diagram of bi-directional DC/DC
onverter control unit. To ensure the operation of the bi-directional
onverter buck mode, S2 is the PWM  switch and switch S1 is
lways off. This control algorithm works depending on energy man-
gement algorithm. When number 3 mode incoming information
amely MOD  is 1, the control algorithm provides buck mode to the
ystem. Input 5 (BAT SSR) is battery solid state relay (SSR) infor-
ation that connect DC bus to the battery via bidirectional DC–DC

onverter.
Fig. 5 shows the schematic diagram of the buck and boost mode

ontrol methods. In this part, current and voltage are controlled

uring charging and discharging of the battery bank.

Buck mode control unit is shown in Fig. 5(a). In buck mode, cas-
ade PI controller is used. First PI controller provides to keep the

Fig. 5. (a) Buck (b) boost mode 
Fig. 4. Control structure and block diagram of the bi-directional converter control
unit.

voltage of 235 V battery bank. The second PI controller controls the
charging current of the battery bank. Charge current is determined
by calculating the current value of energy management algorithm.
Boost mode control unit is shown in Fig. 5(b). In boost mode, it is
only transferred to the bus control unit based knowledge in the
discharge current of the battery bank. PI controller generates an
output by comparing the measured and reference current value. PI
output is compared with the triangular wave at 10 kHz and switch-
ing signal is generated. Also, reference current is calculated by the
SEMA in this unit.

4. Smart energy management algorithm (SEMA)
The energy management between the different types of energy
sources and energy storage system in HESS is an interesting issue
because the output power from RES is continuously fluctuating and

PI control block diagram.
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B01 with capacity of 58F at 15 V (30pcs) are used as experimental
laboratory prototype. Table 1 shows the circuit parameters used
Fig. 6. SEMA of the HESS.

epends on meteorological conditions. Smart energy management
lgorithm shown in Fig. 6 is the most important control unit of the
roposed HESS.

The SEMA is planned to make the power flow more effective and
ontrols power flow in the system according to operation cases.
ome limitations and bandwidths are determined in order to work
roperly and safely in the system. When the output power of PV

s about equal to load power, within ±400 W the battery bank is
eactivated. When small change occur in load power, battery bank
o not provide power to the system in order to increase the battery

ifetime. All battery parameters are affected by battery charging
nd recharging cycle. The SEMA estimates state of charge (SOC)
f battery bank. The amount of current (discharge current) drawn
rom battery plays an important role in service life or back-up time
f the battery. In case the discharge current up to the battery bank
t 20% SOC withdrawn is provided. When charging battery over 95%
OC, the battery bank is protected from excessive charge current by
utting the charging current. When the output power of PV panel
s lower than 50 W,  PV panel is deactivated by the SEMA. When the
oad power is lower than 400 W,  load draws energy from the grid
nstead of from battery bank, since reducing the switching loss and
o increasing the cycle life of the battery bank.

The main important and unique technique of this study is the
roposed SEMA that is different from similar algorithms includ-

ng all possible working cases and dynamic response of transition
etween all working cases in one day. The proposed SEMA evalu-
tes the system parameters by using pre-determined system limits
ncluding PV, battery and load power in a bandwidth, and calculates
OC and charge/discharge reference current of the battery includ-
ng all possible working cases properly. The proposed SEMA aims
o help to improve efficiency of the converter and inverter without
ngaging battery very often and allow smooth transitions between
ll working cases.

Battery current calculation is assessing DC/DC boost output
ower, the power of the battery bank, the power of the load group
nd battery bank voltage. According to the measured values, charg-
ng and discharging of the battery bank is determined by IBAT REF.
BAT REF current is calculated by two equations while charging and
ischarging of the battery bank. The battery bank charging and
ischarging current (IBAT REF) is calculated as in Eq. (4.3).
BAT C = PBST − PLOAD (4.1)
 Research 144 (2017) 185–196 189

While battery bank discharging power (PBAT D) is calculated as
in Eq. (4.2).

PBAT D = PLOAD − PBST (4.2)

IBAT REF = PBAT

VBAT
(4.3)

The SEMA calculates state of charge (SOC) of the battery as given
in Eq. (4.5) by calculating the percentage in real time. The SOC
counter is a typical coulomb counter. Having a current value as an
input, integrating it over time and dividing per 1800 (each sample
is taken every 2 s of a real time, making 1800 samples equivalent
of 3600 s, which is 1 h) enables the equal to represent the number
of Ampere–hours drawn from the battery bank. The next step is
dividing this number by nominal capacity (Ah) of a battery bank,
which – in case of the new battery – is the operator’s input as a
number of capacities. The output has to be subtracted from 1 and
it should be multiplied by 100 to represent the state of charge. The
output value of this equation is SOC value over time chart, example
of which is presented in the Eq. (4.4).

