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Abstract: Battery-operated systems are always concerned about the proper management and sizing
of a battery. A Traditional Battery Management System (BMS) only includes battery-aware task
scheduling based on the discharge characteristics of a whole battery pack and do not take into account
the mode of the load being served by the battery. On the other hand, an efficient and intelligent BMS
should monitor the battery at a cell level and track the load with significant consideration of the
load mode. Depending upon the load modes, the common modes of discharge (MOD) of a battery
identified so far are Constant Power Mode (CPM), Constant Current Mode (CCM) and Constant
Impedance Mode (CIM). This paper comparatively analyzes the discharging behavior of batteries at
an individual cell level for different load modes. The difference in discharging behavior from mode
to mode represents the study of the mode-dependent behavior of the battery before its deployment in
some application. Based on simulation results, optimal capacity sizing and BMS operation of battery
for an assumed situation in a remote microgrid has been proposed.

Keywords: battery-aware; load-aware; battery management system (BMS); modes of discharge;
state of health; capacity sizing

1. Introduction

As remote areas are far away from the large electric systems, the use of local renewable resources to
construct a microgrid (MG) is the only feasible choice. Since renewable energy resources (RES) fluctuate
by nature they cannot support a practical MG concept in terms of load management, reliability and
power quality without using an Energy Storage System (ESS). During the last few decades, ESSs have
been studied as an important complementary technology to MGs [1].

Some of the known energy storage technologies so far include flywheels, batteries, capacitors, fuel
cells, and others. Response time and capacity expansion are two important variables to select a suitable
storage technology for MGs. Rapid response requirements can be met by both batteries and flywheels
but in terms of capacity expansion, battery technology is superior to flywheels [2]. It depends upon
the application being served whether the decisive factor should be the response of the battery or the
capacity. Energy-applications of Battery Energy Storage Systems (BESSs) which are currently in the
market recognition phase are load leveling and electrification, while frequency regulation support to
utility grids by BESSs has been an on-the-horizon application of BESSs for the last couple of years.
Usually energy-applications of BESS are common and appreciated in remote MGs while in case of
grid-dependent (GD) microgrids, BESS use is limited to power-applications such as dispatch operation
and averaging operation as explained in [3].
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It is critically required to analyze the load domain being served to ensure proper sizing, investigate
the robustness to new features and accommodate new features into the source technology. Load
analysis is also necessary to develop short as well as long term source technology planning [4]. Based on
the research so far it can be stated the load is always accompanied by uncertainties. These uncertainties
may be associated with the state of the network, energy demand, energy cost, mode-shift and many
others. Incentives due to optimization can’t be ensured without considering these uncertainties.
Deterministic sizing and probabilistic sizing are two well-known approaches adopted for sizing of
energy technologies, both of which use the load as input data. In the first case, certain conditions about
the load are assumed, while in the second case, uncertainties in load are introduced and modelled
probabilistically. Probabilistic sizing includes both short-term and long term factors [5].

Based on the above discussion it can be inferred that load analysis is the most important step
in defining the sizing framework for BESS and the aforementioned uncertainties also exist in the
loads served by BESS. The literature about probabilistic sizing of BESS to address uncertainties is
abundant. The probabilistic sizing of a battery storage system was conducted in [6] to take into
account the unavoidable uncertainties involved with the energy cost and energy demand. A stochastic
sizing algorithm for BESS was proposed in [7] to tackle uncertainties in life cycle cost. Wind forecast
uncertainty makes the BESS with probabilistic-based sizing a complementary partner for wind energy
technology as discussed in [8]. Sizing and control of BESS for Peak Load Shaving was proposed in [9].
A control strategy to smooth out the power from wind farm sizing of BESS was presented in [10]. None
of the above research works, whether using probabilistic or deterministic approaches, discussed the
load mode and its possible impact on the sizing of batteries. The behavior of batteries for different
load modes must be studied to know whether battery behavior is mode-dependent or independent
of it. Well-known approaches for the analysis of the load mode are measurement-based approaches
and component-based approaches. Irrespective of the approach applied, the behavior of the loads
as a function of voltage can be categorized into Constant Power Load (CPL), Constant Current load
(CCL) and Constant Impedance Load (CIL). Although no load falls 100% in one mode, every load
has one dominant behavior. The correlation between different modes of load and the design as well
as operation of the source supplying constant voltage throughout operation can be predicted and
predefined. In case the voltage source changes its voltage with time, this correlation must be tracked
over time and control actions be issued on the spot. The case of batteries whose voltage supply changes
with time is similar. Secondly the initial lighting loads were mostly CILs, but the proliferation of power
electronics has changed the way loads behave; for example electronic ballasts with constant power
consumption have replaced magnetic ballasts which behave as CILs [11]. This load transition from
one mode to another has made the optimal operation and accurate sizing of BESSs a challenging task.
The above-discussed issues are the motivation for this work.

