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Abstract—This paper proposes a rule-based peak shaving
method using master-slave level optimization and presents its
impact on an isolated diesel generator (DG) supplied microgrid.
The DG is connected to low voltage (LV) ac bus through a back-
to-back converter. This DG supplies power to a modified CIGRE
residential distribution system which consists of residential loads
and renewable energy sources (RESs). In such a system the fuel
consumption of DG not only depends on the LV ac bus power
requirement but also on its rated power. The rated power of DG
can be reduced through the peak shaving application. In this
scenario, a battery energy storage system (BESS) is connected
at dc bus of the back-to-back converter for the peak shaving
of DG power. The rule-based peak shaving method is proposed
for determining BESS charge/discharge schedules considering the
day-ahead LV ac bus powers over a day as inputs. For that firstly
the LV ac bus powers are optimally obtained using a slave level
optimization. In order to obtain the optimal peak DG power a
master level optimization is used which determines the optimal
control inputs for the rule-based control. The proposed peak
shaving control method is tested in MATLAB.

Index Terms—Battery energy storage systems, diesel generator,
isolated microgrid.

NOMENCLATURE
A. Notations

ne{na} Battery charging{discharging} efficiency

Cag Coefficient of DG energy to charge bat-
tery

e Tolerance of regula falsi method

Ey 4 Dischargeable energy of battery
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1.

Available LV ac bus injected{DG} en-
ergy to charge battery over a day
Required energy for charging{to be dis-
charged by} battery over a day

Energy rating of battery

Energy generated by RESs{exported to
PHS} over a day

Fuel consumption of DG

Number of loads{RESs}

Battery charge{discharge} power limit
LV ac bus injected{DG} power used to
charge battery

Available LV ac bus injected{DG} power
to charge battery

Battery charge{discharge} power

Peak power drawn from DG over a day
Power rating of DG

DG bus power in worst case scenario
DG{pumped hydro storage} power
Power loss

Operating LV ac bus demand{feed-in}
limit

Initial LV ac bus demand limits

LV ac bus demand{feed-in} limit

LV ac bus demand{injection} power

LV ac bus, battery and DG bus powers
Each load{total load} power
Active{reactive} power supplied by RES
converter

Power supplied by RES

Minimum Power factor of RES convert-
ers

Power factor{kVA rating} of RES con-
verter

Self consumption rate of the system
SoC at the start{end} of the day

SoC lower{upper} limit

Forecast horizon

Time

Time slots when available optimal LV ac
bus injected power to charge battery is
more than LV ac bus feed-in limit

Each time slot duration
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ta, te Discharging mode and charging mode
time slots

TFCy, Total fuel consumption of DG

Vor Voltage rating of battery

Viu{Vi} LV ac{load} bus voltage

Vinin{Vimaz } Minimum{maximum} bus voltage limit

B. Indices

i Index of loads

j Index of RESs

0 Index of optimal value of the variables

I. INTRODUCTION

Isolated microgrids (MGs) are important to support the
loads which are not connected to utility grid supply [1]. The
isolated MGs depend on diesel generator (DG) for power
supply due to their low installation cost, simple and reliable
operation. However, the high operating cost is the main disad-
vantage of DGs which depends on its fuel consumption. The
use of renewable energy sources (RESs) and battery energy
storage systems (BESSs) is encouraged to avoid high operating
cost of DGs [2]. In [3], the benefits of integrating BESS
with DG such as system life improvement, fuel consumption
reduction, and improved reliability of the power supply system
are presented. In [4], [5], BESS is used along with RESs for
minimizing the daily energy cost of the system which involves
the fuel consumption of DG. In [6], optimal sizing of the
RESs, BESS and DGs is done for minimizing the energy cost
and life cycle cost of the system. In [7], optimal sizing of the
RESs and BESS is done for minimizing the annual cost of
DG based isolated system. The RESs like photovoltaiv (PV),
wind power sources and BESS are connected through power
converters to the distribution network. These power converters
with their ability to operate in grid forming mode and grid
following mode are known as smart power converters [8].

Several applications of smart power converters are presented
in literature. The use of smart power converter to maintain
constant ac bus voltage in DG based systems is presented in
[9] and [10]. When a DG is used to supply power to an MG
connected at low voltage (LV) ac bus, its fuel consumption
mainly depends on the LV ac bus power. It is possible to
reduce this LV ac bus power using smart power converters.
In [11], the unified power quality conditioner is used to
minimize power requirement of a distribution network. In [12],
reactive power control strategies for minimizing the power
requirement in a wind farm system are presented. In [13], the
reactive power control through PV inverters is employed to
minimize the power requirement while improving the voltage
profile of distribution network. In [14], [15], smart power
converters are operated in grid forming mode to reduce the
load demand through LV ac bus voltage magnitude control. In
[16], [17], the impact of voltage and reactive power control
using smart power converters is presented for reducing the
power requirement of the system.

