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Abstract- A new Power Management Regulation Control (PMRC) integrated with Demand Side Management (DSM) strategies is
proposed to enhance the Energy Management System (EMS) of a stand-alone hybrid microgrid. The microgrid combines Wind and PV
systems as Renewable Energy Sources (RES) with a hybrid Energy Storage System (ESS) of Battery and Fuel Cell/Electrolyzer set.
Towards achieving Net Zero Energy Supply, such microgrid is adequate in remote and isolated new communities with AC controllable
critical and noncritical loads. The proposed PMRC implies two-levels of control based on Multi-Agent System (MAS). The first level
keeps the output power of each source in its maximum available output power by applying maximum power point tracking (MPPT)
techniques. The second level is based on making proper decisions for achieving the power balancing regulation and coordination between
the available and the reserve power of the RES and ESS under different operating modes. Valley Filling, Energy Conservation and Load
Shifting are applied as DSM strategies to improve loads sustainability during system contingencies. Considering the battery as the most
expensive part in the microgrid, the effectiveness of the proposed strategy is further verified by determining the maximum permissible
estimated battery lifetime during the operation in all possible scenarios. Extensive simulation studies for various scenarios of microgrid
operation in a year were carried out using Matlab/ Simulink with realistic typical wind speed, solar irradiation data and restricted by the
status of available ESS.

Keywords: Battery lifetime estimation, Demand Side Management (DSM), Energy Management System (EMS), Energy Storage System
(ESS), Multi-Agent System (MAS), Power Management Regulation Control (PMRC), Renewable Energy Sources (RES).

According to the International Energy Agency Report [1] in
2017, around 1 billion of people live without electricity access in
remote and rural isolated communities in all over the world. In such
areas, diesel generators are commonly used because of their reliability,
smooth starting and low installation cost. Due to the great concern about
the global warming, the issue of global CO2 emissions from fuel
combustion has grown in importance; such global emissions in 2016
were 32.31 GT [1]. On the other hand, the utilization of Renewable
Energy Sources (RES) presents significant environmental benefits;
however the extracted power from RES cannot meet the continuous
variations of the load conditions because of the intermittent nature of
wind speed, continuous variation of solar irradiation and temperature.
Integrating different renewable energy systems that is called Hybrid
Power System (HPS) and applying Energy Storage System (ESS) are
essential solutions to ensure more continuous and reliable operation as
discussed in [2-10].

Appropriate control and coordination strategy among various
subsystems of HPS is the main challenge facing HPS performance
[11,12]. Besides, when the microgrid operates in stand-alone mode, an
adequate load sharing mechanism is required to equipoise the sudden
changes in available power. Many efforts have been exerted and
reported in literature to focus on various issues of HPS in islanded mode
such as the size and cost optimization [13-15].

Several other studies have discussed the power quality and reliability
issues of HPS as in [16-17]. The optimal batteries usage with different
energy tariffs is investigated in [18] and similar work has focused on
load shifting strategy through an optimal battery operation in [19]. Both
studies have discussed the utilization of battery to enlarge the net profit
of battery investment regardless of battery degradation. Battery
degradation issue is considered in [20] where a high-resolution model
is presented allowing for comparing different energy storage
technologies. An approach including two models: economic and
degradation models are presented in [21] as an iterative approach for
optimal operation of PV systems; however no sensitivity analysis is
performed to identify the level of degradation allowed for the
technology to become cost competitive.

Despite of the enormous advantages of Energy Management
System (EMS) in islanded microgrids, there are also some constrains
that affect their performance such as the limited power generation,
restricted energy storage and fuel cost. Limited power generation can
cause brownouts, due to peak demands; resulting in lack of reliability
and making some loads stop proper working as pointed out by [22,23].
Consequently, there is a strong motivation to apply Demand Side
Management (DSM) in reducing load or spreading load over time
ensuring that electricity is equitably shared among the microgrid users.
Multi-agent system (MAS) has become the most widely approach used
for EMS in microgrids, where each agent is intelligent and able to
communicate with its neighboring agents to form a larger intelligent
entity [24].
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From all of the aforementioned research studies, it appears that,
as yet, there is a little attention has been paid to develop a
comprehensive management of stand-alone microgrid under inadequate
energy reserves during contingencies that may lead to entire system
blackout. For isolated microgrids, the potential of DSM besides the
EMS is worthy to be considered to improve loads sustainability while
minimizing the consumption costs, and also enhancing the ESS life
time.

Achieving a comprehensive coordination management in the
presence of hybrid RES and hybrid ESS considering battery
degradation incorporated with DSM strategies applied to the end-users
can be regarded as one of the most promising solutions to maintain the
sustainability of loads as long as possible. The aim of this study is to
present a scheme that addresses different issues simultaneously. It takes
the form of a case-study of stand-alone hybrid RES microgrid located
in isolated community. The studied microgrid is supplied by a Net Zero
Energy Supply combining two renewable energy sources consisting of
a PV array and a permanent magnet synchronous generator (PMSQG)
wind turbine and a hybrid ESS including battery units and fuel
cell/Electrolyzer set. AC loads connected to the studied microgrid are
controllable and categorized based on priority level as critical and
noncritical loads. This paper aims to contribute to the growing area of
research for providing proper EMS by implementing a new integrated
power management regulation control (PMRC) with DSM strategies.
The applied PMRC strategy is accomplished based on two-levels of
control using MAS. The first level uses the dynamic operating points of
each subsystem for extracting maximum power available under varied
range of environmental weather conditions. Artificial intelligent control
is applied for PV MPPT, the battery storage units operate in voltage
control mode to maintain constant DC link controlled by a bidirectional
dc—dc converter, while the fuel cell operates in power control mode
controlled by the hydrogen flow regulator and boost converter. The
second level depends on making appropriate decisions for power
balancing regulation and HPS coordination to meet load requirements
variations under different operating modes, and also utilizing load
shedding power regulation control to maintain the sustainability of
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loads, as long as possible, under system contingencies based on
predetermined priority levels. To further enhance the EMS by
improving the sustainability of loads and minimizing consumption
costs to some of the end-users, DSM programs such as Valley Filling,
Energy Conservation and Load Shifting strategies are implemented
under different operating modes of Excess Power of Primary Source
mode (EPPS) and Load Shedding mode (LSM). The performance of the
proposed system has been extensively tested under different wind
speeds, solar irradiation and load conditions. The achieved results show
the potential ability of the proposed scheme and confirm its
effectiveness.

