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Multi-Level Power-Imbalance Allocation Control
for Secondary Frequency Control of Power Systems

Kaihua Xi, Member, IEEE, Hai Xiang Lin, Chen Shen, Senior member, IEEE, Jan H. van
Schuppen, Life member, IEEE

Abstract—A  consensus-control-based multi-level control
law named Multi-Level Power-Imbalance Allocation Control
(MLPIAC) is presented for a large-scale power system
partitioned into two or more groups. Centralized control
is implemented in each group while distributed control is
implemented at the coordination level of the groups. Besides
restoring nominal frequency with a minimal control cost,
MLPIAC can improve the transient performance of the system
through an accelerated convergence of the control inputs without
oscillations. At the coordination level of the control groups,
because the number of the groups is smaller than that of nodes,
MLPIAC is more effective to obtain the minimized control cost
than the purely distributed control law. At the level of the
control in each group, because the number of nodes is much
smaller than the total number of nodes in the whole network,
the overheads in the communications and the computations
are reduced compared to the pure centralized control. The
asymptotic stability of MLPIAC is proven using the Lyapunov
method and the performance is evaluated through simulations.

Index Terms—Economic Power Dispatch, Centralized Control,
Distributed Power-Imbalance Allocation Control, Multi-Level
control, Transient performance

I. INTRODUCTION

Power systems need to be controlled to provide alternating
current with nominal frequency, 60 Hz in the USA, and 50
Hz in the main parts of Europe and in Asia. The power
demand fluctuates continuously due to switching on or off
loads. Consequently, the frequency of the power systems also
fluctuates continuously. Hence the power systems must be
controlled to maintain the frequency as close as possible to
the agreed reference value.

There are three forms of control: primary, secondary, and
tertiary frequency control which are distinguished based on
fast to slow time-scales [15]. Primary frequency control
synchronizes the frequencies of synchronous machines and
balances the power supply and demand of the power system at
a small time-scale. However, the synchronized frequency may
deviate from its nominal value. Secondary frequency control
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restores the nominal frequency at a medium time-scale. With
a prediction of power demand, tertiary control calculates the
operating point stabilized by primary and secondary control at
a large time-scale, which concerns the security and economy
of the power system [36].

The focus of this paper is on the secondary frequency con-
trol, which is implemented by Automatic Generation Control
(AGC). AGC is driven by Area Control Error (ACE) which is
calculated from the local frequency deviation within an area
and power flow deviations of the tie-line between its neighbor
areas [15], [22]. By controlling the power generation, AGC
steers the ACE to zero thus restores the nominal frequency.
We consider power systems with lossless transmission lines,
which comprise traditional synchronous machines, frequency
dependent devices, e.g., power inverters of renewable energy
or frequency dependent loads, and passive loads. The control
objectives can be described as: restore the frequency to its
nominal value and minimize the control cost of the power
system. Due to the availability of communication networks, the
initial approach to control synthesis of secondary frequency
control is to apply centralized control [7], [32], [42], where
a central controller collects state information via a communi-
cation network and computes the control inputs for the local
actuators. The minimal control cost is achieved by solving an
economic power dispatch problem. In practice today’s power
systems are becoming so large that they cannot be effectively
controlled by a centralized controller. The communication
overhead and the control computations carried out at the
central controller take so much time that the control objectives
cannot be satisfactorily achieved. In addition, the centralized
control does not effectively meet the requirement of the system
integrated with a large amount of distributed power sources.

Therefore, a form of distributed control is proposed for
control of power systems, which are either based on passivity
method [20], [38], [17], [30], [28], [26], [27] or primal-dual
method [43], [16], [44], [35]. In distributed control of a power
system, a number of controllers aim to achieve the control
objectives of the entire network via coordination and cooper-
ation. The state information and control inputs are collected
and computed by the local controller at each node. In order
to minimize the control cost, the controllers need to exchange
control information with their neighboring controllers via the
communication network. However, this suffers from a slow
convergence to the optimal steady state because of the large
scale of the power system.