However, considering the DG based systems it is not suffi-
cient to reduce the power requirement of the system in order
to reduce the fuel consumption. Because the fuel consumption
depends on the rating of DG along with the power requirement
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[18]. The rating of DG can be reduced by the peak shaving
control. In [19], an offline heuristic algorithm named MinPeak
is developed to minimize the peak power consumption while
scheduling the controllable appliances of the system. However,
the application of the energy storage is not considered. In [20],
an online computational approach is developed for minimizing
the peak grid demand considering the electric vehicle (EV)
charging. In [21], a heuristic algorithm is developed for mini-
mizing the EV charging cost as well as the peak demand while
controlling the charging powers of EV. However, the control
of battery power during discharging is not discussed in [20],
[21]. In [22], an online algorithm is proposed to minimize the
peak demand usage while determining the discharge quantity
of the energy storage. However, the control of battery power
during charging is not considered.

Further, the peak shaving control using demand and feed-
in limits with the application of the battery is presented in
literature. The maximum limit of power that is drawn from
(injected into) a bus is known as the demand limit (feed-
in limit) at that bus. In [23], peak shaving is done through
demand limit using coordinated control of PV and energy
storage systems. In [24], energy storage is used for the peak
shaving considering demand limit in order to enhance the
reliability of supply. In [25], demand limit is considered to
modify the load shape and minimize the energy cost of the
system. In [26], demand limit is considered to operate the
appliances of the system economically. In [27], the peak
shaving is done while minimizing the operating costs of the
system. The demand limit is considered as a constraint. The
trajectory of state of charge (SoC) of the battery, set points
of voltage regulating devices, and reactive powers DERs are
considered as control variables. The optimization problem is
formulated as mixed-integer second-order cone program which
is handled by CPLEX solver. However, the number of control
variables are more as the trajectories are considered to be
controlled (e.g. considering the SoC trajectory as the control
variable leads to twenty four control variables over a day with
hourly dispatch of the battery). Moreover, in [19]-[27], the
feed-in limit is not considered.

The importance of peak feed-in limit for voltage control in
distribution systems is presented in [28]. In [29], the feed-in
limit is considered for the peak shaving, but the demand limit
is not considered. The efficiency of the system is improved
with the consideration of both demand and feed-in limits.
Recently, a rule-based peak shaving control with demand and
feed-in limits is proposed in [30]. The method of determination
of control inputs for the rule-based control is discussed. The
control inputs are determined such that they depend on a
single control variable known as the dischargeable energy
of the battery. Further, the rules of the peak shaving control
are formulated such that the battery schedules depend on the
control inputs of the day. This avoids the consideration of the
SoC trajectory as the control variable for minimizing the peak
demand. Accordingly, the rule-based peak shaving control is
optimized by determining the optimal control inputs while
controlling the dischargeable energy of the battery. However,
there are certain limitations in [30] as given follows.

1) The battery charge/discharge efficiencies and its power
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limits are not considered while determining the control
inputs and formulating the rules of the proposed control
method.

2) The load and RESs power values are used as different
inputs for deciding the charge/discharge modes of the
battery. Accordingly the control inputs are determined and
the rules for the peak shaving control are formulated. These
are not applicable when there is only one input power such
as net load power at a bus is available (e.g. DG supplying
the LV ac bus power requirement).

Consideration of charge/discharge efficiencies, power limits

of the battery and availability of one input power requires

modifications to the rule-based peak shaving control proposed
in [30]. Accordingly, in this paper the modified rule-based
peak shaving control is proposed i.e., the charge/discharge
modes of the battery, the control inputs and the rules of
the peak shaving control are modified while addressing the

limitations of [30].

Further, to the best of our knowledge the impact of the peak
shaving control in a DG supplied MG is not discussed in the
existing literature. To fill this research gap, in this paper the
impact of the proposed peak shaving control on DG rating, fuel
consumption of DG and self consumption rate of the system
is presented. In summary the contributions of the paper are as
follows:

1) To propose a rule-based peak shaving control using BESS
while minimizing the LV ac bus power using the back-to
back converter and RES converters.

2) To know the impact of the proposed rule-based peak
shaving control on the DG rating, fuel consumption of DG
over a day and self consumption rate of the system.

The remainder of the paper is organized as follows: Section
IT and I describe the system model and the overview of
proposed control, respectively. Section IV discusses the slave
level optimization. Section V presents the determination of
operating modes and control inputs of rule-based peak shaving
control. Section VI and VII discuss the determination of the
battery schedules and master level optimization, respectively.
The obtained results are presented in Section VIII and con-
clusions are given in Section IX.

II. SYSTEM MODEL

The considered isolated DG supplied MG system is shown
in Fig 1. The MG represents the modified CIGRE residential
distribution system [10], [31]. The resistance and reactance of
lines are chosen as per [31]. The different components of the
system are discussed as follows.

A. Loads

There are different residential loads L1, L2, L3, L4 and L5
connected at bus 7, 8, 9, 10 and 11, respectively. The constant
power loads are considered with an operating power factor of
0.85 lagging.

B. RESs

Wind power sources Wind 1, Wind 2 and Wind 3 are present
at bus 8, 9 and 11, respectively. The PV source is connected at
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Fig. 1. Considered isolated MG system [10], [31].

bus 10. These RESs are connected through power converters to
the load terminals. The dc/ac power converters used to connect
RESs to the LV ac system i.e., WC1, WC2, PVC and WC3
are considered as RES converters.

