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Abstract—In this paper, we consider a distributed energy stor-
age system (ESS)-based control paradigm for transient stability
of power systems. Utilizing a multi-agent control framework, we
propose an effective virtual inertia measure for cyber-physical
agents that includes both traditional synchronous generators and
actuated ESSs. We derive the effective virtual inertia analytically
for the case of general ESS-based control. We further consider
the case of parametric feedback linearization control (PFL) as an
application and investigate the proposed inertia measures after
applying the PFL control. The utility of the proposed inertia
measures is studied using the IEEE 68-bus test power system.
Numerical results demonstrate the impact of storage limits, con-
trol scheme aggressiveness, and delay on the proposed inertia
measures during a disturbance in the power system.

Index Terms—Cyber-physical agent, smart grid, feedback lin-
earization control, transient stability, multi-agent framework,
inertia, energy storage, distributed control.

I. INTRODUCTION

DVANCEMENTS in power systems are unfolding as

it continues to incorporate more renewable energy
resources, energy storage systems as well as cyber-enabled
and connected components. Energy storage systems (ESSs) are
becoming popular in power systems with various applications
ranging from stability and frequency regulation to energy eco-
nomics. An ESS is a device that can be used to store energy
which can be injected into the system for a variety of rea-
sons. Power systems are also becoming more cyber-connected
as a greater number of sensors is deployed and connected
to control centers through communication networks. These
advancements motivate designing new distributed ESS-based
control paradigms to change power system dynamics.

Power system stability is the ability of the system to regain a
state of operating equilibrium after being subjected to a physi-
cal disturbance [1]. A power transmission system is considered
stable if, for example, the synchronous machines of the system
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return to a stable steady state operating point after the occur-
rence of a disruptive event. Transient stability refers to the
ability of a power system to maintain its synchronism when
subjected to a severe disturbance, such as the loss of a gener-
ation unit. Faults, and switching attacks can trigger transient
instability in power systems.

Classical approaches for transient stability control relied on
fast clearance of the fault using fast-acting circuit breakers to
trip the faulted transmission lines. Further, automatic power
control regulators are typically used to affect the excitation and
governor systems of a synchronous generator to help restore
synchronism. Finally, if a generator is not in synchronism,
out-of-step protection systems are triggered to trip the affected
generator [2]. To help enhance transient stabilty control and to
avoid tripping of generators, recent studies have capitalized on
the smart grid paradigm by proposing novel distributed control
approaches. For example, a popular body of research is emerg-
ing that focuses on ESS-based distributed control that aims to
enhance stability in power systems [3]-[7]. The resulting con-
trollers actuate distributed ESSs to inject and/or absorb power
from the system during and after disturbances in order to shape
the dynamics of the power system to maintain or regain stabil-
ity. A distributed transient stability control technique is often
activated to address both accidental faults or targeted attacks
on the grid. The response time of prime movers power control
for a large hydro plant can range from few seconds to minutes,
whereas the response time for actuated (fast-reacting) ESS is
few cycles. Thus, the fast response of controlled ESS such as
flywheels makes them adequate to address transient stability
problems.

Power grid inertial response, resulting from the rotating
masses of traditional generation machines, have been essen-
tial in characterizing the dynamical behavior of the grid and
its stability [8]. Nevertheless, the increased penetration of
low/zero inertia renewable generation into the grid is affect-
ing the grid inertia and its stability characteristics. This has
motivated the development of virtual synchronous genera-
tors (VSGs) that provide virtual inertia to the power grid
and hence improve its stability properties. VSGs represent
a power-electronics/converter control approach to emulate
the behavior of synchronous machines over short periods of
time [9]-[11]. Here, a VSG is comprised of a (typically
low/zero inertia) distributed generator and a short-term energy
storage device with a power inverter that is appropriately con-
trolled to improve the dynamic response of the power system.
Several works have recently proposed a variety of virtual-
inertia control approaches for frequency regulation specially
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for microgrids or power systems with high penetration of
renewables [12]-[17].

Previous analysis of ESS-based control paradigms focused
on the control design through optimizing control objectives
and ESS resources for desired system dynamics. While this
approach provided a working framework that considered in
some cases optimal virtual inertia introduced by the storage,
it did not provide tools or measures to capture the aggregate
effect of the storage and its associated distributed control.
Moreover, traditional measures of system performance such
as angular frequency reflect the system dynamics but not the
effective performance of the ESS-based control. Hence, this
motivates the need to define new measures to describe the
inertial response of the ESS and its associated control and
provide direct design insights.