2. Configuration of Tested Isolated Microgrid

The tested microgrid is configured as depicted in Fig. 1. It is
composed of: KYOCERA KC 200 GT 100 kW solar array PV system,
ZENIA Energy 30 kW PMSG wind turbine generating system, Proton
Exchange Membrane Fuel Cell (PEMFC) stack integrated with its
electrolyzer and hydrogen storage tank and Lithium-ion (Li-ion) battery
units.

The connected load to the tested system in Zafarana, Egypt has
been considered based on the Canal Company for Electrical
Distribution (CCED) Suez Sector [25], with reduced scaled values. The
load varies between minimum and maximum values during typical day.
Basically, Zafarana site is divided into residential and industrial
regions. The residential region comprises three tourist villages, a
hospital, a police station, a bank and also some water pumping loads
for the landscape areas for villages. While the industrial region
comprises several heavy industries such as steel and cement industries
and light industries such as food processing and packaging industries.
To simulate the complete tested microgrid in MATLAB/Simulink
program, scaled loads are applied, as illustrated in Table 1, with
different priority levels (from 1 to 9, where 1 denotes the highest
priority which has been assigned to the hospital and heavy industries
either steel or cement).
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Fig. 1: Configuration of the tested microgrid
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Table 1: Summarized loads of tested microgrid

Load o Priority |Min. Registered Load| Max. Registered Load
LoadType | gorial Load Description Level Value (kW) Value (kW)
L1 Hospital Services 1 15 25
L4-1A R Air conditioning 7
L4-1B Tourist Village 1 ™% | fing & services 4 10 25
L4-2A R Air conditioning 8
Residential L4-2B Tourist Village 2 Lighting & services 5 10 25
L4-3A R Air conditioning 9
L4-3B Tourist Village 3 Lighting & services 6 10 25
L3 Police Station Services 3 10 30
L3 Bank Services 3
L2-1 Steel Industry Heavy Industry 1 25 35
Industrial L2-2 Cement Industry Heavy Industry 1 25 30
L2-3 Food Industries Light Industry 2 10 25
Total Loads (kW) 115 220

2.1 Site Characteristics

Such microgrid is located in Zafarana site in the Suez Gulf area
that lies on the East coast of Red Sea zone in Egypt at latitude and
longitude angles of 32’ 36" and 29’ 06" respectively. Distinctive
features of Zafarana site have been collected from NASA Modern-Era
Retrospective Analysis for Research and Applications (MERRA) for
a typical year from the interval of 1% November 2017 to 31%* October
2018 [26]. The measured wind speed (velocity V; at Z; lower altitude)
is modified according to turbine hub height and corrected for the
typical operation (velocity V, at Z, higher altitude) based on: V, =

V. (Z—z)“ , where a is the shear exponent, that depends on the landscape
1z,

type; it usually equals 0.423 for villages, agricultural lands with many
or tall sheltering hedgerows, forests and very rough and uneven terrain
[27].

A detailed monthly and annual analysis for the wind speed and
solar radiation-temperature data at Zafarana site for the year starting at
Nov. 2017 is carried out and tabulated in Table 2. In which, wind speed
and solar radiation are classified into four ranges (Zero, Low, Medium
and High) according to assumed boundaries. The table demonstrates

the No. of hours for each range in every month and in the whole year.
Basically, the studied year has included typical normal and abnormal
weather conditions with different ranges for wind speed and solar
radiation. It has been noticed that the No. of hours per month that the
wind speed falls in the Zero range was dominant at December 2017
compared to August for the prospective year, however the No. of hours
of High wind speed range was in September 2018 compared to July
for the same year. While the High radiation solar range was recorded
in June and July 2018, whereas the Zero solar radiation was
documented in December 2017.

Actually, the status of RES in the tested site along the year can
be summarized in four scenarios and therefore the proposed PMRC
strategy will be designed to deal with the following scenarios:

— Scenario No. 1 designates High wind/High radiation (HWHR);
— Scenario No. 2 designates Medium wind/Medium radiation
(MWMR);

— Scenario No.
(LWMR);

— Scenario No. 4 designates Zero wind/Zero radiation (ZWZR)
with/without DSM.

