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Abstract—This paper presents the modeling and simulation
study of a utility-scale MW level Li-ion based battery energy
storage system (BESS). A runtime equivalent circuit model,
including the terminal voltage variation as a function of the state
of charge and current, connected to a bidirectional power conver-
sion system (PCS), was developed based on measurements from
an operational utility-scale battery demonstrator. The accelerated
response of the battery unit was verified by pulse discharging
it from maximum to minimum SOC and its application for
grid resiliency was demonstrated through an example droop
control frequency response. For the purpose of validating the
equivalent BESS model, experimental results retrieved from
the LG&E and KU E.W. Brown solar facility, which houses a
IMW/2MWh operational BESS and a 1IMVA variable load bank
were compared with simulation results from an equivalent model
developed in PSCAD/EMTDC software, which is a tool typically
employed for transient analysis.

Index Terms—BESS, battery, energy storage, grid connected
converter, battery modeling, Li-ion battery, performance testing,
parameter estimation, PSCAD.

I. INTRODUCTION

The adoption of a distributed energy generation system and
the integration of intermittent power sources such as wind and
solar poses multiple threats to the stability of the power grid
[1]. Energy storage systems provide a viable means of grid in-
tegration for these renewable sources, and in addition, also can
perform a number of ancillary services, which are beneficial to
utility companies, as well as customers, leading potentially to
investment savings. Some of these functions include improving
the power delivery quality, frequency regulation and reactive
power support.

The focus of many research works concerning battery
energy storage system (BESS) models has mostly been on
the cell level characterization [2]-[4] or related to the control
of the power electronics converter which interconnects it with
the utility grid or the load [5]-[7]. With the increased grid
integration of large BESS, and the demand for safe and
efficient ways to utilize it, emphases should be placed on
the modeling of the actual battery system, which includes
multiple cells connected in series and parallel. A battery model
capable of effectively predicting the runtime and voltage-
current behavior can be used for scheduling the operation such
that as far as possible, the distributed and intermittent power
generation are matched with the load demand, as well as for

the development of controls to ensure optimal usage and safe
operation.

As opposed to conventional approaches, where the cells
constituting the battery are represented by fixed electrical
components such as capacitors and resistances, described for
example in [8], the proposed work employs a mathematical
equivalent battery bank model over an accelerated time scale,
with the values of the electrical components varying as a
function of the state of charge (SOC). The model is developed
for a utility-scale IMW/2MWh BESS, using experimental data
retrieved from the LG&E and KU E.W. Brown solar facility.

In order to verify the battery bank model, it was pulse
discharged from maximum to minimum SOC on an accel-
erated time scale, and its voltage variation was compared
with experimental measurements performed under the same
conditions. In addition, the operation of the BESS while
performing ancillary services for the grid was demonstrated
through simulations and measurements for an autonomous
frequency response control. The system simulations were
performed using PSCAD/EMTDC an electromagnetic time-
domain simulation environment and study tool.

II. BESS EXPERIMENTAL SETUP AND TESTS

The IMW/2MWh experimental BESS setup at the LG&E
and KU E. W. Brown universal solar facility includes a Li-
ion battery bank stored in two 6.06x2.44x2.6m shipping con-
tainers. Each container has ten racks, and there are seventeen
modules per rack. Each of these LG Chem M48126P3bl
ESS battery modules has a nominal output voltage of 51.8V
at 126Ah, and is made up of 14 cells. These modules are
connected in series and parallel so that the terminal volt-
age from each container is about 950Vdc fed as input to
the Dynapower CPS-1000 IMW power conversion system
(PCS). The bidirectional PCS is interfaced with the grid via a
480V/13.2kV transformer. For tests conducted in the islanded
mode, the BESS may be connected to an on-site 1IMVA
simplex load load (fig.1)

The experimental tests involve operating the BESS with
multiple charge/discharge cycles in order to obtain its equiv-
alent circuit parameters. As opposed to conventional ap-
proaches, where the battery cell is pulse discharged at constant
current, the setup PCS is reference power controlled. There-
fore, it was pulse discharged at its rated power and its terminal
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Figure 1. The IMW/2MWh battery energy storage system (BESS) setup at
the E.W. Brown LG&E and KU facility showing: the IMVA bidirectional
power conversion unit used to interconnect the 2MWh Li-ion battery to the
grid (a), and the programmable load bank, which may be connected to the high
voltage side of the step-up transformer when the BESS is operated in islanded
mode while the SCADA facility provides high resolution data management
and system control (b).

voltage response was analyzed, in order to estimate the battery
parameters corresponding to the combination of all cells.

III. BATTERY BANK MODEL IN PSCAD/EMTDC

A battery cell is generally modeled as a controllable voltage
source connected in series with a variable resistor and multiple
RC branches (Fig. 2).

