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Abstract—The integration of Grid Interactive Battery Energy
Storage Systems (GI-BESSs) in energy services, such as peak
shaving and load balancing, is a common practice in the modern-
day electric power system. However, it is essential to ensure
their economic feasibility, such as through their incorporation
in Power Oscillation Damping (POD). This paper proposes an
optimized control algorithm for a GI-BESS to mitigate low-
frequency oscillations by utilizing synchrophasor measurements
gathered by the Wide Area Measurement System (WAMS).

The proposed algorithm enables the GI-BESS to mitigate inter-
area active power oscillation by altering the exchange of reactive
power between the grid and the GI-BESS. Thus, by using the
proposed algorithm, the GI-BESS can provide power and energy
services, simultaneously. Moreover, the effects of this controller
on State of Charge (SoC) and dispatched power are assessed. The
algorithm is tested on an IEEE 39-bus system and demonstrates
that the proposed algorithm improves the damping of inter-area
oscillations.

Index Terms—Grid interactive battery energy storage system,
inter-area oscillation damping, wide area measurement system,
wide area control system, optimized control.

I. INTRODUCTION

S the penetration of renewable and distributed energy

sources increases in the electric power systems, so the
power variability become bigger and bigger. Currently, this
variability negatively impacts the reliability of the grid as these
sources are not required to provide ancillary services. Thus,
integrating Energy Storage Systems (ESSs), which can provide
these services, is one possible solution to mitigate this impact

[1].

Fast-responding ESSs, such as flywheel and Battery Energy
Storage systems (BESS), are being installed at large renewable
energy plants to provide energy services [2]. However, due to
the installation costs, the cost-benefit of such systems is in
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doubt; hence, it is essential to improve the economical benefits
of ESSs. One such improvement is to incorporate power
services as a functionality of these systems. The goal of this
paper is to use a synchrophasor measurement-based controller
for GI-BESS to damp low-frequency inter-area oscillations, a
type of power service.

The application of Phasor Measurement Units (PMUs) in
the monitoring of the power system is a common practice
all over the world [3]. The Wide Area Measurement System
(WAMS) provides a wide range of synchrophasor measure-
ment by means of PMU devices. The power system operators
can use these measurement to have situational awareness over
the grid status. Furthermore, synchrophasor measurements
could be used to develop wide area control systems. In other
words, the usage of wide-area measurements as the feedback
signal of the wide area controllers is proven to have positive
effects on the performance of the controller [4].

Wide Area Damping Controllers (WADC) are designed to
overcome the shortcomings of the local damping controllers.
The implementation of WADC for Power System Stabilizers
(PSS) for mitigating local and inter-area power oscillations
can be found in [5], [6]. In addition, WADC for controlling
different FACTS devices has been used for mitigating low
frequency inter-area oscillation [7]-[10]. In addition, many
studies have been carried out regarding the application of
BESS for oscillations damping. For instance a damping con-
troller for BESS utilizing rotor speed deviation of remote
generators has been developed in [11].

On the other hand, a Small Signal Stability Analysis (SSSA)
regarding the impact of BESS on power systems with large
PV plants has been developed in [12]. Similarly, in [13] is
described the SSSA analysis taking into account the con-
trollers tuning actions, whereas, in [14] it is investigated the
integration of a heuristic dynamic programming algorithm for
adaptive control of BESS to damp inter-area oscillations. The
results are also compared with particle swarm optimization.
A fuzzy logic control is proposed in [15]. It uses the tie-line
power measurements as an input to guarantee a robust effect
on the damping controller based on BESS.

In the majority of previous works, BESS are used to in-
ject/absorb active power to damp the active power oscillations.
However, this research mitigates inter-area power oscillations
by exchanging reactive power with the grid. Therefore, the
BESS could participate in the power services as well as energy
services, simultaneously. In addition, in this paper the effects
of the proposed WADC on the State of Charge (SoC), and the



voltage at the Point of Common Coupling (PCC) is assessed.
The rest of this paper is organized as follows:

Section II describes the theoretical frameworks behind the
controller. The simulation results and discussions are presented
in section III. Finally, section IV concludes the paper.

II. THEORETICAL FRAMEWORK OF THE PROPOSED
CONTROLLER

A. Modeling

The developed model for a GI-BESS contains two major
parts: a battery model and converter model. For modeling the
battery it is assumed that the battery works in linear range
regarding its SoC. Equation (1) and (2), demonstrates the
model of implemented battery.

vs = Vg + kySoC (D)

vpc = vs — 1Rpc 2

where, v is the source voltage, v is the voltage for SoC' = 0,
k is the coefficient which relates the source voltage (vs) to
SoC, which is defined based on the used technology for
battery, and SoC is the state of charge (0% < SoC < 100%),
respectively. Therefore, the voltage of DC link vp¢ is calcu-
lated using (2), where ¢ is the battery current and Rpc is the
total dc resistance including the internal battery resistance and
the cables.