This paper contributes by presenting a model-based comparative analysis of the battery behavior
for different modes (MOD). It was found that the battery behavior is dependent on the MOD. Since the
battery sizing and operation depend on the behavior of the battery, so the MOD is also correlated
with the sizing and battery operation. The MOD is dictated by the load, so the load-aware analysis of
battery behavior can impact on the sizing and BMS operation in the following way:

e  Minimizing the power capacity of the battery at the operational level.

e Avoiding the battery damage caused by loads exceeding the rated value.

e Avoiding the undersizing of the battery as undersizing is not acceptable for critical loads.
e At the operational level battery utilization can be increased.

The rest of paper is distributed as follows: Section 2 presents a basic introduction about battery
behavior for the discharge cycle only. Section 3 correlates the BMS design with battery behavior.
Section 4 develops a model more suitable for the study of battery behavior in the context of the
objective of this paper. Section 5 discusses the simple load model used for the purpose of simulation.
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Section 6 presents the simulation model and procedure. Section 7 presents the simulation results.
Section 8 proposes an idea for capacity sizing and BMS operation based on the simulation results.

2. An Overview of Battery Behavior

In this section only those battery characterisctics which will be referred to in Sections 7 and 8
are discussed.

2.1. Usable Capacity

Usable capacity is the energy extracted in discharging a battery from a fully charged state to the
point where its voltage reaches the cut-off voltage. The state of charge (SOC) corresponding to the
cut-off voltage determines the lower limit of SOC. Cut-off voltage is decided by the manufacturer
based on the battery topology. The battery topology referred in this paper is Lithium PL-383562 and
the lower limit of SOC for this topology is roughly 5%, so the usable capacity ranges from 100% SOC
to 5% SOC as shown in Figure 1. The time lapse in discharging the battery from 100% SOC to 5% SOC
is the runtime of the battery.
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Figure 1. Demonstration of usable capacity and runtime.

Practically this battery is not discharged to 0% SOC, because at low SOC the internal resistances
change abruptly as shown in Figure 2, and this behavior causes self-heating resulting in degradation of
battery [12]. In Figure 2 the yellow dot points at 5% SOC and red dot points at 0% SOC. The terminal
voltage of the battery does not remain constant throughout the discharge. It also decreases with the
decrease in SOC as shown in Figure 3.

Equivalent Internal Resistance
®m Resistance Curve

2.00 1

1.50 1

1.00 1

(ohm)

0.50

0.00
T(seo) o0 05k 1.0k 1.5k 2.0k 25k 3.0k 35k

Figure 2. Change of internal resistance to decrease in SOC along time axis.
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Figure 3. Change of terminal voltage to decrease in SOC along time axis.

2.2. Polarizations

During the chemical reactions inside a battery undesirable impedances arise. These undesirable
impedances are commonly known as polarizations. The reactions occur in steps and the polarization
due to the slowest step is called activation polarization. The rate of reaction is also affected by
the diffusion between reactants and products due to concentration differences called concentration
polarization. The electronic resistance of active mass and current collectors, ionic resistance of
electrolytes, contact resistance between active mass and current collectors, all contribute to Ohmic
polarization [13]. Losses resulting from these polarizations are taken into account by resistances
R_trans_L, R_series and R_trans_S. The responses of these resistances to changes in SOC for a lithium
ion battery are simulated in Figure 4. All polarizations are responsible for losses commonly known
as I°R losses. This loss is usually in the form of heat and increases the temperature of the battery.
The increase in temperature can be taken into account by Equation (1):

2
Tempyise = I°R X Ripermal 1)
In the above equation Ryje;yq1 is the thermal resistance of the battery.
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Figure 4. Change of battery polarizations with decrease in SOC along a time axis.

2.3. State of Health (SOH)

State of health (SOH) is the ratio of current available capacity to its initial capacity when the
battery was new and expressed in a percentage. SOH determines how many cycles further the battery
can work before reaching end of life (2).