The characteristics of a battery vary with its chemical
and physical parameters such as temperature, state of charge
(SOCQ), state of health and the number of cycles. For simplicity,
only the variation due to the battery SOC is being considered
in this approach. The battery SOC may be represented as:

100 L
Y(%) = vi(%) — Coar 3600 /0 ipdt, (D

where + and ~; represents the percentage final and initial
battery SOC, respectively; C 4y, the battery rated capacity in
Ampere-hour; iy, battery output current and ¢ is the time. C'4p,
is multiplied by 3600 in order to convert it to Ampere-second.
The terminal voltage of the battery bank may be represented
as:

Up(t) = voe — i (t)Ro — vre1(t) — vRe2(1), 2

and the RC branch voltages, vgci1(t) and vreo(t) may be
found from their first derivatives, vgc1(t) and vges(t) from
the following,

1 n(t
(ib(t) - URC—<)> ) forn=1 and 2,

(3)

Ro(socC) R2(S0C)

|
A
Cx(soc) Vb

Voc(SOC)
>
N

Figure 2. An equivalent circuit diagram for a single battery cell. In this
approach, for simplicity, parameters such as cell temperature, number of
charge and discharge cycles, self-discharge and cell state of health are
neglected.

Figure 3.
IMW/2MWh battery bank in PSCAD/EMTDC software.

The developed runtime equivalent circuit for a utility-scale

where v, represents the battery terminal voltage; V., the
battery open-circuit voltage; Ry, the series resistance, and R,,
and C,,, the resistances and capacitances for the n' battery
RC branch.

An equivalent battery bank model was developed in
PSCAD/EMTDC based on (1)-(3). This model mathematically
calculates the voltage across Ry and the RC branches, which
is then subtracted from the open-circuit voltage to obtain
the battery terminal voltage. The terminal voltage is used to
regulate a controllable dc source, in order to model the voltage
response of the battery and capture its dynamic behavior (Fig.
3). The estimated single-variable functions for each of the
battery equivalent circuit parameters were thus retrieved from
the experimental test and described as:

Voe(7) = 10.16 - exp~ 33897 0.002081 - »*
—0.02149 - v* + 1.918 - v + 8145, (4)

Ro(7) = 0.00584 - exp~ 29887 1.0.00558, 5)
Ri(v) = 30.9068 - exp™ 72237 1.0.003434,  (6)
Ci(7y) = 8.66 x 107 - exp~*24167 11,007 x 10°,  (7)
Ro(7) = —4.23731 - exp™ 4737 4£0.0015, ®)
Ca(y) = —6.68 x 10° - exp 8317 130379.  (9)

The Param Calc block in Fig. 3 is used to calculate
the open-circuit voltage, resistor and capacitor values of the
battery bank as a function of the SOC. This subsystem is
modeled in PSCAD/EMTDC environment using arithmetic



Figure 4. The estimation of equivalent circuit parameters in the
PSCAD/EMTDC software. Best fit models relating the electric equivalent
circuit parameters to the battery SOC were derived from experimental mea-
surements on the LG&E and KU battery.
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Figure 5. The battery terminal voltage variation during pulse discharge.

blocks that describes the mathematical relations presented in
®-9) (Fig 4).

In order to verify the proposed model, it was tested under
the same conditions as the experimental measurements. The
model is fed from a current source, whose output is identical
to the measured dc current of the experimental unit. For the
purpose of reducing the simulation time, the battery model
was simulated on an accelerated time scale, . Hence, the RC
branch voltage expressions in (3) may be rewritten as:

( (10)

where o« = K, is the accelerated time, which is a multiple of

vRCn ( )
R,

URCn KO

)-da, forn =1 and 2,

1.5
9
=10
o
=
[}
(4]
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Figure 6. The variation of percentage error between the estimated and
measured battery terminal voltages with the SOC. Based on the defined
parameters, up to 99% accuracy in the estimated voltage is achievable.

the experimental time. For this approach, K was selected to be
equal to 0.001. Also, (1) and (2) may be rewritten in terms of
a. The terminal voltage of the equivalent battery bank model
in PSCAD/EMTDC was compared with the experimental
result for a pulse discharge of the battery from the maximum
to minimum SOC, and an agreement between the results
was established (Fig. 5). The developed battery bank model
demonstrated an accuracy up to 99%, with the maximum error
occurring around 50% SOC (Fig. 6).