C. RES Converters

RES converters are operated in grid-following mode to
maintain the required active/reactive powers. The active power
of the RES converters i.e., P, is considered the same as PJ,
which is the maximum power point (MPP) power available
from the RESs. The @7, is chosen optimally which will be
discussed in following sections. The power balance equation
at the LV ac bus with load and RES converters powers is given
in (1).

P (t) = Zpll(t) + Ploss(t) — Z ch(t) (1)
i=1 j=1

where ¢ represents the time interval [(t — 1) x T, ¢ x T,.] with
T. = 1 hour. The P, is used for obtaining Pj,q and Pj,; as
given in (2) and (3), respectively
Bvd(t) = Plv(t>7 Pl'u >0
= 0, otherwise.

2
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-le(t) = *Plv(t); -Plv § 0
= 0, otherwise.

3)

D. Back-to-back Converter

Back-to-back converter operating in grid forming mode is
used to maintain the voltage and frequency at the LV ac bus
as per the requirement. The frequency is maintained at 1 p.u.
where as the LV ac bus voltage is optimally controlled which
will be discussed in following sections.

E. Battery

Battery is connected at point of common coupling (PCC)
i.e., dc bus of the back-to-back converter through a dc-dc
converter. This converter is considered to be operating in grid
following mode to maintain its power as per the required
charge/discharge schedules. The P, is given in (4),

Pb(t) = 7Pb_c(t)/77c, vVt € t.

4
= Dy_a(t) X na, Vt € tg. @

The charge/discharge schedules of the battery are obtained
optimally using the proposed rule-based peak shaving control
which will be discussed in following sections.

F DG

The DG is used for balancing the deficit demand of the
distribution system. It is connected to ac/dc converter of the
back-to-back converter. The bus to which DG is connected
is called as DG bus. The DG bus power ie., Pyg(t) is
determined using (5).

Pagp(t) = Pr(t) — Po(t). (5)
The Py, is calculated using FPyg as given in (6).
Pag(t) = Pags (1), degb >0 ©)
= 0, otherwise.
The fuel consumption of DG is given in (7).
FCluy(t) = (a x Pag(t)) + (b % Payy) )

where a and b are chosen as 0.246 L/kWh and 0.08415 L/kWh
, respectively [32].

G. Pumped Hydro Storage (PHS)

If there is injected power available at DG bus, it can not
be taken by DG. In general, the excess power available in
the system is sent to either a dump load or any storage
device if available in isolated MGs. Since the dump load is
a combination of resistors, its usage leads to the wastage of
excess power. To avoid this, in the considered system it is
assumed that PHS is available to take care of the excess power
[33]. In this work, the PHS is charged with the excess power
available in the system after the optimal utilization of the
battery. The PHS power depends on DG bus power (difference
between distribution system power requirement and the battery

power) as given in (8),
Pphs(t) = _Pdgb(t)a Pdgb <0

= 0, otherwise.

®)
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The detailed operation and discharging phenomenon of PHS
is not the scope of this paper.

III. OVERVIEW OF THE PROPOSED PEAK SHAVING
CONTROL

The overview of the proposed control is shown in Fig. 2. It
includes various steps to realize the minimization of peak DG
power which are discussed as follows.

Step 1: Day-ahead Forecasting of Load and RES Powers

The day-ahead forecasts of load and RES powers are
required to determine the optimal LV ac bus powers. In recent
years, several studies have been conducted for forecasting load
and RESs power [34]. Data driven approaches for forecasting
the RES and load power values have gained popularity due to
the increased availability of monitoring data [35]. This mon-
itoring data mainly includes weather forecast and historical
energy usage data. Therefore, using the data driven approaches
such as statistical and machine learning methods, the required
day-ahead load and RESs power can be forecasted [36]. In this
work, it is assumed that these forecasts are available. All the
powers defined in the paper are obtained using these day-ahead
forecasts which are further used to determine the day-ahead
schedules of the battery.

Step 2: Slave Level Optimization

The slave level optimization is used to minimize the LV
ac bus power while controlling the LV ac bus voltage and
reactive power of RES converters at each time of the forecast
horizon i.e., one day (7" = 24 h). This is performed for the
whole day in order to obtain the LV ac bus power curve over
the day. The constraints of the optimization problem are load
bus voltage magnitudes and RES converters ratings. Therefore,
the slave level optimization helps in maintaining the load bus
voltages within the grid code limits at all the times of the day.
Moreover, the minimization of LV ac bus power through slave
level optimization leads to the reduction of the power drawn
from the DG which helps in the reduction of peak DG power.

Step 3: Determining the Operating Modes and Control Inputs
for Rule-based Peak Shaving Control

The operating modes of the battery and control inputs for
rule-based peak shaving are determined using the LV ac bus
power curve of the day which is obtained through slave level
optimization. The operating modes of the battery are chosen
such that peak DG power is limited to the LV ac bus demand
limit. The LV ac bus demand limit is defined as the optimal
LV ac bus demand above which DG is not used to supply
power to the system.