In addition, these centralized and distributed control usually
focus on the steady state only. The transient performance
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is seldom considered when designing the control algorithms.
During the transient phase, extra frequency oscillations or slow
convergence to the steady state may be introduced due to the
control algorithms [12], [9], [4], which should be avoided for a
high quality power supply by the power systems with various
disturbances. The traditional way to improve the transient
performance is to tune the control gain coefficients through
eigenvalue or H,/H norm analysis [37], [5], [24]. However,
besides the complicated computations, these methods focus
on the linearized system only and the improvement of the
transient performance is still limited because it also depends
on the structure of the control algorithms. In order to improve
the transient performance, sliding mode based control laws,
e.g., [34], [18], and fuzzy control based control laws, e.g.,
[10], are proposed, which are able to shorten the transient
phase without the extra oscillations. However, those control
laws use either centralized control or decentralized control
without considering economic power dispatch. In order to
improve the transient performance and optimize the control
cost, Power-imbalance Allocation Control (PIAC) is proposed
in [42]. By tuning a control gain coefficient, the convergence
of the system can be accelerated without introducing extra
frequency oscillations. However, it is a centralized control law,
which suffers from the disadvantages of centralized control.

The power system usually has a multi-level structure [15].
For example, the systems at the level of communities are
subsystems of the systems at the level of provinces, which
are further subsystems at a higher level of the states. Control
methods for this kind of multi-level power systems are seldom
considered.

In this paper, we aim to synthesize a multi-level control law
for secondary frequency control of large-scale power systems
with a multi-level structure, which is able to balance the ad-
vantages and disadvantages of the centralized and distributed
control, and eliminates the extra frequency oscillations and the
slow convergence problem. The control objective is the same
as that of PIAC and can be described as: restore the frequency
to its nominal value, prevent the extra frequency oscillations
caused by the controllers, and minimize the economic cost in
the operation of the power systems.

The contributions of this paper include:

(i) a multi-level control law, Multi-Level Power-Imbalance
Allocation Control (MLPIAC), is proposed, which is not
only able to balance the advantages and disadvantages of
centralized and distributed control, but also suitable for
power systems with a multi-level structure.

(ii) the control cost is minimized and both the transient
performance of the frequency and of the control cost
can be improved by tuning three gain parameters in
MLPIAC.

(iii) the Lyapunov stability analysis and a case study are
provided to evaluate the asymptotic stability and perfor-
mance of MLPIAC.

Not discussed because of limitations of space are robustness
of the closed-loop system, the interaction between frequency
control and voltage control, the noise and time delays in the
communications and frequency measurement.

This paper is organized as follows. We describe the dynamic
model of the power network and formulate the problem in
Section II. We synthesize MLPIAC with transient performance
analysis in Section III. The asymptotic stability is analysed in
Section IV and the performance of MLPIAC is evaluated in
the case study in Section V. Concluding remarks are given in
Section VI.

II. DYNAMIC MODEL AND SECONDARY CONTROL

A power network is described by a graph G = (V, &) with
nodes V and edges & € V X V where a node represents
a bus and edge (i, j) represents the direct transmission line
connection between node i and j. The buses are connected
to synchronous machines, frequency dependent power sources
(e.g., power inverters of renewable energy) or loads, or passive
loads. The resistance of the transmission lines are neglected
and the susceptance is denoted by Eij. Denote the set of
the buses of the synchronous machines, frequency dependent
power sources, passive loads by Vi, Vi, Vp respectively, thus
YV =Vy UV UVp.

The dynamic model of the power system is described by the
following Differential Algebraic Equations (DAEs), e.g.,[7],

éi =wj, 1 € Vyy UVpg, (1a)
M;w; = P; — D;w; — Z Bij sin (91 - 91) +ui,i € Vy, (1b)

JjeV

0=P;—Djw; — ZBijSiIl(@i—Gj)+ui,i € Vi, (lo)
JjeV

0= Pi - Z Bij sin (91' - Hj),i c (VP, (ld)