Current Capacity

Initial Capacity 100 @

State of Health =
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The available capacity decreases with charge/discharge cycles. Degradation of active material,
increases in internal resistance and irreversible reactions are the most common explanations presented
by electrochemical analysts to explore the decrease in SOH of the battery with cycles. There seems to
be great interest in finding ways which could increase the lifetime of a battery. Identification of the
most aged cell and it’s on-time replacement in the case of battery packs with multiple cells can boost
the number of cycles before the battery reaches it’s end of life as suggested by [14]. This idea will be
referenced in the discussions of our results.

2.4. Charge Recovery Effect

The battery recovery effect exploits a hidden phenomenon taking place inside the battery.
When the rate of external activity is faster, such as when the battery is discharged at high load, the rate
of chemical reactions inside the battery cannot keep a pace with it. As a result the concentration of the
active charges near the electrodes becomes less than their concentration in the interior of the battery.
This phenomenon accounts for the decrease in usable capacity as shown in Figure 5. When the battery
has low load or no load for some time, active charges have enough time to diffuse to the electrodes,
and charge recovery takes place. Thus the usable capacity of the battery discharged at high rate is
lower than that of one discharged at low rate [15].

m
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Battery a Battery -8‘_
3 ®
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e: »
s
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Figure 5. Demonstration of charge recovery effect.

2.5. Utilization Factor

The battery utilization factor commonly known as battery efficiency is usually expressed as
Coulomb efficiency, energy efficiency or voltage efficiency. Energy efficiency is an umbrella term which
takes into account both voltage and Coulomb efficiency. In general energy efficiency of the battery is
expressed using Equation (3) taken from [16]:

Output Energy o

Energy Ef ficiency = Tnput Energy 100 (©)]
Output Energy = Discharged Energy 4)
Input Energy = Energy needed to be charged to Initial State 5)

Output energy can also be expressed as a function of input energy and energy lost.
The polarizations inside the battery cause the lost energy:

Output Energy = Input Energy — Energy lost (6)

The efficiency of the battery is affected by the energy lost (I2R). Thus the efficiency decreases as
the average discharge current increases. This implies that battery life is a super-linear function of the
average discharge current [17].
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3. Battery Management System (BMS) Design Correlation with Battery Behavior

As an electrochemical device, a battery acts differently under different operational and
environmental conditions. This is the BMS which is responsible to keep the battery operating at
high performance by tracking the changing circumstances. The design of the BMS is not an easy task
as it involves a good understanding of the battery’s electrochemical characteristics. The purpose of
the BMS used with portable electronics, electric vehicles (EVs) and MGs is almost the same, including
optimal operation, life-time management, reliability, and safety but the conditions are different from
application to application. Thus battery management systems are not interchangeable [18]. Since the
design and operational algorithm of a BMS is dictated by the behavior of battery, the analysis of battery
behavior for different mode of loads is very critical. Both model-based and test-based analyses of
battery behavior are available in the literature, but model-based analysis of the battery for the design
of BMS is very well established in industry and academia to understand and test the dynamics quickly
and efficiently compared to traditional methods that rely on using real components or test data [19].
There have been a lot of investigations to ascertain the most suitable level of model for analysis. Both
single cell and battery pack models have been investigated by various researchers. An idea of a smart
BMS based on a single cell level approach has been proposed in [20]. This idea seems more practical
with portable electronics where the number of cells is limited while the BESS used with MGs has
plenty of cells to fulfill high voltage and current requirements. Although a very complex hardware
and communication system is required to implement the idea [21] for BMSs used in MGs but this
idea is still very significant because it provides a solid base for designing BMSs for high current and
high voltage applications such as EVs and MGs. The features that need to be analyzed for high rated
BMS can be done with this battery cell level system and the results can be applied to monolithic units
or battery packs or modules. Comparative analysis of the battery single cell model and stacked cell
model for steady state and transient conditions has been discussed in [22]. The single cell model was
found more accurate than the stacked cell model. Even for the analysis at system level it is more
appropriate to conduct analysis at the cell level and extend the results to the system. The idea of
extension from unit cell to battery back which starts from the Thevenin model of a single cell and
analyzes the differences between the cells as a function of polarization resistance in order to extend the
model has been proposed in [23]. Similarly [24] has also developed a method to extend the model from
single cells to battery packs. It has taken the cell with minimum capacity as a focal entity to include
the worst conditions in the pack. In one way or another the unit cell has behavior representative of all
mega structures developed from it by series, parallel or hybrid combinations. Thus the battery unit
cell model will be used for all the simulations in this paper.

4. Modified Battery Model

There are various battery models such as electrochemical models, mathematical models, electrical
models and many others. Researchers have done a lot of work to define the domain of every model as a
tradeoff between accuracy and complexity. For electrical engineers electrical models are more intuitive,
useful and easy to handle, especially when they can be used in circuit simulators and alongside
application circuits.