The control inputs for rule-based peak shaving are deter-
mined such that they depend on a control variable known as the
dischargeable energy of the battery. The dischargeable energy
of the battery is defined as the amount of energy that can be
discharged from the battery over the forecast horizon without
violating its power and SoC constraints. In this scenario, there
exists a dischargeable energy of the battery which results in
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minimum peak power over a day. It means that the control  subjected to
inputs of rule-based peak shaving control are same for the
whole day corresponding to the dischargeable energy of the 1) Power balance constraint
battery of that particular day. This indicates that the control - .
inputs have to be determined only once per day. _ j j
p y once per day Pio(t) = Y Pit) + Pioss(1) = Y PL(8).  (10)
i=1 j=1
Step 4: Determining the Battery Schedules Using the Rules of 2) Bus voltages constraint
Peak Shaving Control )
. Vinin < V() < Vinae- 11
The rules of the peak shaving control are formulated based min < V' (8) < Vinaa (n
on the control inputs which are obtained in Step 3 to decide 3) RES converters constraints
the charge/discharge schedules of the battery over a day. ]
pfrcfmin S pf'r]‘c(t) S 1. (12)
Step 5: Master Level Optimization j j j
P pimiz (Pe(t))? + (Qrc()? < Sfey- (13)

The master level optimization minimizes the peak DG
power while controlling the dischargeable energy of the bat-
tery. The control inputs corresponding to the optimal dis-
chargeable energy of the battery are considered as the optimal
control inputs for rule-based control.

From the aforementioned Steps 1-5, it can be seen that the
master level optimization has to be done only once per day
whereas the slave level optimization is performed twenty four
times per day (for hourly dispatch of the battery). Also, it is not
possible to solve master level optimization problem without
the knowledge of the slave level optimization results of whole
day. Because the peak power cannot be determined without
knowing the powers of the whole day. Therefore, the master
and slave level problems cannot be formulated as a single
optimization problem as they are two separate problems which
do not involve any decomposition.

These steps are explained in detail in following Sections.

IV. SLAVE LEVEL OPTIMIZATION

In this level, the LV ac bus voltage and RES converters are
optimally controlled to minimize the power requirement of
the LV ac bus for each time of the day. The fitness function
is given in (9) and constraints are given from (10)-(13).

minimize f = 320", P (t) + Pioss(t) — Z;lll PL(t). (9
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The objective is to minimize the power drawn from the LV ac
bus as given in (9). Equation (10) shows the power balance
constraint at the LV ac bus neglecting power converters losses.
Equation (11) indicates the load bus voltage magnitude con-
straint. The V,,;,, and V,,4, are chosen as 0.95 p.u. and 1.05
p-u., respectively [37]. The constraints of power factor and
kVA rating of RES converters are presented in (12) and (13),
respectively. The p frc_min 18 chosen as 0.8. Note that the line
thermal limits are not incorporated in optimization problem.
They are assumed to be satisfied as the normal operation of the
system is considered in this paper without any contingencies
and the installed capacity of RES at each load is less than the
rated load power. The chosen fitness function is a non-linear
function. The genetic algorithm (GA) is a well-known meta
heuristic optimization algorithm for solving complex nonlinear
problems [38]. It has been successfully applied to solve real-
life complex problems of various fields such as economics,
engineering and management [39]. It maintains the diversity
in population to avoid the solutions to stuck in local optima.
Therefore, GA is used to solve this optimization problem. For
GA it is important to choose parameters such as population
size, rate of mutation and crossover etc., carefully to avoid
any possible risk of non-convergence. The default values are
chosen for various parameters of GA as per GA solver in
MATLAB, except for population size [40].
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The population size is an important parameter to choose.
Because if it is small, the convergence might not be achieved
and if it is big, the algorithm takes more time to get con-
vergence. Therefore, population size is chosen based on the
number of control variables. There are five control variables in
this optimization i.e., the LV ac bus voltage and reactive power
of RES converters. Further, in GA it is possible for different
runs to provide different optimal values. Therefore, to avoid
any sub-optimal solutions and guarantee global optimum solu-
tion the population size is tuned such that multiple simulation
runs converge precisely to the same value and chosen as 50.

The control variables V;,, and )7, are chosen as given in
(14) and (15)

0.95 < V3, (t) < 1.05. (14)

0< QZ;C < (tan(cos‘l(pfrc_mm)) X Schr)' (15)

The solution of the chosen optimization problem provides
the optimal control variables and thereby optimal LV ac bus
power values as output. These optimal LV ac bus power values
obtained over a day are used as inputs to the proposed rule-
based peak shaving control.

V. DETERMINING THE OPERATING MODES AND CONTROL
INPUTS FOR RULE-BASED PEAK SHAVING CONTROL

A. Operating Modes

1) Discharging Mode: In order to limit Pyy(t) to Ppq, the
battery should be discharged whenever the optimal LV ac
bus demand is more than the LV ac bus demand limit.
Therefore, the discharging mode is during the time ¢4 when
P y(t) > Puar.

2) Charging Mode: It is possible to charge the battery when-
ever the optimal LV ac bus demand is less than the LV ac
bus demand limit. Therefore, charging mode is during the
time t. when P ;(t) < Pa.

Now, the determination of control inputs of the rule-based peak
shaving control is discussed as follows.