SOC =
(

1 −
1

1800 ×
∫

IBAT

Ah

)
× 100 (4.4)

In this section, all working cases of the proposed system are
experimentally analyzed. Power flow diagrams for possible operat-
ing cases can be seen in Fig. 7. These working cases are determined
by sources’ and loads’ current and power values.

All state variable and state transfer decisions are considered
in SEMA. The SEMA decides battery bank on-off case with the
“BATSSR” information. Likewise, “MOD” information provides buck
or boost working case of the DC/DC converter. The DC/DC converter
is used for charge or discharge of the battery bank. After determin-
ing the working case of the battery bank, charge/discharge current
value is calculated by the battery bank. Calculated charge/discharge
current value is sent to the bi-directional DC/DC converter control
circuit. The difference of the load and PV current are calculated and
inverter current is determined in battery charge/discharge current
calculation block. Difference between the calculated current and
PV panel current is equal to the discharge current. In battery charge
status, difference between PV panel power and load power is equal
to the inverter supply power. The battery charge current is deter-
mined by the difference between calculated current value and PV
panel current values.

5. Experimental setup and results

The realization of the proposed control strategy is done by using
dSPACE real-time control platform. The HESS experimental labo-
ratory prototype used to verify the performance of the proposed
SEMA is shown in Fig. 8. Data acquisition and the control system
are implemented dSPACE 1103 software with digital signal proces-
sor module in the peripheral component interconnect slot of the
host PC. The Semikron SKM 75GB128D is used as control switch in
the converter circuits. Currents and voltages are measured by TEG
and LEM transducers. In this experiment, PV panels are emulated by
using Chroma Solar simulator device. DC–DC boost converter uses
MPPT algorithm and provides power to the DC bus. Bi-directional
DC–DC converter provides power to the battery for charging and
discharging by the DC bus. Vision battery with capacity 12 V 80 Ah
(32pcs), is used lead-acid battery bank and Maxwell BMOD0006
E160 with capacity of B02 6F at 160 V (3pcs), Maxwell BPAK0058
in the experimental setup. The experimental system considered
in this study consists of PV modules of 3 kW rated power, lead-
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Fig. 7. HESS power fl

Table 1
HESS experimental test parameters.

System parameters Values

PV panels Open circuit voltage
(VOC)

450 V

Short circuit current
(IPH)

0–10 A

Voltage at MPP  (VMPP) 250–380 V
Current at MPP  (IMPP) 0–8,5 A

Grid Voltage (Vgabc) 110 Vrms/phase–neutral
Frequency (f) 50 Hz
Impedance (Rg, Lg) 10 m�,  1 mH

Load Balanced resistive load 0–3 kW
Single phase full-wave
diode rectifier

0–2 kW

3 phase full-wave
diode rectifier

0–4 kW

Battery bank Nominal voltage 202 V
Rated capacity 160 Ah

a
(

c

strategy, it is compared with conventional strategy for the follow-
Ultra-capacitor unit Nominal voltage 400 V
Rated capacity 3,93 F
cid battery banks (160 Ah and 200 V) and ultra-capacitor units
400 V/3.93 F) to deal with load power variations as shown in Fig. 8.

In the experimental test platform shown in Fig. 8, signal-
onditioning board is designed to convey the measurement results
ow diagrams.

from voltage and current sensors to the dSPACE 1103 module with
isolation. Three 5.2 mH  inductances are connected to the inverter
AC side in order to eliminate current harmonics created from
switching of IGBTs.

PV modules, battery bank and ultra-capacitor unit in DC bus;
grid, inverter and load in AC bus are connected with solid-state
relays (SSR) in order to control (on/off) of the system components.
Pre-charge resistors are used to decrease surge currents and limit
to a short current in the inverter AC side. The SEMA control board
is designed to control and connection of system components in the
experimental test setup. In this board, control signals coming from
dSPACE transmitted to the test platform in order to control all of the
components rapidly and safely. In the lower side of the test setup,
pre-charge resistors shown in Fig. 8 are used for preventing surge
currents from PV modules, battery bank and ultra-capacitor unit.
In the test setup, single-phase and three-phase full bridge rectifiers
are switched separately as nonlinear loads to create unbalanced
load cases and to test rapidly the transient dynamic response of
the SEMA.