3 designates Low wind/Medium radiation

Table 2: Monthly and annual analysis in Zafarana site from Nov. 2017 to Oct. 2018

No. of Hours
Ranges for Wind Speed Ranges for Solar Radiation
Month . . Zero Low Medium High
Zero Low Medium High
(0-3m/s) | 3-5m/s) | (5-9 m/s) |(over 9 m/s) (v‘: /11?2()] (1::? mzz()m (2£?n152(;0 ("VV;;I?)"“

Nov. 2017 56 165 439 60 444 39 96 141
Dec. 2017 234 186 266 58 489 39 146 70
Jan. 2018 54 188 416 86 468 32 105 139
Feb. 2018 212 203 218 39 405 44 96 127
Mar. 2018 112 227 339 66 424 26 91 203
Apr. 2018 91 185 366 78 384 38 79 219
May 2018 117 177 388 62 380 44 100 220
June 2018 49 138 425 108 360 23 87 250
July 2018 23 211 462 48 372 29 93 250
Aug. 2018 3 74 564 103 374 41 82 247
Sep. 2018 11 65 530 114 398 26 85 211
Oct. 2018 67 114 492 71 435 40 98 171
Total No. 1029 1933 4905 893 4933 421 1158 2248
of Hours 8760 8760

2.2 Battery lifetime estimation

Li-ion battery model is developed according to the generic model
introduced in [28], while its controller is a bidirectional dc—dc converter
that stabilizes the dc link voltage during sudden changes. Actually every

charging and discharging cycle the battery performs; it loses a portion of

its capacity and power capability that is called ageing or degradation.
Different factors affect battery degradation such as time, number of
cycles, temperature, State of Charge (SOC), and cycle depth. For a
complete comprehensive vision for the management strategy of the
overall system, it is anticipated to determine the no. of replacements of
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the battery during the lifetime of the project; consequently the battery
lifetime estimation based on the discharge pattern is considered the most
significant part in the complete management strategy as proposed in this
paper. In fact, different techniques are proposed in several researches but
most of them suffer from some shortcomings as they require detailed
information about battery performance and being complicated and time
consumed as in [29-31] while some other techniques are only valid for
certain type of battery as in [29, 30].

In this paper, in order to avoid further battery degradation, the
battery should not be overcharged or exposed to severe charging or
discharging events and should follow the limitations on State of Charge
(50C) as given in Eq.(1) and (2).

S0C,in < SOC(t) < SOCax (D

imax _charge < i(t) < imin _discharge (2)

Where SOC,,,i,, SOCpppq, present the minimum and maximum allowable
state of charge respectively, while {45 charger imin _discharge define the
maximum charging and minimum discharging current of battery. As well
known, the battery life decreases with the increase in Depth of Discharge
(DOD) described in Eq. (3).

DOD =1-S50C 3

In the applied technique for battery lifetime estimation, varying
depths of discharge and varying rates of discharge are considered.
Basically, the applied battery lifetime estimation is based on the
following three assumptions [32]:
1: The cell has a finite life as it will end up when the cumulative effective
amp-hour (Ah) corresponding to series discharge events equal to life of
cell as given in Eq. (4).

Iz = LgDgCy 4
Where I}, is the Ah life of a cell under actual operating conditions, Ly is
the cycle life at rated depth of discharge and rated discharge current, Dy
is the percentage depth of discharge at which rated cycle life was
determined and Cj, is the Ah capacity of a cell at rated discharge current.
2: The actual charge life of cell is a function of DOD, therefore the
effective Ah discharge in a given discharge event may be more or less
than the actual discharge D based on actual DOD. This assumption deals
with performing a best fit of the following expression.
Uo
L=u (%R) X exp (uz (1 - D%)) 5

These three parameters 1y, u, and u, represent coefficients of the DOD
fitting function. They provide considerable flexibility in fitting to
manufacturer data and give reasonable life cycle vs. DOD relationship
even with very few given data points.

3: The life of cell I; drops whenever the cell is discharged faster than
the rated rate, therefore the effect of discharge rate (d.fr) will be
estimated using a simplified form that depends on actual Ah discharge
d,c¢. and actual Ah capacity of battery C, as in Eq. (6).

Cr
deff. = (C_A) X dget. (6)
Finally, in order to estimate battery lifetime which has been exposed to
series of discharge rate patterns (1) in time period T' corresponding to
the series of discharge events, the accumulative effective discharge can

be calculated as follows:
LgDgCp
Liime = 7o < T 7
i=1 efri
In this study, the Intensium Max Li-ion battery from SAFT Company
[33] is considered as a storage device, the cycle life of battery is plotted

against DOD of the battery as illustrated in Fig 2.
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Fig. 2. Cycle life vs. DOD for high energy Intensium Max Li-ion
battery based on SAFT Company

3. [Energy Management System of the Tested Microgrid

As mentioned before, a new integrated PMRC incorporated with
DSM strategies is implemented for achieving a comprehensive EMS.
The PMRC relies on two-level control based on MAS as illustrated in
Fig. 3. The structure of the MAS is developed using five agents: 1% Agent
for PV system, 2" Agent for wind energy conversion system, 3™ Agent
for fuel cell system, 4" Agent for Li-ion battery system and 5" Agent for

the load.
Start
MAS Control
/ Check Corresponding Conditions for Each Subsystem /
RES ESS
/\/\——\ e e
1" Agent | 2nd Agent 3rd Agent th Agent Sth Agent
PV Wind Battery Load

|m——————— e ——— e e ————————————

i i

! 1
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1
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1
1
1
N V|regulation control (LSPR) :
1
1
1

H Second level of control

Fig. 3: Two-level control for EMS using MAS

The first level of control is responsible for the internal switching
controls for each subsystem in the overall system and each subsystem
checks the input corresponding conditions (solar irradiation and
temperature for the 1% Agent, wind speed for the 2"¢ Agent, hydrogen
pressure for the 3™ Agent and the SOC limits for the 4" Agent), while
the coordinated switching controls for operational mode are
implemented through the second level control. Both PV and wind energy
conversion systems are controlled by boost converters in order to extract
optimum power by applying MPPT techniques. These two agents (1%
Agent and 2" Agent) receive the solar irradiation, temperature and wind
speed data and then send signals to PV & wind turbine breakers to close
when this data is within the nominal predetermined range, and also apply
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the MPPT technique to produce the appropriate duty cycle for the boost
converter.