Among the electrical models, the selection of an appropriate model is directed by the application
for which model is to be used. This paper is limited to the discharge characteristics of a battery at the
cell level as a direct or indirect function of discharge current with different MOD, which is the basis for
model selection. The following are some of the studies on electrical battery models with applications.

The model proposed in [25] was used to simulate the application of BESS as an active filter.
All elements included in this model are functions of the open circuit voltage of the battery, which in
turn relates to the SOC. This model has less accuracy for the said application. A long term integrated
model based on Giglioli’s fourth was presented in [26] to investigate the system performance of a
dynamic voltage restorer. All parameters are functions of SOC, discharge current and temperature.
This model is very complex because it requires multiple types of entries such as nominal quantities,
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empirical parameters and experimental parameters. A battery model made from a combination of
the Thevenin model and the run-time model was proposed in [27] to study a coordinated strategy for
BESS, RES and load management. This model calculates SOC as a function of the discharge current but
it works accurately only for constant current. A simple voltage source was used as a battery to study
the effects caused by changing parameters of microsources on the outputs at the point of common
coupling, but it cannot predict the battery behavior [28]. A model was used in [26] to predict SOC
throughout drive cycles for HEV simulations. It simulates the transient response to short duration
loads of less than 1 s. Since time constants less than 1 s have no impact on the exponential dynamics of
battery they can be avoided. A model proposed in [29] has good accuracy in predicting runtime, power
loss and I-V performance. This model has two modules. One module measures the I-V characteristics
of battery as a function of SOC as shown graphically in Figure 6.

—+ —+
N R_trans_S R_trans_L
A
R_series 4 N
? C_trans_S C_trans_L

< o
]
Voc (SOC) =

AV
Rvar (ohm)

= @t)

Figure 6. I-V characteristics of the battery as a function of SOC.

The second module quantitatively estimates the SOC based on the voltage of a capacitor.
In this paper we have modified this module so that it can estimate SOC as a function of discharge
current. The subsystem designated for SOC estimation based on capacitor voltage was replaced
with a mathematical model based on the “Coulomb Counting Method” without sacrificing accuracy.
The Coulomb counting method uses the current flowing in (charging mode) and flowing out
(discharging mode) of the battery and integrates this current over time in order to determine the
battery capacity (Q) for SOC estimation.

This method is simple and directly takes in to account the discharge current. Calculation of SOC
using Coulomb counting follows (7) and (8). SOC directly depends on discharge current /1,,;/ and
other parameters are a function of SOC. The electrical model for SOC estimation (discharging mode) is
shown in Figure 7:

Toy: dt
SOC —1— ( / initial — fo”) @)
: Q
o S0Cy
initial = (1— 8
/ ( 100 ) Q ®
oy s
4 R_trans_S1 R_trans_L1
|_Load
= ~
R_series1 e e V_Lpad
E C_trans_S1 C_trans_L1
o A o B o < =
I_Load soC Voo % S

\\%

Figure 7. Simulation model.
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This model can be used with both Li-ion and NiMH batteries. This model is also extendable to
NiCad and Lead-acid batteries. A brief summary of the characteristics of some of the batteries used for
energy applications are indicated in Table 1. Since energy applications of BESSs in remote MGs is the
concern of this paper, keeping this target in view, battery selection will be governed by parameters like
high specific energy, high energy density and long cycle life. Li-ion batteries have all the necessary
features to become an integral part of remote MGs [30], so we have used the parameters extracted for
this model in relation to Li-ion batteries in [29] for our simulations.

Table 1. Important characteristics of batteries well recognized for energy applications.

Battery Type Specific Energy (Wh/Kg)  Energy Density (Wh/L) Power Density
Lead Acid 10-20 50-70 Moderately High
Lithium-ion 203 570 Moderate
Nickel-cadmium 10-40 15-80 Very high

5. Load Model

The two well-known approaches for the modelling of the load are the measurement-based
approach and component-based approach. There are many load models developed using these
approaches to study the static and dynamic behaviors of power systems, distributed generators and
other sources. Among these models static load models still can be used to realize the load behavior
without losing accuracy and adequacy. Among static models exponential models are easy to implement
as they require less parameters and also have acceptable accuracy with the loads having too high
dominancy in one behavior such that other behaviors can be neglected [31,32]. In this paper we have
taken in to account only the dominant load behavior, so an exponential model of load is used. A simple
variable resistor modelled in (11) based on exponential load model scheme (9) and (10) will be used to
represent all loads:

V"
P=Dr (— 9
’ (V0> ®

V2 7%
P= — ,P,= — 10
RO ? Rvar ( )

V\"P

Royar = (Vo> X Ry (11)
where Ry, = variable resistor; R, = initial value of resistance; V = battery terminal voltage.