B. Control Inputs

The required inputs for the proposed rule-based peak shav-
ing control are determined using the optimal LV ac bus
power values obtained from the slave level optimization. The
sequential order of determining these control inputs is shown
in Fig. 3. The importance of each control input along with its
determination process is discussed as follows.

1) LV ac Bus Demand Limit: In order to limit Pg,(¢)
to Pjyqi, the battery has to supply the required power of
(P2 4(t)— Pryar) during discharging mode. However, consider-
ing discharging power limit, battery discharge power is given
in (16),

Py_a(t) = (P5q(t) — Prwar)/na, (Pha(t) — Pwar) < Pi_g
= P4, (Poq(t) — Puar) > Pl_g
(16)
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CStart >

Determine LV ac bus bus demand limit |

Determine required energy for charging
battery over a day (Ep..)
J

Determine available optimal LV ac injected energy to
charge battery over a day( Eomi-od
\

Eulv[ < Eb,(-

‘Determine LV ac bus bus feed-in limit ‘

. Yes
Determine available DG energy to charge
battery over a day (Ez.c)
L

Determine coefficient of DG energy (Cy,) ‘
N
End >

Fig. 3. Sequential order of determining control inputs of the proposed peak
shaving control.

Then required energy to be discharged by the battery is
determined as given in (17)

T
Ey 4= Z Py_q(t) (17
t=1
Now, the LV ac bus demand limit is determined such that
the energy to be discharged by the battery is equal to the
dischargeable energy of the battery i.e.,

Ey_qa=Ey_g. (18)

Here, the dischargeable energy of the battery is considered as
a control variable which varies between 0 kWh and E;_,.

0< Ef_ < FEyp_,. (19)

From this range, F;_, is chosen optimally through the mas-
ter level optimization which will be discussed in following
section. Substituting (17) in (18) gives

T
S Pyalt) — Bi_g =0 (20)
t=1
Equation (20) is in form of f(Pug) = 0, with Pugq as
independent variable. It means the problem of finding the LV
ac bus demand limit becomes a root finding problem. In order
to solve this, regula falsi method is used [30].

According to regula falsi method (P,q11, Ploai2) are chosen
such that f(Pjyq1) is positive and f(Pj,qi2) is negative. Then,
Ppyaio 1s determined as follows.

1
E(O — f(Pwa1)) + Proai1, where

_ f(Praiz) — f(Prodn)
(Pwaiz — Pioan)

Using (21), we determine f(Pjyqi0). When |f(Pryai0)| < e,
Piyaio becomes Ppyq. When | f(Ppaqi0] > e, either replace
leill by PlU[ilO if f(Plvle) > 0 or replace Plvde by ]Dlvdl()
if f(Pyyaio) < 0. Then, continue the above process till P, 410
becomes Pjyq;.

Pryaio =
2D
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2) Required Energy for Charging the Battery Over a Day:
For flexible day-to-day management, the battery has to be
charged with same energy that is to be discharged by the
battery. Therefore, required energy for charging the battery
is equal to energy to be discharged by the battery over a day
as given follows.

Eyoc=FEyq=E}_,. (22)

3) Available Optimal LV ac Bus Injected Energy to Charge
the Battery Over a Day: The required energy for charging the
battery has to come either from the LV ac bus or DG. Firstly,
available optimal LV ac bus injected energy to charge the
battery is calculated. If it is not sufficient, then only available
DG energy to charge the battery is determined and used for
charging the battery. During ¢., the complete P}, is available
for charging the battery as the optimal LV ac bus demand is
less than the LV ac bus demand limit. However, considering
the charging power limit, the available optimal LV ac bus
injected power to charge the battery is given in (23),

P oty = PR,(t), P(t) < Pi_,

23
= Plf—mplc;)i(t) > Plf—c' ( )

Then available optimal LV ac bus injected energy to charge
the battery is determined as given in (24),

T
Eli)i—c = Z ]Dl(qj)i—c(t) (24)
t=1

4) Available DG Energy to Charge the Battery Over a
Day: When E}, = < Ej ., the deficit energy required for
completely charging the battery is supplied by DG. Since DG
power has to be limited to the LV ac bus demand limit, the
available DG power to charge the battery is equal to Pj,q
subtracted by Pj,q(t) which is given in (25),

Pdg—C(t) = Puar — Pﬁ,d(t),Vt €t

. (25)
= 0, otherwise.

Then available DG energy to charge the battery is determined
using (26),

T
Eig—c= Z Pyy_c(t). (26)
t=1

5) Coefficient of DG Energy to Charge the Battery: When
E} .. < Ey_., the DG has to supply only the deficit energy
of B}, . — Ey_. over a day to the battery for flexible day-
to-day management. It means the total available DG energy
for charging the battery is not required to be supplied to the
battery. In this case a coefficient known as coefficient of DG
energy to charge the battery (Cy4) is considered which is
determined as follows.