The converter model presented in [16] is used for modeling
the converter. This converter is based on voltage source
converter and uses Virtual Synchronous Generation (VSG) to
emulate inertia and impedance.

For modeling the dynamics of power system, the set of
differential equations which are described below can be used:

Mw"i_Dw:Pmech _PelechiPBESS (3)

where M is the inertia vector, w; is the vector of angular fre-
quency, D is the damping factor vector, and P, and Pje.
are the mechanical and electrical power vectors, respectively.
+Pppss is the vector of exchanged active power by each
GI-BESS with the grid. In this paper, only one GI-BESS with
POD capability is assumed.

B. Control Lyapunov Function

Based on the Control Lyapunov Function (CLF), consider
the uncontrolled system as (4).

X = fo(X) )

Then, let the Lyapunov (or energy) function of X as V(X),
then, we should have (5), thus, the controlled system is defined
as (6).

V(X) = VV(X).fo(X) <0 (5)
X:fO(X)+iukfk(X) (6)
k=1

where n,, is the number of controllable variables and wuy is a
control variable. Using (6) we have the Lyapunov function of
controlled system as (7).

V(X) = V). (folX) + D urfi())
k=1

. @)
= VV(X).fo(X) + VV(X). D ug fu(X)
k=1

The objective of the CLF is to choose uj, in such way to make
V(X) in (7) non-positive. A comprehensive presentation of the
CLF can be found in [17], [18].

C. Wide Area Measurement System

In this study, the WAMS delivers system-wide frequency
and voltage angle measurements to the POD controller of
the GI-BESS. These values are directly measured by PMUs
installed at generation substations of the system and sent via
communication to the regional/super Phasor Data Concentrator
(PDCO).

Hence, it is essential to establish a communication link
between PDC and the GI-BESS. In this study, all commu-
nication links are assumed to be time deterministic without
any possibility of data collision.

D. Proposed Controller

The scheme of the proposed synchrophasor measurement-
based controller for the GI-BESS POD controller is shown in
Fig 1.

As it is depicted in Fig 1, the POD block uses CLF as a
representative for energy function of the system to mitigate the
power oscillation by applying a change in the reactive power
reference of the BESS Converter, AQcy.

The SIngle Machine Equivalent (SIME) method from [18]
is used to obtain the proposed Q-based control laws for the
POD function, yielding

g = —KfODCOS((SGOMIB)wGOMIB 8

iqg = K79Psin(dgomis)weomin ©)

where, iy and i4 are ¢- and d-axis currents, K97 and K}V

are time-varying tunable gains, and dgon s and wgonp are

the angle and angular velocity of a Generalized One-Machine
Infinite Bus (GOMIB) system.

The wgomrs and dgoumrp are calculated from measured

w; and §; at the i-th element as
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Fig. 1. Proposed wide area controller scheme for POD functionality.

where m; and m; denote the inertia of i-th and j-th syn-
chronous machines, respectively; the subscript C' indicates
the machines inside the critical group; and the subscript NC'
indicates the machines inside non-critical group in the concept
of SIME.

The methodology for indicating the C' and NC' can be
found in [18]. Finally, the amount of reactive power to be
exchanged by GI-BESS for POD (Qpop) is calculated using
(12). The calculated value for @ pop is added to the Qs of
the converter.

QPOD = ’Uq.id — Ud.iq (12)

E. Optimization Problem

The hybrid optimization based on Differential Evolution
(DE) and Limited memory BroydenFletcherGoldfarbShanno,
Bound constraints (L-BFGS-B) optimization techniques is
applied to find the optimal value for KF©P and KJ°P.

This optimization can be done for different operation sce-
narios to find the time-varying gains. However, for the sake
of simplicity, this paper assess a single operation scenario. In

addition, in this research it is assumed that
POD POD
K p =Kj =k (13)

Therefore, the formulation of optimization problem as it is
mentioned in (14) is aimed to find the optimal value for k.

Given :
T =k;
Minimize :
1 _ <L 1, (14)
f@) ==Y (PLx—PL)+> |-
g = G
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Fig. 2. FFT analysis of active power for all lines of IEEE 39 Bus test case
system.

where, Pr, is the vector of simulated values for active power
of the tie-lines, Pr, j is the k-th element of Pr, vector, Py,
is the average of Pr, n is the length of Pr vector, (; is the
damping ratio of the /-th mode of the system, and n,, is the
total number of system’s modes that should be damped.