When np = 0, the load is CPL; when np = 1 the load is CCL; and when np = 2 the load is CIL.

6. Simulation Model and Procedure

An acceptably accurate electrical model to reproduce the behavior of a polymer Li-ion battery
was used. The model selection and modification was discussed in Section 4 and the model is shown
in Figure 8. The internal parameters of the polymer Li-ion battery PL-383562 extracted based on
experimental measurements reported in [29] were applied to this model. The parameters are function
of SOC and following the relations expressed below.

R _seriesl = 0.1562 x e (—24.37 x SOC) + 0.07446 (12)
R_trans_S1 = 0.3208 x e" (—29.1 x SOC) + 0.04669 (13)
C_trans_ S1 = —7529 x ¢" (1351 x SOC) + 703.6 (14)
R_trans_ L1 = 6.603 x e (—155.2 x SOC) + 0.04984 (15)

C_trans_S1 = —7529 x e (1351 x SOC) + 703.6 (16)
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Figure 8. Model for current integration-based SOC estimation.

The block B measures the Voc as a function of the SOC. The circuit inside the block B is the PSCAD
based model of the relation between SOC and Voc expressed by Equation.

Voc = —1.031 x €" (—35 x SOC) + 3.685 + 0.2156 x SOC — 0.117 x (SOC)*2 + 0.3201 x (SOC)3 (17)

The block A measures the SOC by integrating the current flowing out from a battery during
discharging and flowing into the battery during the charging. The circuit model inside the block A
is shown in Figure 8, where Q (Ah) = battery capacity; SOCo = initial value of SOC; I Load = battery
discharge current.

To simulate the battery for CIM a simple constant value a resistor was used as the load and
the load models used for CCM and CPM are shown in Figures 9 and 10, respectively. The voltage
under the load condition is called closed circuit voltage. Here the closed circuit voltage is the initial
value of the voltage that corresponds to the initial value of the resistance. This is a constant value
while the operating voltage V_Load changes with the time depicting what actually happens in real
battery applications.

N fpl— oo

D

C x »

Closed circuit Voltage

C x>

Initial value of Resistance

Figure 9. Circuit model for CCL.

ﬁ%cm
D
C x -

Closed circuit voltage

C x>

Initial value of Resistance

Figure 10. Circuit model for CPL.

The initial resistance value was taken as such a value that the initial discharge was set to 1 C
for all loads and all loads will continue to flow at 1 C till the end of discharge in the case the battery



Energies 2016, 9, 812 10 of 19

supplies a constant voltage. Since the battery voltage changes with time, the loads also change
following the change in battery voltage. The dependence of usable capacity on ambient temperature
and self-discharge has not been included in the simulation for the following reasons.

e  The same battery was used for a comparative study of different MOD, so the effect of ambient
temperature will be same for the different modes.
e  Self-discharge (2%—-10%) per month was ignored for its negligible effect in polymer Li-ion batteries.

7. Results and Discussion

The main parameters of battery behavior discussed below in relation to the mode dependency are:
discharge current, battery rating, SOC, capacity sizing, terminal voltage, negative impedance stability,
average discharge current and efficiency.

7.1. Discharge Current and Power Rating of Battery

The rated current of a battery is determined either by testing the battery for the maximum load
value or calculating the battery discharging current for maximum power of the load by using the
mathematical formula given by (18):

Pmted = thed X Imted (18)

In case the battery discharge current remains constant throughout the discharge cycle any
instantaneous value can be taken to define the maximum rating. On the other hand if the battery
current changes with time of use, then the maximum value of current will define the battery rating.
Since the battery voltage changes with the discharge time, the corresponding load drawn by different
modes will also respond to voltage changes. This behavior of discharge current in response to the
change in battery voltage has been simulated for all modes of load in Figure 11, which shows that
maximum value of discharge current for CPL is greater than that of CIL or CCL. The battery should
be rated for maximum power based on the CPM. Two possible and significant cases are highlighted
below to explore the issues caused by mode-ignorant power rating of the battery:

Discharge Current

- - -
130-=CPL oo ciL

120 M/ ‘\ |

1.10 1 ‘ ‘

100 | -
0.90-
0.80-
070 |

Current (A)
7

0.60

050
T(sec)  0p 0.5k 1.0k 15k 20k 25k 3.0k 35

Figure 11. Battery discharge current response to a decrease in voltage (left to right).