The algorithm for FC agent (3™ Agent) works out when the
hydrogen tank pressure is above its minimum value, thus the MPPT
technique is applied and sends an appropriate duty cycle to the boost
converter to produce power from the FC while the FC breaker opens
when the hydrogen pressure level is below the minimum limit. The
objective of the battery agent (4" Agent) is responsible for charging and
discharging the battery according to available power and load variations.
Such agent drives the duty cycle command to the boost converter and
switches off the battery in case of overcharging or when SOC reaches the
minimum allowable level. In fact, the battery is controlled by a
bidirectional dc—dc converter, while the FC system is controlled by the
hydrogen flow regulator and boost converter.

Actually, the PMRC implies the actual recorded weather
conditions (wind speed, solar irradiation and temperature data) for a
specific period of time and also initializes SOC and the hydrogen
pressure status based on MAS for each subsystem and the first level of
control. In this paper for normal operating conditions, the hydrogen
pressure H, 05 is within maximum (Hj press max) @and minimum
(Hz press min) allowable limits, which are taken by 0.0001 and 0.04 MPa
for a tank of 1 cubic meter volume. While the battery SOC is kept within
nominal (SOC,,,,) and maximum (SOC,,,,) permissible boundaries of
70% to 90% respectively [34], however, it should be noted that the SOC
is allowed to be as low as 60% (SOCuin criticar) for only critical
operating conditions. DSM strategies are implemented on the load (5*
Agent) to optimize energy consumption and maximize the end-users
efficiency.

In the second level, the PMRC controller takes corresponding
decisions by closing and opening the agents' breakers to meet load
demand. It is constructed to achieve the power balance in every operating
state, maintain battery SOC and the hydrogen pressure within acceptable
limits, and provide the minimum limit for sustaining critical loads as
much as possible according to the priority of shedding during
contingencies.

3.1 Second Level Methodology of PMRC

The proposed PMRC strategy is implemented for the three
possible modes of operation as depicted in Fig. 4; such modes are
implemented against four different scenarios. Generally, the PMRC
system confirms the sustainable operation of the microgrid system via
online central dynamic programming through the coordination between
the hybrid primary energy sources (wind turbine and PV system) and the
hybrid storage system (battery and FC) with loads.

Based on weather conditions, load profile and the state of reserve
for hybrid ESS, the proposed PMRC regulates the load profile that can
be supplied from the system according to predefined priority levels.
Accordingly, the power balance equation of the microgrid can be
expressed as given in Eq. (8), where P is the total power extracted
from RES (Prgs = Pyinp + Ppy), Ppy is the PV power, Py yp is the
wind power, Pp. is the extracted power from fuel cell, while the
electrolyzer absorbed power is denoted by Pg;, and finally the battery
power is expressed by Pg,r in which ‘-’ indicates charging and ‘“+’
indicates discharging. The total load power is represented by P, ,,p for
the summation of the four loads of the microgrid (L1,L2, L3 and L4) as
shown in Eq. (9).

The PMRC system has to manage supplying the load within the
allowable limits of all subsystems. When the wind and solar powers are
high enough (Pgrgs > Proap), represented by both scenarios No. 1
(HWHR) and No. 2 (MWMR), the total load is easily met and the excess

power (Pgxciss) 1S consumed to charge battery and/or produce hydrogen
by the electrolyzer (Pg.,) according to Eq. (10). Such mode is the 1st
Mode of operation, which is called "Excess Power of Primary Source
(EPPS)" and its flowchart algorithm is described in Fig. 5.a. In fact, the
battery is charged and/or the hydrogen is produced as long as the
S0C < SOCpyqy and the hydrogen pressure H, pross < Hj press max and
no power curtailment is done, otherwise the valley filling strategy is
applied by supplying some other water pumping loads. As illustrated in
Fig. 5.a, the PMRC system operates in EPPS mode within three possible
operating states.

Pres + Pec & Ppar = Proap + Priz )
Poap = X loads power =P, + P, + P53 + Py, 9)

(10)

Ppxcess = Pres — Proap = Perz + Ppar

Output Power from 1% Level

v

Proap = Pres + Prc — Perz £ Ppar

Y

).

Pres + Prc+ Ppar
<Proap

4
3" Mode
Load Shedding Mode
(LSM)

Scenario No. 4
ZWZR

Pres + Prc + Ppar
> Proap

Pres > Proap

Yes

1% Mode 2" Mode
Excess Power of Primary Source Load Coverage Mode
(EPPS) (LCM)

Scenario Scenario Scenario
No. 1 No. 2 No. 3
HWHR MWMR LWMR With/Without DSM

\ /

( PMRC decides the operation system state )

Fig. 4: Modes and scenarios for power management regulation control
(PMRC)

On the other hand, during low wind and solar conditions (Pgrgs < Proap)

as represented in scenario No. 3 (LWMR), the deficit power (Ppgricir)

may be supplied from the fuel cell and battery storage by applying Eq.