III. RESULTS AND DISCUSSION

To validate the proposed controller, the IEEE 39-bus system
is used. The grid is implemented in DIgSILENT Power Fac-
tory and it is assumed this network comprises three principle
areas, where a 200MW/200 MWh GI-BESS with an initial
SoC level of 50% is installed at Bus /4. The system undergoes
a three-phase short-circuit event on Line 14-15 at t = ls,
which is cleared after 100 ms. This event causes an inter-area
oscillation on the tie-lines of the system. The tie-lines are Line
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Fig. 3. Mode-shapes of oscillatory modes in IEEE 39 Bus test case system.
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Fig. 4. The active power oscillation of Line 09-39, without GI-BESS and
with GI-BESS with and without proposed POD controller.

09-39 and Line 14-15 which connect the east-area to north and
west-area, respectively.

To indicate the frequency of the oscillation, different meth-
ods can be used. In this paper, the FFT analysis of lines active
power flow during the fault indicates the frequency of this
oscillation (Fig. 2). The modes shapes of this system after
modal analysis for f = 0.645 Hz shows that two major groups
of synchronous generators oscillate against each other (Fig. 3).

Figure 4 and 5 depict the active power of Line 09-39 and
Line 14-15, respectively, for three different cases: without
GI-BESS, with GI-BESS, and GI-BESS with the proposed
controller. The POD coefficient is considered as k = 374.53
for the case with GI-BESS. This optimal value is obtained after
running the optimization for 15 iterations and the population
size of 15.

These two figures clearly shows the fine performance of the
proposed WADC in regards to shaving the peak and increasing
the damping ratio of the whole system. In other words, the
proposed WADC for the installed GI-BESS at Bus 14 improves
the oscillations mitigation in both tie-lines, which connect the
coherent area to neighbour coherent areas.

For making GI-BESS available to participate in both energy
and power services, it is important to assess the amount of
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Fig. 5. The active power oscillation of Line 14-15, without GI-BESS and
with GI-BESS with and without proposed POD controller.

stored energy which could be injected to the grid and the
available capacity for absorbing energy from the grid. Thus,
the SoC of the GI-BESS could be defined as a good measure
to find the effect of power oscillation damping enhancement
as a power service on the regular performance of the BESS for
energy services. Therefore, to assess the effect of the proposed
controller on the SoC level of the GI-BESS, a comparison is
presented in Fig. 6.

This figure clearly indicates the negligible impact of the
proposed controller on the SoC level of the GI-BESS. This
indicated that the GI-BESS is capable of delivering the active
power to the grid based on the dispatched values and partic-
ipating in power oscillation damping service, simultaneously.
Furthermore, the effects of proposed WADC on the dispatched
active power is depicted in Fig. 7.

As it is shown, the amount of the active power of the GI-
BESS is changing during participation in oscillation damping
because of the virtual impedance emulation controller loop,
which is implemented for the controller of the VSG used in
this paper.

The other important point to notice is the state of injecting
active power that remains for the GI-BESS regarding the
initial dispatch. In other words, the GI-BESS is injecting
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Fig. 6. SoC level versus the GI-BESS reactive power exchange.
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Fig. 7. The GI-BESS active power versus its reactive power exchange.
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Fig. 8. The voltage magnitude at Bus 14 versus the GI-BESS reactive power
exchange.

active power to the grid regardless of the reactive power
injecting/absorbing status.

Furthermore, the effects of proposed controller on the volt-
age magnitude at the PCC (Bus 14) is presented in Fig. 8. The
injection/absorption of reactive power can cause fluctuations
on the voltage of the PCC, however, the reactive power limiter
implemented on the output of proposed WADC keeps the
voltage within the standard limits. As it is shown in 8, the
voltage magnitude maintain within the range of 0.9 p.u. to 1.1
p.u., which is an acceptable range for operation regarding to
most of available grid codes.

IV. CONCLUSION

This paper presents an optimal WADC for GI-BESS, which
improve the inter-area oscillation damping by exchanging
reactive power with the grid. In addition, a hybrid DE-(L-
BFGS-B) nonlinear optimization algorithm is applied to the
proposed CLF approach to tune the gains for the controller
to improve the performance of the GI-BESS for each oper-
ating condition. Simulation results explicitly show the fine
performance of the WADC for the GI-BESS. In addition, the
effects of proposed controller on the dispatched active power
of GI-BESS and the PCC voltage magnitude are assessed.

Finally, based on simulation results, the proposed controller

enables a GI-BESS to participate in both energy and power
markets, simultaneously, thus improving its cost-benefit. As

future works, an assessment over the effects of communication
link delay and failure could be considered. Furthermore, the
optimization can be extended to optimize both KI°P and
KFPOP  simultaneously.
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