In this article we draw an analogy between the role of dis-
tributed control for transient stability and physical inertia in
synchronous generators, both, aimed at improving transient
stability. Therefore, we reintroduce the notion of virtual inertia
as a result of ESS-based distributed control. Then we consider
a collective cyber-physical effective virtual inertia paradigm
that quantifies the combined effect of a distributed control
agent actuating an ESS for the purpose of transient stability of
an associated synchronous generator. The proposed measures
appear as time varying quantities that reflect the agent oper-
ation, control, ESS characteristics and dynamics. We apply
the proposed measures on a state-of-art ESS-based distributed
control as an application. We consider parametric feedback lin-
earization (PFL) control [3], [7] for its simple tunable design
that allows for tractable advanced analysis.

While previous research has developed inverter-based ESS-
actuating controls to emulate a VSG, in this work we consider
a different perspective. A general distributed control for tran-
sient stability with a general control objective that actuates
an ESS is considered. For this general ESS-based control we
analytically describe the effective inertia as a function of the
parameters and characteristics of the control and the associ-
ated ESS. We assert that the framework and associated metrics
facilitate the study of ESS-based distributed control and its
impact on system dynamics. Further, within this framework
the proposed effective virtual inertia measure relies on the
cyber-physical operation of the distributed control agent, and
thus we are able to study the metric in relation to smart grid
communication latency, ESS capacity and control structure and
parameters. We provide analytical and numerical insights.

A. Problem Statement

We model the power system as a multi-agent cyber-physical
system comprised of N agents [5], [7]. In this representation,
each cyber-physical agent is composed of: 1) a synchronous
generator, 2) a sensor that provides local measurements of the
generator rotor angle and speed, 3) a distributed controller
that processes sensor data from system agents, and 4) a fast-
acting ESS (such as a flywheel) that can inject or absorb real
power in the system depending on the value of the control
signal. In this model, a communication network connects the
different cyber-physical agents. The controller (also referred
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to as control agent) affects the dynamics of the power system
by actuating the local fast-acting ESS entity.

In this model, the physical dynamics of each cyber-physical
agent depend on its own state as well as the states of other
agents in the system. The sensors, distributed controllers, and
associated communication infrastructure form the cyber com-
ponents of the multi-agent system; whereas, the synchronous
generators and associated power system devices including the
ESSs represent the physical elements of this system. The
system agents are connected physically through transmission
lines and buses and in cyber form through the communication
network.

The distributed controller employed at each Agent i, where
i € {l,...,N}, actuates the ESS using a computed con-
trol signal u; to improve system stability. We assert that this
ESS-based control acts as an effective virfual inertia on the
closed-loop dynamics akin to the physical inertia of syn-
chronous generators. We aim to describe the inertial response
of the cyber-physical agent i as a function of the control sig-
nal u;, where u; captures the ESS related characteristics. We
introduce the notion of effective virtual inertia to describe the
inertial response of the agent and investigate its significance
in evaluating the collective effect of both physical and cyber
mechanisms for enhancing transient stability.

B. Contributions

The main contributions of this work include:

1) proposing the concept of “effective virtual inertia” in
the context of ESS-based distributed control for transient
stability;

2) deriving a general analytical expression for the effective
virtual inertia measure for two system-level compo-
nents: a) the cyber-physical agent consisting of the
synchronous machine, an ESS and its control operation,
and b) the actuated ESS alone; and

3) studying the potential of PFL control within the pro-
posed inertia-based paradigm.

The remainder of this manuscript is organized as follows.
Relevant background on stability and dynamics and the prob-
lem setting are presented in Section II. The developed inertia
measures are presented in Section IIl and are detailed in
Section IV for the case of PFL control. Section V numerically
investigates the proposed measures and considers non-ideal
cyber-physical conditions. Finally, conclusions are presented
in Section VL.

II. CONTROL FOR TRANSIENT STABILITY
A. Power System Stability

Physical disturbances on power system operation are often
classified as either small or large [1]. Small disturbances
include incremental load changes, while large disturbances are
of a necessarily severe nature and include transmission line
faults and loss of generation units. Power system stability is
traditionally defined as the ability of the system to regain a
state of operation equilibrium after being subjected to a phys-
ical disturbance [1]. Following the disturbance, if the power
system is stable, it will either reach a new equilibrium state or
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return to the original operating condition. Stability of power
systems is of a great concern to system operators.

Rotor angle stability refers to the ability of the synchronous
machines in a power system to remain in synchronism after
being subjected to a disturbance [18]. This type of stability
depends on the ability of a synchronous generator to maintain
or restore balance between its electromagnetic and mechanical
torques. If the power system has a rotor angle instability issues,
then some synchronous generators may experience increas-
ing angular swings which may lead to loss of synchronization
amongst the different generators in the system.