(11). Such mode may possibly be the 2nd Mode of operation, which is

called "Load Coverage Mode (LCM)" or the 3rd Mode of operation,

which is called "Load Shedding Mode (LSM)".
Poericir = Proap — Pres = Prc + Ppar (11)

Such deficit power (Ppgpicir) 18 checked against the possible
supplied power from the hybrid ESS (summation of Py, and Pg,r). In
case that: Pe¢ + Pgar > Ppgpricir, the SOC is greater than SOC,,,,, and
also the hydrogen pressure H, ;4 is greater than the minimum value
(Hz press min)> the PMRC turns into LCM and no load curtailment occurs
as the total deficit power (Ppgpicir) 1S supplied from hybrid ESS. On
contrary, when: Ppc + Pgar < Ppgpicir, Or the SOC is greater than
S0C,om, that may be considered system contingency, the PMRC turns
into LSM, and thus sequential curtailment for the less priority loads are
carried out with/without applying DSM strategies that is covered in
scenario No. 4 (ZWZR). The flowchart of the algorithm for both LCM
and LSM modes is described in Fig. 5.b.
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Fig. 5: Flowcharts for different operating system states

The PMRC then decides the operation system state based on the of 1 to 4 (EPPS & LCM), while the load demand is partially met
input weather data, load conditions and actual limitations of all according to priority level during systems states from 5 to 9 (LSM).
subsystems. As illustrated in the flowcharts of Fig. 5.a and Fig. 5.b, the
operation system states are distinguished into 9 states. For states 1 and 3.2 Applied Demand Side Management Strategies
3, the battery is switched ON to charge, while it is switched OFF in
state 2 during EPPS mode. During LCM and LSM, the battery Actually, proper energy management can enhance loads
discharges for operation system states 4, 5, 6 and 7, till reaching sustainability. It is anticipated that reducing load or spreading load
SOCin criticar At state 8, and finally switched OFF at state 9. From over time ensures that electric energy is appropriately shared among

microgrid customers. This type of energy management is entitled

load point of view, the total load demand is met during systems states
Demand Side Management (DSM). In fact, the implementation of such
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strategies can bring significant cost benefits to energy end-users and a
reduction in carbon emissions, furthermore, some measures to apply
DSM are not necessarily expensive, and may even be free of charge,
and often easy to implement in developing areas [35].

DSM strategies have different classifications [35], this study
follows three strategies those namely: load shifting, energy
conservation and valley filling as illustrated in Fig. 6.
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Fig. 6: Applied DSM strategies
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Load shifting strategy, shown in Fig. 6-a), reduces the energy
consumption of the daily peak period without having to limit the usage
of appliances as the load is transferred to lower demand periods,
however, the consumers are obliged to change their activities [35].
Such strategy can be implemented effectively on some shiftable
controllable heavy loads as described in Table 4. Implementing load
shifting strategy for P, (t) is modeled by adding shifting factor
S,,(t) that is enhanced by the EMS. Therefore, the expected load P, (t)
can be expressed by [36]:

P,(t) = S,(t) X P,(t) (12)

This shifting factor S; (t) in time t is bounded by time dependent
constraints as the response of a DSM would vary in different periods
of the day as follows:

SLmin (t) < SL (t) < SLmax (t) (13)

For example, when S, ,,;,, (t) equals 0.9, it means that consumers can
reduce a maximum of 10% of their expected load in each time step.
Similarly, when S; ., (t) is 1.1, it is clear that consumers can only
increase a maximum of 10% of their expected load.

The first important feature for load shifting is to decide the total
number of shifting steps ( Ny, ) [37], this can be determined by shifting
duration and shifting increment at every time step (M. which is
specified by the users), as expressed in Eq. (14):

Table 3: Loads that follow DSM strategies

shifting duration _ |tenq —tstart |

NTS = (14)

Nincer Nincer

The shifting duration is determined by two variables: start time (tg¢q.¢ )
and end time (t,.,4) and differs on each other based on whether the
maximum negative and positive shifting steps are defined, assuming
that the controlled period is specified from 0 to 7, T is the end of the
whole control period. Thus, the total demand at each shifting increment
step is determined using Eq. (15), which sums up all the sub-demands
after the load shifting at certain time as follows:

newP,(6) = Y R[j1(®) (15)
=1

Where n denotes the total number of demands, newP, (t) presents the
new total demand at time step t; and P, [](t) is the jth demand profile
after being shifted at time step ¢t.

The goal of applying energy conservation strategy, shown in Fig. 6-b),
is to decrease the entire daily load, by using efficient A++ appliances
and electric equipment or even by raising customers' awareness to have
more concern for the use of energy. Exchanging incandescent light
bulbs by compact fluorescent light bulbs is one of the most known
examples of energy conservation strategy as mentioned in [22] and
[38]. Such strategy is implemented effectively on some loads as
described in Table 3.

Finally, valley filling strategy, illustrated in Fig. 6-c), aims to

built-up energy demand during off-peak periods to smooth out the load
and improve the economic efficiency of the microgrid. Valley
filling is considered for decreasing the waste of energy produced
during the EPPS mode. As clearly shown in Table 3, it is
implemented effectively by adding two scaled loads: water pumping
irrigation for landscape areas and swimming pools.
DSM strategies can be implemented with some measures and
technologies, actually technologies are usually more expensive
solutions than DSM measures, since they require the purchase of
equipment [22]. Three examples for encouraging load management are
recommended to be applied in this study: 1) using efficient appliances
and lighting systems, 2) applying prices incentives and tariffs structure
for load scheduling, and 3) consumer awareness and community
involvement. Furthermore, some technologies are recommended to
apply DSM in this study: smart current limiters, distributed intelligent
load controllers, prepaid meters and advanced metering systems with
centralized communication.

DSM Strategy Load Area Loads
. i i . Dish wash

Load Shifting & Tourist Villages Laundry Eloctric irons Kitchen Blender and Coffee maker

Police Station & Bank Water dispenser, kettle, oven, coffee maker, fans, and small fridges.