JjeV

where 0; is the phase angle at node i, w; is the frequency
deviation from the nominal frequency, i.e., f* = 50 or 60 Hz,
M; > 0 is the moment of inertia of the synchronous machine,
D; is the droop control coefficient, P; is the power generation
(or demand), B;; = 1§,~ ;ViV; is the effective susceptance matrix,
V; is the voltage, u; is the secondary control input. We assume
that the nodes participating in secondary frequency control
are equipped with primary controllers. Denote the set of the
nodes equipped with the secondary controllers by Vg, thus
Vx = Vi U Vr. Since the control of the voltage and the
frequency can be decoupled, we do not model the dynamics of
the voltages and assume the voltage of each bus is a constant
which can be derived from power flow calculation [15]. In
practice, the voltage can be well controlled by Automatic
Voltage Regulator (AVR). This model and the ones with
linearized sine function are widely studied, e.g.,[7], [8], [30],
[23], [26], [44], [16], in which the frequency dependent nodes
are usually used to model the renewable power inverters.

The system (1) synchronizes at an equilibrium state, called
synchronous state defined as follows [6].

Definition 2.1: A steady state of the power system (1) with
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constant power loads (generation) yields,

Wi = Weyn, 1€ Vyy UVp (2a)
w; =0, i € Vy UVp, (2b)
0; = Wsynt + 07, i €V, (2¢)
0;i = Wsyn, (2d)

where 67 is the phase angle of node i at the steady state,
wgyn € R is the synchronized frequency deviation.

Note that the angle differences {9;.“] =0 - 9;, i,j € &} de-
termine the power flows in the transmission lines. Substituting
(2) into the system (1), we derive the explicit formula of the
synchronized frequency deviation as

Diey Pi+ Xicy, Ui

Wyyn = . 3)
o ZiE(VMU(VF D[

The power imbalance is defined as Py = };cq P;. In order
to avoid damages to electrical devices in the system, the
frequency deviation should be zero, i.e., wgy, = 0, for which
the necessary condition is

Py + Z Lti=0,

i€V
which can be satisfied by the set {u;, i € Vk} of control
inputs determined by a control law. We aim to synthesize an
effective secondary frequency control law to control wgy, to
zero with a minimal control cost, that requires solving the
following economic power dispatch problem,
. L
min Z §ai“i’ (@)
{ui eR,ie Vg } eV

s.t. Pg+ Z u; =0,

i€V
where ; € R is a positive constant and denotes the control
price of node i [36].
Regarding to the existence of a feasible solution of the
optimization problem (4), we make the following assumption.
Assumption 2.2: Consider the system (1) with the economic
power dispatch problem (4), assume

(i) the power supply and demand are constant in a small
time interval, thus P; is a constant.

(ii) the power imbalance can be compensated by the control
inputs such that

-Ps € [ Z U, Z ﬁi]

i€V i€Vk

In practice, the power imbalance is not constant but continu-
ously fluctuating due to the uncertain behaviour of consumers
[41]. However, the time-scale of the secondary frequency
control is small, the power imbalance be viewed as a constant.
Furthermore, for the synthesis of the control laws, it is
common to assume the power demand as a constant [13] as in
Assumption 2.2 (i). On the power supply side, tertiary control
calculates the operating point of P; in a small time interval,
which is stabilized by secondary frequency control. In general,
the electricity demand can be satisfied. So Assumption 2.2 (ii)
is realistic.

A necessary condition for the optimal solution of (4) is
a/,-ul-zajujz/l, i,jE(VK (5)

where a;u; is the marginal cost of node i and A is the nodal
price. With this condition, if the power-imbalance Pj is known,
the optimization problem (4) can be solved analytically. How-
ever, Py is unknown in practice since the loads cannot be
predicted precisely in a short time interval.

After a disturbance, the state of the power system expe-
riences two phases: a transient phase and a steady phase.
In a centralized control law, e.g., [7], [42], the nodal price
estimated by the central controller is broadcast to the local
controllers which calculate the control inputs according to (5).
So the marginal costs are all identical during the transient
phase. However, the central controller suffers from the com-
munication overhead with the local controllers and intensive
computations. In distributed secondary frequency control, the
principle of consensus control is used to let the marginal
costs of all nodes achieve a consensus at the steady state [1].
Because the nodes communicate with their neighbours and
compute the control input locally, the communications and
computations are greatly reduced. However, this sacrifices the
performance of the marginal costs, i.e., they are not identical
during the transient phase leading to increase in the control
cost. Furthermore, the consensus speed decreases as the scale
of the network increases, which further increases the control
cost.