In order to indicate the performance of the proposed control
ing cases: (1) step decrease in load demand; (2) step increase in load
demand; (3) step increase in PV generation; and (4) step decrease
in PV generation. Fig. 9 shows the power graphs of PV panels, load,
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Fig. 8. HESS experim

nverter, grid and battery bank for one day respectively. The load
ower values are variable because of testing eight different work-

ng cases. The time periods of the eight working cases can be seen
etailed. A power-time chart is prepared for PV panels in maximum

 kW power case.
“dSPACE DS1103” platform is used to control the 3-phase 4-wire

rid connected HESS. The experimental measurements are taken
nd different tests are performed in the laboratory setup. Current
nd voltage sensors are used for measurement in real time. The

xperimental test results in the HESS for case 3 are analyzed in
etail in this paper.

Different operating cases are presented to manage experimen-
ally test the power flows between the various types of energy
l setup photograph.

storage components, mains and load; taking into account SOC of
the battery bank, the energy level of ultra-capacitor unit, the avail-
able solar power and the power demand from the grid operator. The
determined experimental load demand is provided by a mixture of
PV, grid and energy storage units instantaneously by using SEMA.
The proposed algorithm has been tested for different load and PV
profiles of irradiance and ambient temperature in the experimental
test system. A typical summer day and intermittent solar radia-
tion profile for a varying load demand has been considered in the

experimental tests. The experimental test results verify the effec-
tiveness of the proposed control structure with different battery
SOC to integrate solar PV and grid as power sources and battery
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Fig. 9. A daily distribut
nd ultra-capacitor as back up energy storage to supply the load
emand consistently.

The performance of the proposed experimental system is
valuated, analyzed and tested under different dynamic loading
se 1

power operating cases.
operation cases such as 620 W,  1230 W,  1420 W and 2790 W indi-
cating the successful results of the proposed algorithm. In the
experimental system, sudden variation of the load and minimal PV
support case has been also tested. The sudden change in the load
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Fig. 10. DC/DC boost converter input/o

ower is effectively compensated by the support of ultra-capacitor
nit.

Dynamic behavior of the HESS supplied from PV module and
oad profile dynamic response is shown as inverter, grid and battery
ank power variation graphs in Fig. 9. In case 7, PV module power

s zero; load power is 2210 W;  battery bank supply the load with
000 W by discharging via inverter. Remaining 400 W load powers

s supplied from grid automatically. In case 8, PV power is set to
ero and the SOC of the battery bank is very low so battery bank is
eactivated. 2210 W of the full load power is supplied from mains
ompletely.

In case 5, PV power is increased to 504 W;  since the load power is
120 W,  battery bank is discharged by 765 W without any demand
rom the mains. In case 2, PV power is increased rapidly to 1192 W,
he load power is about 1420 W;  the load is supplied from both

nverter and mains together. In this case 2, the battery bank is
eactivated since PV able to supply the load power. Case 3 ana-

yzed in this study very detailed, PV power is 2930 W and load

Fig. 11. DC/DC bi-directional converter input/ou
 voltage and current results for case 3.

power is 620 W.  Since instantaneous PV power is much bigger than
the load demand power, the battery bank is charged with 770 W
and remaining 634 W powers are transferred to the mains. In this
study, PV and load power variations are specified in certain limit in
order to investigate the dynamic behavior of all possible working
cases of the HESS by using the proposed SEMA. In order to investi-
gate response and behavior of the proposed SEMA for all possible
working cases, the one day load profile is chosen as given in Fig. 9.

The obtained experimental results prove that the performances
of the proposed SEMA are satisfactory under both steady state and
dynamic loading cases. The results of the experimental tests ver-
ify the effectiveness and feasibility of the proposed SEMA. Results
obtained from the experimental setup are presented and discussed
in this section. Input and output current and voltage of the DC/DC
boost converter are shown in Fig. 10 for case 3. The maximum

power point working voltage of PV’s is 370 V and current is 7,9 A.
The output voltage of the DC/DC boost converter is 400 V and cur-
rent is 6,8 A.

tput voltage and current results for case 3.
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Fig. 12. Phase a voltage and load, inverter and grid current results for case 3.