E Hospital Lighting, heating system, mechanical ventilation and HVAC.
Consl;?\‘/%l)t’ion Tourist Villages Indoor & outdoor lighting, washing machines and fridges.
Police Station Lighting and some small loads.

Valley Filling Tourist Villages Water pumping irrigation for landscape areas.

Water pumping for swimming pools.

4. Simulation Results for the Proposed System

To show the potential ability of the proposed scheme, the case
study system has been extensively tested under realistic data. The
behavior of proposed scheme is observed for the three possible modes
(EPPS, LCM and LSM) under changing environmental and load
conditions. Some distinctive days are adequately selected (four days) to
covers the four scenarios for the three modes of operation as follows:

= Day 1: 8" of June 2018 representing High wind/High radiation
(HWHR); it characterizes scenario No. 1.

= Day 2: 16" of January 2018 representing Medium wind/Medium
radiation (MWMR); it characterizes scenario No. 2.

= Day 3: 5" of December 2017 representing Low wind/Medium
radiation (LWMR); it characterizes scenario No. 3.

= Day 4: 28" of December 2017 representing Zero wind/Zero radiation
(ZWZR); it characterizes scenario No. 4 with and without applying
DSM.

Actually, the recorded weather data for these four typical days
cover the whole year of study. They are almost repeated seasonally over
the year within same specified ranges for classifications and so they are
selected as inputs for the simulated system with its MAS controllers.
Therefore, the proposed PMRC algorithm determines the mode of
operation as explained before. In the following subsections, the
performance of the local controllers under variation of load profile is
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simulated by the PMRC, hence determining the operating states
according to each mode.

4.1 Results for EPPS mode at Day 1 covering scenario No. 1 (HWHR)

The case of high wind speed with high irradiation is adopted in that
mode. Fig. 7.a shows the variation of wind speed and the corresponding
output power over the 24 hours of Day 1 (8" of June 2018), also the solar
irradiation and temperature and output PV power variation is presented
in Fig. 7.b.

As shown in Fig. 8.a, at the time from 00:00 to 06:00 the power
generated by the wind and FC is greater than the demand load and there
is an excess power which can be utilized to charge the battery till
reaching 88%. Also from 10:00 to 14:00, the PV power is increased as
well as the wind power and the battery is recharged as shown in Fig. 8-
b).
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(b) Solar irradiation, temperature and output PV power
Fig. 7: Weather conditions and corresponding renewable output power
through Day 1 covering scenario No. 1 (HWHR)

Figure 8-c) verifies the power balance as it shows three curves.
The first curve describes the summation of generated power from
sources: Ppy, Pyinp and Pgc, the second demonstrates the summation of
consumed power from loads and the electrolyzer. This difference will be
the third curve which denotes the battery power that will be added to
generation in some intervals (discharging with —ve sign for power flow)
and consumption in other intervals (charging with +ve sign for power
flow).

Due to the sequential alternating between charging and
discharging events, the no. of battery cycles increases significantly over
a complete day which results in fast aging of the battery. At 06:00 and
10:00 the difference in the power available can be utilized in connecting
the prescribed valley filling load with a value of about 5 kW that is
considered the reasonable sizing for the studied system as illustrated in
Fig. 9. It is clear that the step or cyclic changes in the heavy loads of L2
and L4 that occur over the 24 h will result in some spikes compared to

the unnoticeable spikes in L1 and L3.
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a) Power trends including wind power, PV power, battery and FC
with total load profile
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(b) Output battery power and corresponding SOC
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(c) Comparing generated power of PV, Wind & FC versus consumed
power of Loads & Electroyzer
Fig. 8: Generated and consumed power with the battery performance
through Day 1 covering scenario No. 1 (HWHR)
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Fig. 9: Load profile with valley filling load through Day 1 covering
scenario No. 1 (HWHR)

As deduced, the PMRC receives the input weather signals based
on the MAS that in turn provides the MPPT operation of each subsystem
hence the PMRC determines the operating mode. Accordingly, EPPS is
completely verified at this scenario.
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4.2 Results for EPPS mode at Day 2 covering scenario No. 2 (MWMR)

Day 2 (16" of January 2018) covers scenario No. 2 (MWMR). In
that case, the wind speed and solar radiation ranges for most of the day
lie in the medium range of the predefined classification. Thus, the excess
power available from the RES for the day interval time is sufficient to
charge the battery for particular hours and also the available excess in
power can also be utilized for connecting the valley filling load.
Therefore, the PMRC successfully achieves the EPPS mode verifying its
operating system states.

4.3 Results for LCM mode at Day 3 covering scenario No. 3 (LWMR)

Day 3 (5" December 2017) covers scenario No. 3 (LWMR), in
which LCM is activated. It verifies the robustness of the multi controllers
subsystems, when the power supplied by hybrid RES is not sufficient to
meet all load demand requirements along the 24 hours while the hybrid
ESS is within its operational boundaries and can cover the unmet loads
requirements without any curtailment, as illustrated in Fig. 10, from
00:00 to 04:00 and from 16:00 to 24:00. As shown, at the time of 15:00
when the load profile has decreased to about 120 kW, the FC power is
sufficient to supply most of the deficit power and the battery controller
has reduced its power to save its life time according to the PMRC
algorithm.