_ 0
CdgEdg—c - Eb—c - Elvi—c

Ey.—E, (27)
Cd — vi—cC
g Edg—c
6) LV ac Bus Feed-in Limit: When E} . = > E;_., the

complete available optimal LV ac bus injected energy is not
required to be used for charging the battery. In this case, an
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LV ac bus feed-in limit is considered. This LV ac bus feed-
in limit is the available optimal LV ac bus injected power
to charge the battery below which the battery charging is not
done. It means the available optimal LV ac bus injected power
is not used to charge the battery whenever P2, .(t) < Py ¢
Therefore, the battery is charged with P2. .(t) — Py
whenever P2, _(t) > Py, during t. ie.,

S (PR o(t) = Pugit) = Eyee,Vt € tebelety,

where symbol ’&&’ indicates logical AND operator. Then,

(28)

> (PR o(t) = Prugit) = By = 0,V¢ € tokekety.  (29)

Equation (29) is in form of f(P, ;) = 0, where

f(Plvle) = Z(-Pﬁ;zfc(t) - Plvfil) - Ebfcth S tc&&tL
(30)

In (29), Piyra is an independent variable. It is solved using
the root finding algorithm of the regula falsi method which is
similar to the determination of LV ac bus demand limit.

V1. DETERMINING THE BATTERY SCHEDULES USING THE
RULES OF PEAK SHAVING CONTROL

The rules to determine the charge/discharge schedules of the
battery are formulated to limit DG power and PHS powers
to the corresponding LV ac bus demand and feed-in limits,
respectively. These rules are presented as follows.

Rule 1: During t4, the battery discharges by the amount
Py,_4(t) as per (16) to limit Pyy to Prya.

Rule 2: During t., if Ef, . < Ej_. both the optimal LV
ac bus injected power and DG power are used to charge
the battery i.e., Po_.(t) = P2, _._(t) + Pig—c—s(t). Here
Py o y(t) = Pl (t) and Pay_c 3(t) = CuyPagc(t) as
per (23) and (27).

Rule 3: During t., if Ef, . > Ep_&&P.,_ . (t) > Piyyi,
only the optimal LV ac bus injected power is used to charge
the battery i.e., Po_.(t) = P, _._,(t). Here P2, . . (t) =
PP _.(t) — Puyir as per (23) and definition of the LV ac bus
feed-in limit.

Rule 4: During t., if B}, > E,_ &&Pp,, () < Puyas
the battery is not charged by either the optimal LV ac bus
injected power or DG power i.e., P,_.(t) = 0 as per the

definition of the LV ac bus feed-in limit.
This process of determination of charge/discharge schedules
of the battery using the above rules is shown as flowchart in
Fig. 4. The SoC of the battery during discharging and charging
modes is calculated using coulomb-counting method.

Now, the master level optimization which is used for de-
termining the optimal control inputs for the rule-based peak
shaving control is discussed as follows.

VII. MASTER LEVEL OPTIMIZATION

In this level, the optimal control inputs are determined to
minimize the peak power of DG. The fitness function is given
in (31) and constraints are given from (32)-(36),

minimize f = Pyg_pear = maximum(Py,(t)). (31
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Battery discharges N
as per Rule 1

Yes

‘ Battery charges as per Rule 3 }7

>{Battery is not charged as per Rule 4 ‘

Fig. 4. Determination of the battery charge/discharge schedules using the
proposed rule-based peak shaving control.

subjected to
1) Power balance constraint

Pagy(t) + Py(t) = P (). (32)
2) Battery SoC Constraints
SoCy < SoC(t) < SoC,, SoCy = SoC;. (33)
3) Battery charge/discharge power constraints
Py_.(t) <Pl Py_q(t) < P, (34)
4) Battery energy capacity constraint
E}_ ;< Ep_,. (35)

5) Constraint of available energy to charge the battery

Edgfc + Elovifc Z Ebfc- (36)

The E;_ ; is considered as a control variable, since the control
inputs of the peak shaving control depend on FEj;_,. Note
that determination of fitness function requires the DG powers
over a day, which are determined using (6) and (32). For
obtaining the battery schedules the proposed rules are used.
The considered fitness function is non linear. Therefore, GA
is used to solve the optimization problem. The population size
is tuned such that multiple simulation runs converge precisely
to the same value and chosen as 20. This population size is
less as there is only one control variable in this optimization
problem. The solution of this optimization problem provides
optimal dischargeable energy of the battery and thus optimal
control inputs of the peak shaving control.

VIII. RESULTS

The simulation results are obtained using MATLAB. Firstly,
the rating of DG is determined by testing the proposed peak
shaving control in worst case scenario as discussed follows.
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TABLE 1
BATTERY PARAMETERS [30], [42]
Parameter Value Parameter Value

Ne 0.95 SoCy/SoC,,  0.2/0.9

Nd 0.95 SOCZ 0.5
Ey_ 400 kWh P 100 kW
Voor 120 V P, 100 kW

A. DG Rating

In general the rating of a device is chosen based on the
worst operating conditions. In the proposed control, the DG is
used to balance the deficit load demand (load demand that is
not supplied by the RESs). The BESS is employed for peak
shaving purpose while supplying the deficit load demand along
with DG. Moreover, BESS involves energy capacity rating. In
this scenario, the worst operating conditions occur when the
daily deficit load demand is maximum, and individual load
demands are such that their peak power values coincide over
the day. In order to reflect this scenario, it is considered that
RESs power is not available over the entire day. Further, load
profiles are considered such that all the loads are operating at
its peak during 9:00 and 12:00 hours over a day [41]. In this
case the total load power is shown in Fig. 5(a). The total energy
of load demand over the day is 2010 kWh. Note that the DG
rating is determined without considering any contingencies.
The results during this scenario are discussed as follows.