When the power system is in a steady and secure state,
there is a balance between the mechanical and electromag-
netic torques of synchronous generators which leads to the
rotor speed of each generator being constant. However, when
there is an imbalance between the mechanical and electro-
magnetic torques, the rotor experiences an acceleration or
deceleration depending on the sign and degree of torque dif-
ference. Transient stability describes the ability of the power
system to remain in synchronism when subjected to large dis-
turbances [18]. The time frame of related studies is typically
on the order of 3 to 5 seconds following a disturbance, and
may extend to 10 or 20 seconds for large power systems [1].
Through application of control techniques, transient stability
can be achieved after the occurrence of a physical distur-
bance by maintaining both speed synchronization and phase
angle cohesiveness. Speed synchronization requires the rotor
speed of generators to converge asymptotically to a common
value. Phase angle cohesiveness refers to the property whereby
the differences between the rotor phase angle of the differ-
ent synchronous generators of the power system are below a
predefined threshold.!

Given our focus, in this work, on addressing issues of tran-
sient instability, we employ the well-known swing equation
model of synchronous generators to describe power system
dynamics. The swing equation links the rotor angle and speed
of a synchronous generator to enable the study of tran-
sient stability. In addition, a Kron-reduction technique [20] is
employed to efficiently model the physical power grid inter-
connections to determine effective admittance-based mutual
couplings. In conjunction with the swing equation model of
each generator, an additional set of coupled differential equa-
tions can be used to represent the overall transient stability
dynamic behavior of the power system.

B. Power System Dynamics

Consider a power system consisting of N synchronous gen-
erators. For the ith generator, where i € {l,...,N}, the
generator parameters and states are listed in Table 1. The two-
axis sub-transient machine model is widely used to capture
the dynamics of synchronous generators during transients. In
this model, the electrical dynamics of Generator i’s stator are

For a two-machine power system this threshold is determined based on
the equal-area criteria and is found to be 180°— (initial rotor angle difference
between the two generators) [19].

TABLE I
MACHINE PARAMETER DESCRIPTION

Parameter | Description

0 rotor angle

w rotor angular speed

ws synchronous speed

D damping coefficient

Eél d-axis transient electromotive force (emf)
E, g-axis transient emf

Ey field voltage

H machine inertia constant

14 d-axis component of stator current

Iq g-axis component of stator current

R armature resistance

Xq d-axis synchronous reactance

Xq g-axis synchronous reactance

X '/} d-axis transient reactance

Xy g-axis transient reactance

T(; d-axis transient open loop time constant
Ty g-axis transient open loop time constant
T electromechanical torque
T mechanical torque

Va d-axis terminal voltage

Vy g-axis terminal voltage

represented as [21], [22]:

4 1 / !
Eyi = = (~Ey — (Xa = X() L+ Er) (1)
di
nd 1 / /! 2
di = F(_ ai T (Xqi - Xqi>lqi> 2)
ql
Ej; = Vi + Railgi + Xyilai 3)
Ey = Vai + Railai — Xyl i 4)

where E(/,i and Eili denote the time derivative of E;i and E,,
respectively. Let Q2 denote the system frequency (typically
equal to 60 - 2 or 50 - 2 depending the geographical loca-
tion). the rotor dynamics of the synchronous generator can be
expressed by [21]:

3 = Qy(wi — wy) )
. Wy
wj = Z_I{[(TMI — Tgi — Di(w; — wy)) 6)

where Si and ; are the time derivatives of §; and w;,
respectively.

Further, the field voltage of a generator is controlled by
the excitation control system, while the mechanical torque is
controlled by the governor. The electromechanical torque is

calculated as [21]:
Tgi = Eld,‘Idi + E;ilqi + (X,;, - Xc/ﬁ)]dilqi' (7

Let Py and Pg; be the mechanical and electrical powers of
Generator i, respectively, where Pg; = Tg; and Py = Ty
when using per units. Then, the dynamics of the rotor speed
in relation to the mechanical and electrical powers (in per unit)
is modeled as:

Wy
T 2H,;

The swing equation model presented in (5) and (6) describes
the electromechanical dynamics of the synchronous gener-
ator’s rotor, which is useful for studying the behavior of

(Pmi — Pgi — Di(w; — wy)). ®)

w;
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synchronous generators when the power system is subjected
to a large disturbance. Let P4; = Py — Pg; refer to the
accelerating power of Generator i, Vi € {1, ..., N}. Typically
P4; = 0 during normal operations. However, when a major dis-
turbance occurs in the power system, the accelerating power of
some generators deviates from 0. If a generators accelerating
power is positive (negative), the generator’s rotor will increase
(decrease) its speed. Different traditional control schemes
(such as excitation and governor control systems) accompany
synchronous generators in order to respond to various distur-
bances; however, such traditional control systems exhibit slow
reaction to rapid changes in the system dynamics. Fast reacting
ESS and the availability of communication provided a good
environment to develop advanced control paradigms to help
enhance transient stability.