<10° Power (Watt)
T

2.5

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)

Fig. 10: Generated power trends including wind power, PV power,
battery and FC with total load profile through Day 3 covering scenario
No. 3 (LWMR)

4.4 Results for LSM mode at Day 4 covering scenario No. 4 (ZWZR)
without applying DSM

Two cases in scenario No. 4 for zero wind/zero radiation
(ZWZR) may occur in the LSM mode, where complete contingency of
the system has been adopted in this study during Day 4 (28" of
December 2017). According to Table 2, a low wind speed with low solar
irradiation is considered in that day. The PMRC algorithm checks the
status of hybrid ESS (FC available power and the battery SOC) and the
variation of load conditions with its predetermined priority level, then
the PMRC impels to curtail the lesser level priority load sequentially.

Without applying DSM, as depicted in Fig. 11.a, according to
ZWZR there is a low generated power from the hybrid RES that is not
able to totally supply the load profile, however the FC power can supply
the load with the assistance of battery units. The initial SOC of the battery
units was at SOC,, 4, of 90% and then decreases with the full utilization
till reaching the predetermined critical limit of operation
(SOCpin criticar = 60%) at t = 16:00. As expected, the no. of battery
cycles here for discharging events over the whole day, as illustrated in
Fig. 11.b, is low compared to Day 1 (EPPS mode) and thus the aging of
the battery will be slower. Here the PMRC algorithm checks the
availability of the reserve power of hybrid ESS to supply the variations
of loads and if that reserve of power is not sufficient, sequential
curtailments will take place according to the predetermined priority level
in Table 1. It starts by the air conditioning load for the villages (L4-3A
then L4-2A then L4-1A with low priority levels: 9, 8 and 7) from t =
2:00 till 5:00 passing by the lighting & service loads for villages (L4-3B
then L4-2B then L4-2B with moderate priority levels: 6, 5 and 4) at t
=6:00 to 9:00 as shown in the last graph of Fig. 12.

The third graph of Fig. 12 describes the variation of L3 (services
for the police station & the bank with priority level: 3) till the full
curtailment at t = 13:45 whenever the SOC is below than the nominal
value of 70% and the capacity of the reserve power in hybrid ESS is not
sufficient to supply total loads at this time.

As depicted in the second graph of Fig. 12, the heavy load
industries (L2-1, L2-2), which have the highest priority, are kept
supplied in this mode although their consumed power is gradually
increasing. But at time t = 16:30, as the SOC reaches the SOC\piyy criticais
the food and packaging industry (L2-3) is cut off for a certain period to
maintain the sustainability for the most critical loads represented by the
hospital (L1), the steel and the cement industries (L2-1, L2-2) from t
=16:30 to 24:00 as illustrated in Fig. 12, at this while in order to preserve
the lifetime and the capacity Ah limit of batteries, it is recommended for
batteries to be entirely switched off, while the FC remaining power is
responsible for supplying the rest of loads as illustrated in the Fig. 11.b.
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Fig. 11: Generated and consumed power with the battery performance
through Day 4 covering scenario No. 4 (ZWZR) without DSM
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Fig. 12: Detailed L1, L2, L3 and L4 profile variation through Day 4
covering scenario No. 4 (ZWZR) without DSM
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4.5 Results for LSM mode at Day 4 covering scenario No. 4 (ZWZR)
when applying DSM

Some of the pre-described DSM strategies are also implemented
for Day 4 (ZWZR) to estimate the improvement of load sustainability
while minimizing end-users consumption costs. According to Eq. (12)
and (13), the minimum selected shifting factor, applied on some of the
aforementioned shiftable loads, is considered by S;,,;,, (t) = 0.8. The
load shifting and energy conservation strategies that can be followed by
some of the pre-described loads contribute in reducing power

consumption compared to the same loads without applying DSM at the
same day are described in Table 4. It summarizes the peak load demands
with and without applying DSM strategies for the four loads and the peak
load reduction. It also demonstrates the curtailment time duration with
and without DSM. It can be observed that implementing DSM strategies
reduces the peak load demand for each load. Actually, however that the
PMRC algorithm verifies LSM mode for that day and sequential
curtailment of loads are occurred, but Fig. 13 ensures that the loads are
more sustainable for greater time intervals over that day when applying
DSM strategies.

Table 4: Load sustainability with and without DSM through Day 4 covering scenario No. 4 (ZWZR)

Without DSM With DSM
Area Lo?d Priority Peak Load Curtailment Peak Load Curtailment Peak- Percent-a ge
Serial Level Load Duration Load Duration Reduction Reduction
(kW) (kW) (kW) (%)
Hospital L1 1 15.6 0 8.0 0 7.6 48.7
L2-1 1 0 0
Industries L2-2 1 49.0 0 46.0 0 3 6.12
1L2-3 2 7 h and 30 min. 3 h and 30 min.
Police and L3 3 10.50 10 hand 15 min. 8.15 7h 235 22.38
Bank
L4-1A 4 19h 15h
L4-2A 5 20 h 16 h and 30 min.
Tourist 1L4-3A 6 22 h 18 h and 30 min.
Villages L4-1B 7 17.27 15 h and 30 min. 12.20 9h >.07 2935
L4-2B 8 16 h and 30 min. 12h
L4-3B 9 18 h 13h

As the simulation results confirm that the proposed DSM
strategies have succeeded in substantially decreasing the peak load
demand, considerable cost savings are achieved for the tested Day No.
4, which may be repeated for three months over the year. To estimate
such cost saving, the electricity cost should be considered, which is
varied over time daily and seasonally. To study the economic benefit
of the integrated EMS with DSM penetration in the proposed system,
the electricity cost data is extracted from Nord Pool website [39] to
get the average daily cost for days 25th - 28th of January 2019 as given
in Fig. 14. Therefore, the total electricity cost of the microgrid load
without applying DSM strategy is estimated by $ 8807.299 for 90 days
with the worst case scenario (ZWZR) similar to Day 4 (28" of
December 2017) that is repeated seasonally over the year; whereas
such operating cost will decrease to only $7292.37 when applying
DSM strategies, resulting in 17.2% saving in cost.
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Fig. 13: Detailed L1, L2, L3 and L4 profile variation through Day 4
covering scenario No. 4 (ZWZR) with applying DSM