Case 1: The battery was rated for maximum power based on the CPL but the load supplied by it is
CIL: ehat is the issue in this case which can be solved by considering mode-aware sizing? The power
capacity needed to feed the CIL is less that CPL, thus by considering mode-aware sizing at the planning
level the power capacity of the battery can be minimized. The increase in the power capacity always
corresponds to an increase in cost.

Case 2: The battery was rated for maximum power based on the CCL but the load supplied by it
is CPL. The maximum current drawn by the CPL is greater than the rated current designated based on
CCL and the battery will be damaged due to the current exceeding the rated value. Mode-aware rating
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compensates for these issues at the planning level. In the case of urban areas the loads are usually
congested and all modes of load are observed at one location. It is very difficult to segregate each mode
of load and operate separately. In case of remote areas we still have such flexibility. The residential
loads in remote areas are mostly resistive loads with dominant CIL behavior. The small industrial
loads are also far away from the residential loads and these loads are dominated by CPLs.

7.2. SOC and Optimal Capacity Sizing

Different objectives and constraints are taken into account to develop an optimal capacity
sizing function for batteries. Due to the differences in nature of BESS applications between GD
and remote MGs, the optimal battery size differs in both cases [33]. Even for the remote MGs, the sizing
considerations vary from situation to situation. Runtime is one of the determinants of capacity sizing.
As discussed in Section 2.1, the time lapse in discharging battery from fully charged state to lower
limit of SOC is the runtime of battery. The runtime of the same battery is different for different MODs
as simulated in Figure 12 for a lithium battery.

State of Charge(SOC)
= CPL = CCL =CIL

90-
80
70
60
50 4
40
30 1
20
10
0-

SOC (%)

T(seo) o0 0.6k 1.2k 1.8k 24K 3.0 36k

Figure 12. Battery runtime comparison for all modes of discharge.

Information about the proper capacity sizing of the battery can be obtained from this result.
A situation was assumed below to verify the impact of runtime comparisons between different DCMs
on the battery sizing. The situation is that the battery was designated to feed a critical load from
6:00 p.m. to 6:00 a.m. and it must be recharged again from 6:00 a.m. to 6:00 p.m. During 6:00 a.m. to
6:00 p.m. both the critical load and battery will be supplied by a utility. The utility is scheduled to
supply only from 6:00 a.m. to 6:00 p.m. Since the load is critical the battery must supply every second
from 6:00 p.m. to 6:00 a.m. which requires a proper capacity sizing. Only two cases out of the possible
cases are discussed below:

Case 1: The battery capacity is sized based on CIL to feed the critical load from 6:00 p.m. to
6:00 a.m. Is the capacity sizing of battery accurate for the load other than CIL? The same battery if
discharged to CPL, it will reach the end point before 6:00 a.m. and before 6:00 a.m. the utility is also
not available as assumed in the developed situation. The load is critical load so this sort of situation is
not acceptable. The battery will be undersized for the case.

Case 2: The battery capacity is sized based on CPL. Now the capacity will be enough to feed the
critical CPL for every second from 6:00 p.m. to 6:00 a.m. This capacity will be more than enough to
feed the CIL and CCL but the power rating done based on CPL will be overred for CIL and CCL.
Thus a tradeoff between different DCMs must be investigated so that a battery neither faces overrating
nor undersizing.
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7.3. Terminal Voltage and Negative Impedance Stability

The decreasing pattern of the terminal voltage with the decrease in SOC (from left to right) is
shown in Figure 13. As the voltage increases the current must decrease and vice versa to keep the
power constant in CPL. This sort of transient current behavior brings instability in open-loop systems
and makes the design of controllers a challenging task in closed loop systems [34] to which the CPL is
connected. This stability issue can be resolved by making the curve for terminal voltage flat.

Terminal Voltage
= CPL = CCL =CIL

4.00-\

3.80 1

3.60

3.404

Volts (V)

3.201

3.00
T(sec) 00 0.6k 1.2k 1.8k 2.4k 3.0k 36k

Figure 13. Decreasing pattern of the terminal voltage with the decrease in SOC (left to right).