A large deviation in rotor speed may damage the syn-
chronous machine if not tripped by out-of-step protec-
tion [18].2 Consequently a generator might be disconnected
from the power grid. A generator is said to be stabilized if its
rotor speed is driven back to an acceptable range and when the
rotor phase angle differences of the different synchronous gen-
erators are below a predefined threshold. Hence, the primary
goal of control addressing transient stability is to intervene
quickly to prevent out-of-step tripping of generators until other
control mechanisms such as governors are functioning and can
drive the system to stability. Transient stability of a power sys-
tem can be evaluated using metrics that are indicative of the
impact of the contengencies on the system dynamics [25]. The
power angle-based stability index n can be evaluated as

360 — Smax
360 + Smax
where dmax 1S the maximum angle separation between any two

generators in the system [25]. A higher value of 1 corresponds
to a more favorable stability condition.

n )

C. Distributed Control for Transient Stability

The goal of a transient stability control is to regain a bal-
ance between the mechanical and electromagnetic torques of a
synchronous generator leading to constant rotor speeds. Thus,
through the actions of the controller, synchronism is restored
between the different generators in the system and rotor speed
of the generators is driven to within an acceptable range.

Advanced distributed control schemes require the presence
of cyber infrastructure to communicate the system state infor-
mation. Sensor readings are periodically communicated to
distributed controllers that affect the power system dynam-
ics through power injection and absorption via ESSs. An ESS
is a device that can store energy, and is able to absorb and
inject electric power into the power grid. Available ESS tech-
nologies include flywheels, thermal, pumped hydro, solid state,
compressed air, and capacitor systems.

The distributed control scheme can affect the dynamics of
the power system by absorbing or injecting a specified amount
of real power through the application of a fast-acting ESS at

2Example settings for out-of-step tripping protection in a multi-machine
system can be found in [23] and [24].
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a designated generator bus. Incorporating the ESS actuation,
described via u;, at the bus of Generator i modifies the swing
equation at time ¢ to:

$i(1) = Qs(wi(t) — wy)

D (Pai(t) — Di(wit) — wp) + wi@).  (10)
2H;

The transient stability control first addresses rotor speed devi-

ations. Once rotor speed is stabilized, then the rotor angle

differences between system generators become constant.

The ESS output is controlled in [4] depending on the level of
frequency deviation in the power system. Nonlinear flocking-
based control scheme was proposed in [5] to resynchronize
the generators after the occurrence of a severe disturbance.
Further, mechanical power of the generators is modulated
in [26] to regulate the rotor speed. In addition, a PFL control
scheme is proposed in [3], [6], and [7] for transient stability.

wi(1) =

IIT. INERTIA OF AGENTS AND ESS

Stability time refers to the time it takes a distributed
controller to stabilize the associated generator, and it is tra-
ditionally used as a measure to quantify the performance of
control schemes for transient stability applications. However,
in this section we propose a different measure that mimics the
inertia constants of synchronous generators.

A. Background on Generator Inertia

The swing model of a synchronous machine, as shown
in (10), captures the basic dynamics of the synchronous
machine where the combined inertia of the generator and
its prime mover is accelerated by the imbalance between
mechanical and electrical torques [18]. In other words, the
machine rotational inertia represents a measure of its resis-
tance to changes in rotational speed [15]. The development
of the swing model incorporates the equation of rotational
motion as:

dw,,

I = (11)

where J denotes the combined moment of inertia of the gen-
erator and turbine. Eq. (11) is then normalized in terms of the
per unit inertia constant H, with a rated angular speed wqy,
and system rated power of VApase, as:

2H
J = 5 VApase-

Dom

a=Tuy —TEg

(12)

Noting that the rated torque is calculated as Tpase =
VAbase/®om, the per unit equation of motion becomes in the
form of (6) [18].

We note that a synchronous machine’s rotational inertia
constant is a positive quantity that is related to the time
constant of the machine dynamics; here, a lower value of iner-
tia implies that a stable (unstable) synchronous machine is
easier to destabilize (stabilize). This motivates our proposed
“effective” inertia analogy for an agent, whereby a smaller
effective inertia measure indicates that during a disturbance,
an agent stabilizes more easily (i.e., faster). Hence, a syn-
chronous machine’s moment of inertia models the mechanical
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STORAGE
SYSTEM
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CONTROLLED AGENT

Fig. 1. Effective inertia of an agent.

inertia of the machine which relates to its rotational dynam-
ics. Our source of proposed virtual inertia, on the other hand,
emulates inertia by imposing defined control actions adhering
to the swing model dynamics. Subsequently, we assert that
the proposed effective inertia measure represents an equiva-
lence to physical inertia for distributed control in multi-agent
dynamics.