Meanwhile, it is worth mentioning that the growth of
controllable loads with large scale values results in increasing the net
savings of consumer costs, moreover the study for the DSM strategies
over the whole year ensures more gross savings. The DSM strategies
were applied based on a day-ahead load shifting, valley filling and
energy conservation strategies and thus can be generalized for large

microgrids with large scale loads. In such case, it is expected to give
better simulation results for both cost saving and load sustainability
especially when the study is implemented for complete year.
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Fig. 14 Hourly cost data (average for 25th - 28th January 2019) [39]
4.6 Results for the battery lifetime estimation

As previously discussed, the value of discharge current has significant
effect on battery aging. This impact is evaluated in Eq. (6) and Eq. (7),
it requires the battery data such as the depth of discharge vs. number
of cycles, current vs. capacity and discharge pattern, i.e. the discharge
current vs. discharge time. The charge and the discharge pattern events
for the Li-ion battery are simulated for all dominant weather scenarios:
HWHR, MWMR, LWMR and ZWZR taken into consideration that
these tested scenarios cover the whole year and the project lifetime is
about 20 years. Based on SAFT Company technical specification [33],
the Intensium Max Li-ion battery is selected as one of the most
convenient type of batteries for such microgrid projects, the calendar
lifetime is greater than 25 years at normal operating conditions of 25
°C which is suitable for Zaafarana site as the average recorded
temperature for the studied year was 19 °C, while the minimum and
maximum recorded temperature was 6 °C and 42 °C respectively.
Table 5 summarizes the estimated loss of battery life in years for each
scenario based on its simulation results and the pre-described battery
performance.
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Table 5 Battery loss of life estimation in years for each scenario

punc | Luimaed
Weather Scenario Mode :
of operation of life
(years)
High wind/High radiation EPPS 308
(HWHR) over 3 months )
Medium wind/Medium EPPS
radiation (MWMR) over 3 1.99
months
Low wind/Medium radiation LCM 277
(LWMR) over 3 months )
Zero wind/Zero radiation LSM 08
(ZWZR) over 3 months )
Overall operation over a year 8.84

Actually each weather scenario is repeated for around 90
days/year, as depicted in Table 5, for example the HWHR scenario in
the EPPS mode reduces in the calendar lifetime of battery about 3.28
years and the total operation of the four scenarios in a year reduces the
calendar lifetime of the battery about 8.84 years. Since the original
calendar lifetime of battery is about 25 years so the estimated battery
lifetime in a complete year of operation for cumulative possible modes
of operation is reduced to about 16.16 years which clarifies that the
regular replacement for such a battery will be within around three
years during the lifetime of the project. Such results are in full
agreement with studies [40], [41] that consider batteries replacement
within two or three years. However, combining two batteries with
diesel generation as in [42], the replacement of the Li-ion batteries is
improved to three times in project lifespan. Recently, it may be
recommended to extend and improve the lifetime of battery by
combining other types of storage systems with battery such as two
battery units as in [41] or when utilizing a battery-supercapacitor-
hybrid storage system as proposed in [43-45].

4.7 Summarizing Dynamic Operating System States for Three Tested
Days

As discussed before, the proposed PMRC generates the proper
operation system states based on the scenario of input weather data,
load profile and actual limitations of all subsystems. Fig. 15
summarizes the achieved system states along the 24 hours for three
simulated days. As shown, Day 1 represents EPPS mode (states 1 to
3), while Day 3 characterizes LCM in state 4. LSM is illustrated (states
5 to 9) for Day 4 when either DSM is applied or not. As shown, a
seamless mode transfer between the three modes of operation is

verified.
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Fig. 15: Operating system states for Day 1, 3 and 4

5. Conclusion

A power management and control strategy for a hybrid RES
and hybrid ESS microgrid operates as standalone in a remote area is
presented. Coordination and exchanging between the available and the
reserve power of the two renewable energy sources based on an
integrated EMS with DSM using two-level control based on MAS is
proposed. An online central dynamic EMS is achieved with realistic
data for a typical year analysis to achieve load requirements. The
performance of the proposed control strategy is evaluated under
different weather scenarios HWHR, MWMR, LWMR and ZWZR.

24

The PMRC generates three modes of operation EPPS, LCM and LSM.
The EPPS and LCM are two effective operating modes in achieving
load sustainability while the LSM is achieved based on both limits of
battery SOC and the hydrogen pressure of the FC. LSM is
implemented according to the priority level for loads.

As the batteries are the most expensive part of microgrids,
estimating battery lifetime for the all possible modes of operation has
been also verified for further EMS enhancement. Based on the battery
discharge patterns, the possible weather scenarios in a year have
reduced the calendar lifetime of battery by 8.84 years resulting in
regular replacement for such a battery within three years during the
lifetime of the project.

Several DSM strategies based on load shifting, valley filling
and energy conservation are presented under complete system
contingency scenario which represents three months a year. Such
strategies result in peak demand reduction and 17.2% electricity
consumption saving besides better load availability for the curtailed
loads in the LSM. Thus, the proposed PMRC with the corporation of
the DSM strategies offers an obvious advantage as it can prevent the
system from totally blackouts in the event of either the uncertainty of

renewable sources conditions or inadequate energy reserves.
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