1) Slave Level Optimization: In this level the optimal LV ac
bus power values over a day are determined. The determined

o is 1.05 p.u. for all the times as shown in Fig. 5(b). This
is because there is no RESs power in this case. Moreover,
there is no reactive power supplied by RES converters due
to the absence of RESs power. In this situation there will be
only voltage drop scenario. Therefore, the minimum load bus
voltage profile which is occurring at L5 is shown in Fig. 5(c).
The load bus voltages are above 0.95 p.u. which indicates that
there are no voltage drop violations. The resulting optimal LV
ac bus power values are shown in Fig. 5(d). It indicates that
the peak optimal LV ac bus power is 189.0215 kW.

2) Rule-based Peak Shaving Control with Master Level
Optimization: The optimal LV ac bus power values obtained
from the slave level optimization are used as inputs to the
rule-based peak shaving control. Using these LV ac bus power
values, the optimal control inputs are obtained with the help of
master level optimization. The best fitness values are obtained
for multiple runs of GA as shown in Fig. 6. It shows that
the minimum value for all the runs is equal to 137.825
kW which is the optimal peak DG power (Pj _, .;). The
optimal dischargeable energy of the battery is found to be
194.8388 kWh. The corresponding control inputs i.e., P} ;,
Ey_ . Epyi_er B, and Cg are 137.825 kW, 194.8388 kWh,
0 kWh, 1380.6 kWh and 0.1411, respectively. The Pﬁ)ﬁl is not
applicable in this case as there is no injected LV ac bus power
available. The optimal LV ac bus powers are shown in Fig.
7(a). The charge/discharge schedules of the battery along with
its SoC are shown in Fig. 7(b). This shows that the battery
power and SoC are maintained within their limits. Moreover,
SoC at the end of the day is maintained equal to the SoC

EEE Xplore. Restrictions apply.



This article has been accepted for publication in IEEE Transactions on Power Systems. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2022.3187069

Total load

ge (p.u) power (kW)

—

LV ac bus

bus voltage (p.u) Vo'ta

Minimum load

LV ac bus
powe

12 (d) 16 2

0 24
Time (h)

Fig. 5. Slave level optimization while determining rating of DG. (a) Total
load power [41]. (b) LV ac bus voltage. (¢) Minimum load bus voltage. (d)
Optimal LV ac bus power.
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Fig. 6. Best fitness values of GA with master level optimization while
determining the rating of DG.

of start of the day to ensure flexible day to day management
of the battery. The resulting DG power is shown in Fig 7(c).
This shows that DG power is limited to Py, ;; of 137.8249 kW
which justifies the proposed peak shaving control. This peak
DG bus power which is obtained in worst operating conditions
is considered as the DG rating.

3) Impact of the Proposed Peak Shaving Control On DG
Rating: The comparison of this DG rating with respect to
base case (when there is no minimization of the LV ac bus
power and no peak shaving control) and with respect to the
case when there is only LV ac bus power minimization without
peak shaving control [14]-[17] is given in Table II. It shows
that the DG rating is 190.6915 kW for base case and 189.0215
kW with only LV ac bus power minimization without peak
shaving control. This indicates that the DG power rating is
reduced by 27.09% with the proposed peak shaving control
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Fig. 7. Rule-based peak shaving control while determining rating of DG.
(a) Optimal LV ac bus power. (b) Charge/discharge powers and SoC of the
battery. (c) DG power.

TABLE II
DG RATING
Method Pig—r (kW)
Base case 190.6915
Minimization of LV ac bus power
without the peak shaving [14]-[17] 189.0215
Minimization of LV ac bus power 137.8249

along with the proposed peak shaving

as compared to the case when there is only LV ac bus power
minimization.

As per the proposed peak shaving control, two different
possible cases exist considering the RESs characteristics. The
first case is when the available optimal LV ac bus injected
energy to charge the battery is less than or equal to required
energy to charge the battery over a day. The second case is
when the available optimal LV ac bus injected energy to charge
the battery is more than the required energy to charge the
battery over a day. The results of the rule-based control for
the first possible case are verified while determining the rating
of DG. In order to verify the second case and show the impact
of the proposed peak shaving control on fuel consumption of
DG and self consumption rate of the system a case study is
considered as given follows.

B. Case Study

The performance of the proposed method is tested in this
case considering the day-ahead forecasts of load and RES
powers as inputs. The day-ahead load powers are considered
such that they are operating at half of their peak loads during
9:00 and 12:00 hours of the day. The total energy of load
demand over the day is 1005 kWh. The day-ahead RES powers
are considered such that they are operating at their installed
capacities during their maximum power generation hours. The
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Fig. 8. Slave level optimization during case study analysis. (a) Total load and
RES powers [41], [43]. (b) LV ac bus voltage. (c) Reactive power of RES
converters. (d) Load bus voltages (e) Optimal LV ac bus power.

total energy of RESs over the day is 1165.5 kWh . The total
load power and RESs power profiles are shown in Fig. 8(a)
[41], [43]. The obtained results are discussed as follows.