B. Effective Inertia of a Cyber-Physical Agent

Evaluation of distributed control performance for transient
stability has relied largely on numerical measures such as
stability time [7]. Here, we formulate a setup of ESS-based
distributed control as an equivalent synchronous machine to
help arrive at insights on applied control and virtual inertia.
This would be useful to address problems such as ESS place-
ment and sizing. We build on the multi-agent representation
in Section I to investigate the concept of inertia for cyber-
physical agents. Let Agent i include the components of both
Generator i and its associated ESS (denoted ESS;) that is actu-
ated with control signal u;. We utilize the models in (8), (10),
and (22) to gain an understanding of the impact of distributed
control on the effective inertia of system agents. Let I:Ieff’j(l‘)
denote the effective inertia of Agent i as a result of the control
action at time ¢ (i.e., u;(t)).

To arrive at a measure of the effective inertia IA{efﬂ i, We com-
pare the dynamics of Agent i as a function of H; and u; with
that of an equivalent Generator i with the effect of the con-
trol u; embedded in its effective inertia f{eff, i- As depicted in
Fig. 1, the impact of the controlled storage can be interpreted
as changing the effective inertia of a synchronous generator
to achieve the same structure of dynamics. Consequently, the
value of w;(f) has to be the same for both the controlled agent
and the equivalent generator. Thus, following (8) and (10), we
find:

@m=§§mm—&wm—%HWM)
Wy
= — (Pai(t) — Di(w;i(t) — o 13
Ty PAO — D =) (13)

which leads to:
Pa;i(t) — Di(wi(t) — wy)
Pai(t) — Di(wi(t) — wy) + u(r)”

Hegri(f) = H; (14)

SENSOR READINGS

FROM OTHER AGENTS CONTROLLER

SYNCHRONOUS
GENERATOR

[ — ESS EFFECTIVE
— = VIRTUAL INERTIA

SYNCHRONOUS
GENERATOR

STORAGE
SYSTEM

BUS

CONTROLLED ESS

Fig. 2. Effective inertia of an actuated ESS.

Consequently,

ui(1)
- (15)
Pi(t) — Di(wi(t) — wy) + ui(1)
is a measure of the effective inertia of the equivalent generator.
It is to be noted that usually |P4;(#)| > Dj|w;(t) — ws| in
typical transient stability studies, and so Py4;(t) — D;(w;(t) —
ws) ~ Py;(t); this leads to:

Hegti() — Pai®

H; Pai(t) + i)
However, it is anticipated that the distributed controller will
limit the effect of the accelerating power by injecting u; that
counters the value Py;; thus, it is very probable that u;(¢f) and
P4;(t) will have opposite signs. Consequently, it is expected
that |Psi(1) — Di(wi(t) — ws) + ui(] < |Pai(#)|, and this
means that |Hegr i ()] > |H;| in (14). Thus, compared to that
of Generator i, the inertia of the effective generator of the
cyber-physical agent is larger in magnitude. Within a transient
stability perspective, high inertia is desirable as it prevents the
power system from deviating quickly in response to a tran-
sient disturbance. This observation means that, analogous to
the physical Generator i, the dynamics of the cyber-physical
agent is slower to change during a disturbance and thus it can
be considered more stable.

mmmzmo

(16)

C. Virtual Inertia of an Actuated ESS

We now consider defining the virtual inertia of the actuated
(i.e., controlled) ESS in isolation. The aggregate inertia of two
synshronous generators depends on if the two machines are
coherent or not [27]. Thus, the effective inertia of the cyber-
physical agent is a combination of the generator inertia and
the virtual inertia of the ESS. But, the ESS and associated
synchronous generator are coherent since they share the same
bus as shown in Fig. 2.

Thus, let IA{eSS,,’ denote the virtual inertia of the actuated
ESS;. Then, the effective virtual inertia of the cyber-physical
agent can be expressed as the sum of the virtual inertia of the
ESS and the associated synchronous machine [27], [28]:

Heff,i(t) =H;+ Hess,i(t)~
Equivalently, the virtual inertia constant can be expressed as:

Hess (1) = Hegr i() — H. (18)

a7)
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Utilizing (14), this can be calculated using:

- Pai(t) — Di(w(1) — wy)
Hewo (1) = H: —H;. (19
essi 1) ’(PA,-a) ~Ditar() — ) + u,-> 19
Simplifying results in:
. —u;(t
Hegs,i(1) = H; i (20)

"Pai(1) — Di(wi(t) — wy) + ui(1)
Recall that in transient stability studies it is usually the case
that [P4;(1)| > Dj|wi(t) — ws|; thus, Pa;(t) — Di(wi(f) — wy) ~
P4;i(t). Consequently, the effective virtual inertia ratio can be
approximated as:

I:Iess,i(t) ~ —u;(1)

~ . Q1)
H; Ppi(t) + u;(t)