IV. POWER ELECTRONICS CONTROL

The BESS, represented in PSCAD/EMTDC by the proposed
equivalent circuit model, is connected to the grid, in this
case, a 3-phase 13.2 kV voltage source, through a two level
bidirectional inverter, and a 480 V/ 13.2 kV transformer. (Fig.
7). For this inverter, a decoupled scheme identical to [5], which
allows the independent control of real and reactive powers
is employed (Fig. 8). The dg— rotating reference frame is
aligned with the grid voltage using the transformation angle,
¢, obtained from a phase locked loop. The inverter active
(P f) and reactive (Q f) power references, may be set at
the desired values, depending upon the operating mode, for
example, frequency regulation, power smoothing and voltage
compensation. These are used find the dg— current commands
using the following,

2 Qref
3 Vg

2 ref
3 Vd

5= = : (1n
where vq, v and i}, ¢}, are d-q reference frame voltage and
currents, respectively. In the case of the frequency response
operation studied here, the reference active power is derived
from the frequency variation, while the reactive power refer-

ence is maintained at zero.

V. AUTONOMOUS FREQUENCY RESPONSE

In the conventional grid dominated by synchronous gen-
erators, an imbalance between the generation and demand
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Figure 7. Schematic representation of battery energy storage system in PSCAD/EMTDC software. The system includes a IMW/2MWh battery bank connected
to the grid through a bidirectional power conditioning system and a IMVA transformer.
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Figure 8. An example inverter control scheme, allowing independent control
over the active and reactive power. P ¥ and Q.  Tepresent the real and
reactive reference powers, respectively.
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Figure 9. An example BESS droop characteristic for frequency response. The
BESS is inactive when the frequency deviation is within the dead-band(+
BW) and charges or discharges at rated power, P, at frequencies exceeding
the lower and upper frequency deviation control bounds (A fy, and A fy),
respectively.

may lead to deviation in the system frequency. The grid
frequency tends to increase when the generation is in surplus,
and falls when the load exceeds the generation. In this regard,
typically, utilities install additional high-ramping generators
in the form of spinning reserves which respond to maintain
system frequency. These are expensive and also have power
gradient limitations. In principle, BESS with extremely high
ramping capabilities may be explored for frequency regulation
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Figure 10. The experimental grid frequency variation. Imbalance between
electric power generation and consumption typically leads frequency variation.
Hence, utilities typically take measures to limit frequency variations by
instantaneously meeting load demands.

by charging when the system frequency is above the desired
value and discharging when it is low. It may be noted that
this a function that requires the BESS to supply short bursts
of power, and is therefore dependent on its power rating, rather
than energy capacity.

In order to test and validate the developed BESS model and
its controls under different operating conditions, its response
to frequency variation was analyzed through a PSCAD - based
study. The BESS was operated in its autonomous frequency
mode, where it charges/discharges with respect to the observed
frequency variation. For this study, a droop control based
on Fig. 9 was adopted for both experimental and simulation
setups, where P, was calculated as:

—20Af—0.1111, 0.005 < |Af| <0.05
Pl (MW) =T%{1, |Af| > 0.05
0, otherwise,
(12)
where, A f is 60 minus the actual frequency in Hz and T is 1
when Af is positive and -1 if otherwise. PSCAD simulations
as well as experiments were conducted with similar grid fre-
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Figure 11. The BESS real power output. A reduction in grid frequency

indicates insufficient electric generation, hence, the BESS supplies power to
the grid to compensate for the deficit.
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Figure 12. Battery terminal voltage during autonomous frequency response.
High frequency variation is observed in the simulation battery voltage due to
the switching of the power electronics devices, and a small sampling time.

quency variations as described in Fig. 10, and the output power
and battery terminal voltage variations were compared. The
simulated BESS output power closely follows the reference
BESS real power calculated based on droop control, which
demonstrates the efficacy of the control scheme. Furthermore,
experimental measurements of real power output from the
BESS are comparable with the simulation results (Fig. 11).
The simulated battery terminal voltage variation under this
operating mode also has close agreement with the measured
value (Fig. 12). It may be noticed that the simulation results
contain high switching frequency components, absent in the
experimental results due to the smaller sampling frequency
employed during measurement. The agreement between the
simulation and experimental under different operating con-
ditions results attests to the accuracy and versatility of the
developed model.

VI. CONCLUSION

This paper presents the modeling and simulation for a
utility-scale battery energy storage system in PSCAD/EMTDC
software. As opposed to conventional approaches, a robust
equivalent circuit, whose parameters captures the dynamic
behavior of all cells within the battery system as well as
the variation with SOC was developed from experimental
measurements on a IMW/2MWh battery housed at the LG&E
and KU E.W. Brown solar facility.

The propose runtime equivalent circuit offers multiple ad-
vantages, including reduced computational power for system
designers to capture the dynamic response of all the cells
within a battery and a platform for co-simulating the battery
model developed in PSCAD/EMTDC with other compatible
simulators. The accuracy of the developed model was verified
from simulation and experimental measurements conducted
under similar conditions. Both simulated and experimental
battery systems were operated in autonomous grid frequency
response mode, and the obtained battery output power and
terminal voltage were found to be comparable. The results
show that for the examples considered, up to 99% accuracy
in the estimated battery voltage accuracy is achievable.
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