1) Slave Level Optimization: The determined V}% and Q%
are shown in the Fig. 8(b) and Fig. 8(c) , respectively. These
indicate that the voltage at the LV ac bus and reactive power
supplied by RES converters are controlled as per the variation
of load and RESs power. For this case there will be both
voltage rise and voltage drop conditions due to the presence
of RESs power. Therefore, all the load bus voltage profiles
are shown in Fig. 8(d). This indicates that there are no voltage
drop and voltage rise violations as load bus voltages are within
0.95 p.u. and 1.05 p.u. at all the hours of the day. The resulting
optimal LV ac bus power values over a day are shown in Fig.
8(e). It indicates that the peak optimal LV ac bus power is
54.1876 kW.

2) Rule-based Peak Shaving Control with Master Level
Optimization: The resulting day-ahead optimal LV ac bus
power profile obtained from the slave level optimization is the
input to rule-based peak shaving control as shown in Fig. 9(a).
Using this optimal LV ac bus power profile, the determined
optimal control inputs i.e., P ,, Ep ., E7 . and Pﬁ)fﬂ are
0.1904 kW, 277.1157 kWh, 415.4510 kWh and 9.2067 kW,
respectively. In this case E},, . is more than E}_ . Therefore,
Eg, . and C7_, are not applicable. For these inputs the
charge/discharge schedules of the battery along with its SoC
are shown in Fig. 9(b). This shows that the battery power and
SoC are maintained within their limits. Moreover, SoC at the
end of the day is maintained equal to the SoC of start of the
day to ensure flexible day to day management of the battery.
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Fig. 9. Rule-based peak shaving control during case study analysis. (a)

Optimal LV ac bus power. (b) Charge/discharge powers and SoC of the battery.
(c) DG power. (d) PHS power.

The resulting DG power is shown in Fig 9(c). This shows that
the DG power is limited to P, ;, of 0.1904 kW. The resulting
PHS power is shown in Fig. 9(d). This shows that the PHS
power is limited to Py ., of 9.2067 kW. This justifies the
proposed peak shaving control method.

This paper aims to show the impact of the proposed
rule-based peak shaving control on DG supplied distribution
system without considering the uncertainties in the day-ahead
predictions of load and RES powers. In case if the actual
load and RES power values are different from the day-ahead
predictions due to uncertainties, the peak DG power may not
be limited to the optimal demand limit and flexible day-to-
day management of the battery may not be maintained. The
real-time implementation method considering this impact of
uncertainties is the future scope of this work.

3) Impact of the Proposed Peak Shaving Control on Total
Fuel Consumption of DG: The total fuel consumption of DG
over a day is calculated using (37),

T

TFCuy = 3 [(a x Pag(t)) + (b x Pag-))-
t=1

(37)

The T'FCy, without minimization of LV ac bus power and
without the peak shaving control is calculated as 451.4965 L.
The T'F'Cg44 with only LV ac bus power minimization without
the peak shaving control is 446.8858 L. However, with LV
ac bus power minimization and the proposed peak shaving
control T'F'Cy, is calculated as 278.7257 L. This indicates that
the fuel consumption is reduced by 37.63% with the proposed
peak shaving control as compared to the case when there is
only LV ac bus power minimization.
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TABLE III
FUEL CONSUMPTION AND SELF CONSUMPTION RATES FOR CASE STUDY
Method TFCqa4 (L) SCR
Base case 451.4965 0.6453
Minimization of LV ac bus powers
without the peak shaving [14]-[17] ~ +40-8858  0.6436
Minimization of LV ac bus powers 278.7257 0.8938

along with the proposed peak shaving

4) Impact of the proposed Peak Shaving Control On Self
Consumption Rate: Self consumption rate is defined as the
ratio of self consumed RESs energy and total generated RESs
energy [44] i.e.,

Er - Ephs

E. '
The SCR without minimization of LV ac bus power and
without the peak shaving control is calculated as 0.6453. The
SCR with only LV ac bus power minimization without the
peak shaving control is 0.6436. However, with LV ac bus
power minimization and the proposed peak shaving control
SCR is calculated as 0.8938. This indicates that the fuel
consumption is increased by 38.88% with the proposed peak
shaving control as compared to the case when there is only
LV ac bus power minimization.

The quantitative comparison considering T'F'Cy, and SCR
is shown in Table III.

SCR = (38)

IX. CONCLUSIONS

In this paper, peak shaving is achieved using optimal control
of battery energy storage in diesel generator supplied isolated
microgrid. The low voltage ac bus power requirement is
minimized through a slave level optimization and the rule-
based control is optimized through a master level optimization.
It is observed that the diesel generator rating is reduced by
27.09% with the proposed peak shaving control as compared
to the case when there is only low voltage ac bus power
minimization. Further, it is observed that the fuel consumption
of diesel generator is reduced by 37.63% and self consumption
rate is increased by 38.88% with the proposed peak shaving
control method as compared to the case when there is only
low voltage ac bus power minimization.
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