D. Observations

It is noted that when the distributed control is not activated
for Generator i, i.e., u; = 0, the effective inertia constant of the
cyber-physical agent is equal to that of the physical generator
as seen in (15); without the distributed control, the cyber-
physical agent is effectively equivalent to the synchronous
generator. Further, mimicking an open circuit, the virtual iner-
tia constant of the actuated ESS appears as zero when the
control power is zero as confirmed by (20), i.e., ESS is not
contributing to stability. As the controller starts to stabilize
the power grid and the rotor speed of Agent i approaches sta-
bility (w; — wy at stability), the control power of the agent
approaches —Py4;(t). Thus, |I:Ieff,,-| — o0 and |I:Iess,,-| — 0.
Consequently, the actuated ESS dominates the dynamics of the
Agent i, where no fluctuations will affect of the cyber-physical
agent state.

E. Applications

The proposed framework arrives at an analytical expression
for the effective inertia that is function of various attributes,
which facilitates a variety of studies. As an example, since
the effective inertia is implicitly a function of the actuated
ESS capacity, an optimization framework would enable system
operators to design the placement and sizing of ESS installed
in a power system for a desired dynamical response. A possible
deployment strategy can be investigated where synchronous
generator with lower inertia are augmented with controlled
ESS to enhance the power system dynamical response.

IV. FEEDBACK LINEARIZATION CONTROL

We extend our treatment to the ESS-based PFL control. PFL
is a state-of-the-art distributed control for transient stability
applications; it has a simple design, is parametric and tun-
able, allows for tractable analysis and can well accommodate
communication delays and cyber attacks.

A. PFL Control

Consider the case of PFL control where the distributed con-
troller actuates the output of ESS; to address transient stability
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according to:

G w(t) > G
ui(t)y =y i)  —Ci <t <G (22)
—C; it,'([) < —C;
where C; denotes the capacity of ESS; and:
Ui(t) = —Pai(t) — ai(wi(t) — wy) (23)

is the preprocessed control signal and «; > 0 is denoted as the
speed stability parameter. This arrangement accommodates the
case of limited storage capacity at Generator i as the control
actuation cannot exceed capacity.

Next, expanding on the different values of u;(¢)
in (14) and (20), different cases of PFL control are
considered.

B. Inertia With PFL Control

Given the structure of the PFL controller in (22), the effec-
tive inertia of the cyber-physical agent can be expressed as:

Pai(t) — Di(wi(1) — ws)

l:ti(l‘) > C,'
R Pai(t) — Di(wi(t) — wy) + C;
Hegr i(1) Pai(1) — Di(wi(1) —w)
= ui(t) < —GC;
H; Pai(t) — Di(wi(t) — wy) — C;
Pai(t) — Di(wi(1) — wy) )
— otherwise

(D; + a;) (w;(1) — wy)
24)

and the effective inertia constant of the actuated ESS; is found
to be:

—C;

fti(t) > C,'
. Pai(t) — Di(wi(t) — wy) + C;
Hess,i(t) _ Ci ft(l) < C:
- 1 1
H; Pai(t) — Di(wi(t) — wy) — C;
Pai(1) + ai(wi(t) — wy) .
otherwise

—D;(w;(t) — ws) — aj(w;(f) — ws)
(25)

where i;(¢) is defined in (23), and C; > 0 is the capacity of
the storage unit in Agent i.

In the following we investigate the three possible cases of
the control power range.

1) u;(t) > C;: In this case the preprocessed control signal
exceeds the ESS capacity limit, and thus the control signal is
bounded to the maximum (i.e., u;(t) = C;). Usually |P4;(?)| >
|wi(t) — wg| and that it is very likely that P4;(#) < 0, and so
this means that Py;(f) + C; < 0. Accordingly, I:Iefﬂi(t) and
ﬁess,i(t) are estimated as:

Heri(t) _ PaiD)
H; Pai(t) + C;
Hess,i(t) ~ —C;

A . (26)
H; Pai(0) + C;

Since |Pa;(t)| > |Pai(t)+C;|, then ﬁeff,,'(t) > H;. Furthermore,
since P4;(?) and C; have opposing signs, then ﬁlegs’i(t) > 0. As
the ESS capacity limit C; increases, the magnitudes of f{eff’i(t)
and ﬁ]ess,i(t) become smaller (resembling the case of high con-
trol power); however, increasing C; means this case becomes
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Fig. 3.

Single line diagram of the IEEE 68-bus 16-machine test system.

less likely. On the other hand, decreasing the ESS limit to
zero leads I:Ieff,,-(t) to approach H; while I:Iess,i(t) becomes
zero, similar to the case of zero control power.