7.4. Discharge Current and Power Lost

The power lost I>R shown in Figure 14 depends on the discharge current and internal resistance
of the battery. The internal resistance for all the modes is almost same in the operational region, as can
be seen in Figure 15, so the different discharge current results in different power lost for every mode.
As a result the output power is also different for every mode simulated in Figure 16. The power-lost
was calculated also in terms of percent of the power-output as shown in Figure 17. It is observed
that the more the output power required the more the power is lost such that the output power for
CPL is maximum and also the power lost in CPL is maximum. In other words the battery must
supply more current to increase the output power and decrease the current to decrease the output
power. This increase and decrease in current is responsible for increase and decrease of power loss and
output power.

Power Lost

= CPL =CcCL =CIL
050~ C cc il
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0.20- | —
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Figure 14. Instantaneous I?R loss curves.
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Equivalent Internal Resistance

= CPL = CCL =ClL
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0.40
0.30
0.20 /
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Figure 15. Change in internal resistance with the decrease in SOC (left to right).
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Figure 16. Instantaneous output-power at the battery terminal.
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Figure 17. Power-lost expressed as percent of power-output.

7.5. Average Discharge Current and Efficiency

The efficiency of the battery is affected by the power lost I>R as discussed in Section 2.5.
To compare the efficiency of a battery for different modes it is necessary to know the power lost
inside the battery to supply the same amount of output power. The battery DCM with minimal
power lost to supply the same output power will have highest efficiency. As discussed above the
internal resistance is almost same for all modes, so the discharge current shown in Figure 18 is the
only indicator to compare the power lost. The most efficient DCM will have the least discharge current
for the same output power as other modes. The discharge current is minimal for the CPL (Figure 15)
which indicates the minimum power lost in CPM among the modes. Thus battery discharge in CPM
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has the highest efficiency. The same result can also be inferred from the power profile of the battery.
To supply the same output power the initial power required for the CPM is least as shown in Figure 19.

Discharge Current

=CPL = oo =ciL
140
191
5
E 1.201
=3
o
110
1.00-
T(sec) g 05k 1.0k 15k 2.0k 25
Figure 18. Current profile of battery for the same output-power in all modes.
Power
=CPL =ccL =cIL
6007 ——
5.75-
= 550
525
=
~ 5.004
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3
5 4504
T 425
400
Tisee) 00 05k 1.0k 1.5 2.0k 25

Figure 19. Power profile to reach point of same output-power in all modes.

8. Idea of Optimal Capacity Sizing and BMS Operation

The possible problems a battery may face for ignoring load mode in the sizing of the battery are
already discussed in Section 7. An idea is proposed below which can tackle these problems. A load
sample from a remote village has been considered to make obvious the impact of this idea. It is
assumed that the village load consists of one grist mill and the lighting load of the residential area.
Lighting load consists of incandescent bulbs which behave as CIL and magnetic ballast-based CFLs
which behave as CCL. The power electronics coupled with the drives of the grist mill are tightly
regulated and behave as CPLs. Both the loads are equal in magnitude and can be connected and
disconnected to battery through respective switches (Sw). This situation is pictured in Figure 20.
In context to the aforementioned load situation the proposed idea can be stated as:

(a) Modular design of battery with option of flexible capacity to feed all modes of the load optimally
and safely (Section 8.1).

(b) An option to attach and detach cells within a module allows extra cycles before the battery is
fully exhausted (Section 8.2).

() In case of low power capacity requirements unused cells can be utilized in such a way that the
battery hidden charge could be recovered as well as the battery be fully utilized (Section 8.3).
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BUS
]
\ PCS |
Sw_CCIL/CIL Sw_CPL W
\ Residential load | \ Grist mill |

Figure 20. Demonstration of the assumed situation.

8.1. Optimal Capacity Sizing Based on Modularization

The idea of optimal capacity sizing based on modularization is implemented by dividing the
battery pack into modules. Each module consists of a number of cells arranged in parallel and
detachable within the module and from the outside as well. This idea is shown in Figure 21.

Module 1 Module 2 Module 3 Module 4

Swi1 +[- Swi1 +| - Swi1 +[- Swi1 +
+[ - +) - -

|

|
Sw2 }7 Sw2 }7 Sw2 + }7 Sw2 + } -

|

\

+M7 Sw3 +M7 Sw3 +M7 Sw3 +

Sw4 + }77 Sw4 + }77 Sw4 + }77 Swa +} }77
Sws + }77 Sw5 + }77 Sw5 + }77 Sw5 + }77

Figure 21. Modularization for utilization of optimal capacity.

Since the cells in the module can be selected and deselected, the capacity can be changed according
to the optimum capacity requirements. In other words it can be said that this idea takes into account
the worst case but provides an option for the optimal situation.