Fig. 13. Load, inverter and grid power and energy table for case 3.

nd gri

b
b
a
p

t
d
u
d
f

u

Fig. 14. Load, inverter a

Input and output current of the bi-directional converter have
een measured, and results are shown in Fig. 11. In this case, the
attery bank is charged with 5.61 A. Bi-directional converter oper-
tes in buck mode in this case. Converter charges the battery bank
re-determined current value by SEMA.

PCC voltage, the load and inverter currents are given respec-
ively for 3 phase power circuit in Fig. 12. Single-phase full-wave
iode rectifier is connected to phase “a” as unbalanced load. Both
nbalanced load group and neutral line current are supplied by

esigned HESS. Thus, single-phase loads are also supplied success-

ully.
Fig. 13 shows the load, inverter and grid power and energy val-

es respectively in table for one phase. A phase of the load group
d harmonics for case 3.

is connected with single phase full-wave diode rectifier so power
value is higher than the other phases. Inverter transmits power as
determined by the DC current control algorithm. Also inverter only
transmits active power to the system so cos � is always 1. In case 3,
the transmitted power value is negative because, power flows from
the system to the grid.

Load, inverter and grid current harmonics bar graphs are given
in Fig. 14. 3-phase 4-wire inverter harmonic current value is 5%, that
is suitable according to IEEE 519 standard. Load harmonic value is

54.4% because of using single phase full-wave diode rectifier. This
disturbing current harmonic value results from the load and this
harmonics affect the grid current. All detailed numerical measure-
ments of the experimental results are detailed in Fig. 15.
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Fig. 15. The experimenta

The experimental results are explained above to confirm the
roposed SEMA for power sharing among the sources (solar power
nd grid), energy storage and load (resistive and nonlinear load).
he SEMA diverts the surplus solar power into the grid when the
attery SOC extents 95% and hence protects the battery from over-
harging. The SEMA control strategy also eliminates the need for a
ump load by limiting the power drawn from the sources so as to
atch the load demand. The proposed SEMA is implemented exper-

mentally on the HESS containing battery bank and ultra-capacitor
nit. The experimental results obtained that the proposed SEMA is
apable of accurately supply dynamic load requirements in differ-
nt operation cases by extending of battery lifetime and optimizing
f battery SOC.

. Conclusions

Energy storage technology is a key element for success of smart
rids, and creates new opportunities for all parties involved. Energy
torage technology is an important solution in smart grid applica-
ions for efficient usage of energy source, supporting renewable
nergy integration to the grid and greater power production in

 place that energy consumed and increasing energy access, by
mproving safety, reliability and flexibility of the electrical grid.
nergy storage with integration of RES can smooth the intermit-
ency of energy source, minimize reverse power flow and keeps
oltage within limits, store output power and release coincidental
ith local load and control ramp rate of power fluctuations.

Energy storage technologies will become a complementary part
f next generation RES. Today, HESS is an effective solution for

mproving power quality of the energy produced by RES. In this
tudy, a new unique SEMA is proposed for HESS supplied from grid
onnected solar power system. Battery and ultra-capacitor energy
torage units are chosen for energy sustainability from solar power
eneration system. Eight different operation cases of the proposed
ystem have been experimentally tested by using the proposed
EMA. In experimental tests, one sunny day load and PV power
rofile have been created and tested dynamically by using SEMA
nd some of the test results are given in this paper. The HESS is
he most effective energy storage device due to its high power
ensity, fast response, and high efficiency application of the pro-
osed SEMA. This paper is concluded by giving some important
xperimental results, recommendations and suggestions to whom,

hich are studying on hybrid energy storage applications including

attery and ultra-capacitors in the smart grid.
In this study a new dynamic decision strategy based on SEMA for

he HESS supported PV application has been proposed. The SEMA
lts in the HESS for case 3.

is able to define the optimal energy flows management in the com-
posed by PV and two energy storage units which are battery and
ultra-capacitor. The proposed control algorithm should be able to
supply the required load power all the times, by reducing the oper-
ational costs of the energy storage system, increasing the system
efficiency, and reducing energy consumption of the system. The
experimental results show the validity of the proposed SEMA. The
proposed method offers an option to choice the optimum control
scheme, to generate cost effective hybrid systems for power supply
of grid connected system.

In future work, ultra-capacitor group can be charged/discharged
using a bi-directional DC/DC converter to control energy flow. But,
bi-directional DC/DC converter reduces the dynamic response of
the ultra-capacitor group.

The proposed SEMA can be easily debugged in processors like
DSP or PIC without needed heavily computational burden in com-
mercial applications.
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