2) —C; < u;(t) < Cyi: In this case the control signal equals
the preprocessed one. Consequently, the effective inertia con-
stant of the cyber-physical agent and the virtual inertia constant
of the actuated ESS; can be approximated as:

Hegt,i(1) Pai(t)
H; (Di + i) (wi(1) — wy)
Hess.i()  _ Pailt) + ci(@i(t) — )
H; (Di + ) (wi() — w5)
It can be observed that when w;(f) — ws; > 0, the effec-
tive inertia of the cyber-physical agent is negative. Further,
when w;(f) — wg — 0, the virtual inertia of the actuated
ESS is approximately the negative of the inertia constant of
the synchronous machine, and the effective inertia constant
approaches oo depending on the sign of Py;(¢); thus mak-
ing w;(t) — 0, indicating the state of the cyber-physical agent
is indifferent to any disturbance. Furthermore, increasing the
ESS limit means this case becomes more likely.

3) u;j(t) < —C;: Here, —Ppi—aj(wj—ws) < —C;y, and in this
case the control signal is u;(t) = —C;j. Here it is very probable
in this case that P4;(f) > 0, and consequently Py;(¢) — C; > 0.
Thus, the ratio of inertia constants are approximated for this
case as:

27)

Hetr () Pai(t)
H; Pai(t) — C;
I:Iess,i(t) ~ Ci
Hi Pi(1) = Ci”
inen that Pa;(t) > Psi(t) — C;, then I:Ieff,i(t) > H; and
Hegs,i(f) > 0. In addition, increasing the value of C; has similar
consequences to that of the first case.

(28)

V. NUMERICAL RESULTS

The IEEE New York-New England test power system (also
called the Northeast Power Coordinating Council (NPCC)
power system) is used for numerical simulations. The test
system has 16 conventional synchronous generators, 68 high-
voltage buses, 66 transmission lines, and 35 loads as shown
in Fig. 3. The parameters of this power system are extracted
from [29], each generator is represented by (1)—(7), and the

simulation environment follows the guidelines in [21]. More
details about this test system can be found in [30].

A. Ilustrative Example

In the test system described, a three-phase fault occurs at
Bus 60 at r = 1 second for 5 cycles. The distributed PFL con-
troller is activated immediately with «; = 25, and the capacity
of each ESS in the system is limited as C; = 5%P)y;. Sensors
take periodic readings of the rotor speed and angle. The mea-
surements are communicated to different agents where Py; is
evaluated according to (7) and Ps; = Py — Pgi. Then the
PFL control calculates u; based on P4; and the local rotor
speed as shown in (22). The results for Agent 8 (synchronous
Generator 8 and ESSg) are shown in Fig. 4 as a demonstration;
however, similar results can be observed for other generators
in the system.

The performance of the PFL control is depicted in Fig. 4,
where it can be observed how the system transient response
was enhanced through the rotor speed and the relative rotor
angle, and as is reflected by the power angle-based stability
index 7. The following general observations can be learned
from the numerical results reported in Fig. 4:

« Initially, before the fault occurs, w;(f) = ws and Py;(t) =
0; thus, the control power u; = 0. Consequently,
Heff,i(t) = H; and |Hess,i(t)| =0.

o Shortly after the occurrence of the fault, the values of
P4;(?) fluctuate for few seconds; however, the control sig-
nal is limited to the capacity of the ESS. Thus, w;(?)
swings around wyg, and the values of ﬁ]eﬁ" ;(H) and I:Iess,,-(t)
fluctuate as well following (15) and (20), respectively.

o Later, as |w;(f) — wg| — 0, the generator is stabilizing
and the value of the control signal approaches the neg-
ative of the accelerating power; i.e., uj(t) & —P4;(?).
Accordingly, |Hefr i(f)] — 00 and |Hess ()] — 00 as
predicted in (16) and (21).

Eventually when other controls mechanisms such as gover-
nors are functioning #; — 0 and |I:Ieff,,~(t)| -0 |I:Iess,,~(t)| — 0
as discussed in Section II-B. It can be observed that the effec-
tive inertia of the agent characterized by I:Ieff’[ is dominated by
the actuated storage virtual inertia ﬁess,i. As shown, the iner-
tia ratio for the effective inertia when u; = 0 is 1, meanwhile
the inertia ratio of virtual inertial of the actuated storage is O
when u; = 0. Otherwise, the main characteristics and behav-
ior is very similar. A more detailed discussion of the impact
of ESS capacity, PFL parameter, and communication delay
follows.

B. Effect of ESS Capacity

We study the impact of varying the ESS capacity limit
C; in (22). Three different values of C; are examined as
Ci = 1%Py;, C; = 10%Py;, and C; = 25%P)yy;;. The simula-
tion results are shown in Fig. 5. As can be observed, increasing
the ESS capacity has obvious implications on the proposed
inertia measures. For example, as C; gets larger, it is more
probable that u; = #;, and consequently the effective inertia
values are calculated using (27). This would result in a behav-
ior where rapid changes in w;(r) greatly affect the effective
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Fig. 4. Results for Agent 8.

inertia measures. Hence, the values of I,\{eff’i(l‘) and Ifless,,'(t)
fluctuate more, but for a shorter duration; thus, |Hefr,; ()] — o0
and Hegs (1) — oo earlier.