8.2. Deferral of the Battery Replacement

The capacity of the battery fades with the time and number of cycles. Once the battery approaches
the upper limit of cycles it must be replaced with a new one. The most aged cell in the battery
determines the end of the battery life. Thus identification of the most aged cell and it’s on- time
replacement in the case of battery pack with multiple detachable cells can boost the number of cycles
before the battery reaches end of life (Section 2.3).

8.3. Optimized BMS Operation

Although the modularized structure of battery provides an option to select or deselect the units
the target should be the most optimized way to operate the selection and deselection of cells within
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the module. If n cells are enough to feed the load with CIL or CCL behavior then for CPL it is required
to increase the maximum current rating of the battery as discussed in Section 7.1, so one or more
cells need to be attached in parallel within the module to increase the maximum current capability.
Similarly if n cells are enough to feed the load with CPL behavior then to feed the CIL/CCL one or
more cells need to be detached within the module to avoid oversizing as discussed in Section 7.1.
For the situation described by Figures 20 and 21 it is assumed that all cells must be connected to supply
CPL and any four cells must be connected to supply CIL/CCL (Figure 18) and based on the situation
an operational flow process is proposed below in Figure 22.

DCM Selection
k N
o Connect any four cells ° Yes i
« Unconnected cell is say UC1 ¢ Connect all the cells within module
2 y Y

e Monitor the SOC of each connected cell
* Replace the UCI with one of the connected e Monitor the SOC of each cell

cells with minimum SOC

s Execute SOC balancing among the
connected cells

: Y

e Set the disconnected cell to rest for charge
recovery
¢ Unconnected cell is say UC2

. Y

e Monitor the SOC of each connected cell

¢ Replace the UC2 with one of the connected y
cells with minimum SOC

s Execute SOC balancing among the
connected cells

¢ Repeat step 3 and 4 unless all the cells get
time for charge recovery

Y

o Identify cell with minimum SOC (X)
o Identify cell with maximum SOC (Y)

*  Execute SOC balancing between X and Y

Figure 22. Operational process flow for battery management system (BMS).

The unconnected cell is replaced periodically with one of the connected cells and the replaced
cell is given time to recover its charge. Since the SOC of newly connected cells differs from the SOC
of already working cells, a cell balancing mechanism is a must. As the battery structure is modular,
the cell balancing system also should be modular. The ultimate objective of this proposed algorithm
is to fulfill the maximum current requirements for the CPL and fully utilize the battery during the
CIL/CCL load. To facilitate the understanding of the proposed operation, let us say the dispatch
schedule for the BESS is as below.

e  05:00 p.m.~10:00 p.m.: Residential Load

e 10:00 p.m.—06:00 a.m.: Charging by wind setup

e 06:00 am.-11:00 a.m.: Mill load

e 11:00 a.m.—05:00 p.m.: Charging by both wind and solar set up

Following the above dispatch schedule, the proposed operational schedule for BMS is tabulated
in Table 2.
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Table 2. Proposed operational schedule for battery management system (BMS).

Time Swil Sw2 Sw3 Sw4 Sw5 Cell Balancing
5:00 p.m.—6:00 p.m. ON ON ON ON Reserve ON
6:00 p.m.—7:00 p.m. ON ON ON Rest time ON ON
7:00 p.m.-8:00 p.m. ON ON Rest time ON ON ON
8:00 p.m.—9:00 p.m. ON Rest time ON ON ON ON
9:00 p.m.-10:00 p.m. Rest time ON ON ON ON ON
10:00 p.m.—6:00 a.m. OFF OFF OFF OFF OFF ON
6:00 a.m.-11:00 a.m. ON ON ON ON ON ON
11:00 2.m.—-05:00 p.m. OFF OFF OFF OFF OFF ON

9. Conclusions

The behavior of the battery has been simulated for different load modes. The parameters simulated
and compared for different modes of load are: average discharge current, peak discharge current,
SOC, terminal voltage, maximum rating, efficiency, and negative impedance stability. It was found
that the battery behaves differently from mode to mode. SOC and peak discharge current which are
determinants in battery sizing were analyzed in detail and many problems which a battery might
face by neglecting the mode of the load as a determinant in sizing of the battery were identified.
An idea to design the battery was proposed which provides an option of flexible sizing to tackle the
issues caused by mode-switching. Based on the proposed battery design and assumed load condition,
a BMS algorithm was proposed which would ensure the full utilization of battery besides handling the
mode-switch issues. Simply stated this paper has explored the importance of mode-aware analysis
of batteries for efficient deployment of BESS. This study provides a new dimension to the analysis of
battery behavior for the purpose of capacity sizing and BMS operation.
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