C. Effect of PFL Speed Stability Parameter

Next, we study the impact of varying the PFL stability
parameter «; in (23). Three different values of the parame-
ter are examined as «; = D;, o; = 5D;, and «; = 10D;.
Simulation results on the test system are shown in Fig. 6. The
PFL control scheme is parametric through the speed stability
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Impact of communication delay on inertia measures constants of

parameter «. Increasing the value of «; yields a more aggres-
sive controller for ESS;. As such, it is shown that higher values
of o; will result in a faster stability and an earlier time to
achieve |ﬁeff’i(t)| — oo and IA{eSS,i(z‘) — 00, and this is similar
to the case of a higher ESS capacity.

D. Effect of Communication Delay

Finally, we consider the effect of communication delay
(denoted 1) on the proposed measures. Communication delay
impacts system measurements that are used to calculate Py;(f)
and thus indirectly affects effective inertia values. The different
delay values examined are T = 45, T = 140, T = 250 msec,
where the simulation results are shown in Fig. 7. Measurement
latency results in a delayed corrective reaction from the PFL
control in comparison to the evolving state of the system.
As expected, it is shown that for a considerable range of
delays, the PFL control is able to achieve |ﬁ]eff’ i(®)] — oo and
I:IS,,-(t) — 00. Whereas for high delays, for example 7 = 250
msec, the PFL control is not able to stabilize the system, where
both I:Ieff,i(t) and I:Iess,i(t) do not settle on desired values.
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E. ESS-Based Control: A Remedial Control

The main goal of ESS-based distributed control addressing
transient stability is to act as a remedial action till other con-
trol mechanisms such as exciters and governors intervene to
actuate system operation. The ESS-based control enhances the
transient response by modifying the dynamics of the genera-
tor such that the combined system, of the controlled ESS and
the synchronous machine, has a zero net accelerating power.
Nonetheless, the ESS-based control does not eliminate the dif-
ference between input mechanical power and output electrical
power of the generator. Hence, if the power system is in a
state where it is balanced by the persistent action of the con-
trolled ESS, secondary control mechanisms such as governors
will act based on their respective time constants to actuate the
mechanical power to match the electric power of each gener-
ator, consequently driving the accelerating power P4; term to
zero, and the controlled ESS control power to zero.

F. Discussion

The evolving smart grid with added storage, ESS, sensory,
communication and distributed control motivate the advent of
new measures to evaluate the performance of added system
components. Within the multi-agent perspective of the power
system with added ESS-based distributed control, the proposed
effective virtual inertia measures arrive at analytical expres-
sions describing the dynamical behavior of the cyber-physical
control agent as in Equations (15)—(16) and (19)—(20).

As can be observed from previous numerical results, the
proposed effective agent inertia fieff’l‘ and actuated ESS virtual
inertia ﬁess, ; provide a useful tool in the analysis of ESS-based
distributed control, where practical insights can be obtained
from the analytical expression. For the case of PFL control,
the effect of storage capacity on the effective virtual inertia
of the control agent can be examined, where increased stor-
age capacity results in decreased values of fieff,j and ﬁess,i.
Similar behavior is noticed for the impact of speed stabil-
ity control parameters «;, where a higher «; results in faster
dynamics. The proposed measures also facilitate the study of
the impact of the communication delay of the measurements
on the dynamics of the cyber-physical agents.

An expression of the proposed measures can be derived
for the ESS-based controller of interest, hence identifying
appropriate control strategies for power transmission systems.
Further, the proposed effective virtual inertia measures enable
tractable studies of storage capacity planning based on con-
trol architecture and design. Where for a desired transient
stability dynamics of the overall power system, the capacity
and location of the ESS and its associated control parameters
can be optimized using the proposed effective inertia mea-
sures. Future extensions of this work will consider deriving the
proposed measures of control agents for other power system
stability studies.

VI. CONCLUSION

In this work we investigate storage-based distributed control
for transient stability in power systems. Within a multi-agent
framework, we propose an effective virtual inertia constant for

cyber-physical agents and for the actuated ESSs. We present
analytical expressions for the proposed measures for the case
of a general ESS-based control. We extend the analysis for the
distributed parametric feedback linearization control. Further,
the proposed effective inertia measures are evaluated using
the IEEE 68-bus test power system, where the impact of stor-
age capacity, control parameters, and communication delay on
the proposed inertia constants is shown. The proposed effec-
tive inertia constants facilitate an understanding of the impact
of ESS-based distributed control and its various parameters
from the perspective of traditional power systems for transient
stability applications.
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