The existing control laws usually consider the steady state
only. The extra frequency oscillations or slow convergence to
the steady state may be introduced by the controllers due to the
control algorithms [12], [9], [4], which deteriorate the transient
performance of the system. The dynamics of actuators of the
power system may be included into the model (1) [31]. The
extra frequency oscillation may be reduced by having a slow
actuator dynamics but then the frequency deviation will be
large from the nominal value. If the actuator dynamics is very
fast then there is little difference from the case without actuator
dynamics. Therefore, the actuator dynamics does not eliminate
the extra oscillation and large frequency deviation which are
mainly due to the control algorithms.

In this paper, besides the optimization problem (4) for
secondary frequency control, we also focus on the transient
performance of the power system. We consider the following
problem.

Problem 2.3: Consider a large-scale power system described
by (1). Design a secondary frequency control law so as to
improve the transient performance with a minimal control
cost, i.e., eliminate the extra frequency oscillation caused
by the oscillations of the control inputs and accelerate the
convergence of the optimization of control cost.

PIAC proposed in [42] is able to eliminate the extra fre-
quency oscillation, which however is a centralized control and
cannot be applied to large-scale power systems. In the next
Section, we propose a multi-level control law which is a trade-
off between centralized and distributed control and thus solve
Problem 2.3. In order to solve the optimization problem (4), a
communication network connecting the controllers is required,
for which we make the following assumption.
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Assumption 2.4: Consider the power system (1), assume all
the nodes in the set Vg are connected by a communication
network.

This assumption can be satisfied if there is at least a
spanning tree communication network connecting the nodes.
The communication network might be unreliable with noise
and time-delays, which are not considered in this paper.

III. MULTILEVEL CONTROL APPROACH

First, with respect to the transient performance of frequency,
we decompose the frequency deviation into two types, i.e.,
global frequency deviation and relative frequency deviation
between the nodes. The transient performance of relative
frequency deviation can be improved by primary control [21].
So we focus on improving the transient performance of the
global frequency deviation. It can be observed from (3) that
the global frequency deviation at the steady state is determined
by the power-imbalance and the total damping of the system.
Because of the heterogeneity of M; and D, it is hard to qualify
the performance of the global frequency deviation during the
transient phase. To treat the transient performance we define an
abstract frequency deviation to measure the global frequency
deviation as follows.

Definition 3.1: For the power system (1), define an abstract
frequency deviation w; [42] which is assumed to be a solution
of the following equation,

Msd)s = Ps - Dsws + U (6)

where My = 3.cq,, M; denotes effective inertia, Dy, =
Yicv Di denotes effective droop control coefficient, and us =
2lievy Ui denotes the total control input of the system.

ws(t) is different from w;(t) and wyy,(?). It can be easily
obtained that w; = ws, = w; at the steady state. The
dynamics of ws involves the total inertias, droop control
coefficients and power-imbalance, so it is reasonable to use
ws to study the transient performance of the global frequency
deviation.

Second, regarding to the distributed control, we partition the
network denoted by A into m groups such that

A=AU---UA U---UA,, Z,={1,2,---,m},
ArNAy=0,1r#q, 1, q€Zy.

(7a)
(7b)

There is a group controller in each group. Denote the set of
the nodes in group A, by V4, , the nodes of the synchronous
machines by Vj,,, the nodes of the frequency dependent
power sources by Vr,, the nodes with secondary controller
by Vk,, the marginal cost of group A, by A,, and the set of
the neighboring groups of A, connected by communication
line as Z,,, .

We remark that in traditional multi-area control the power
flow of the tie-lines between areas should be restored to its
nominal value after a disturbance [15, chapter 11], where
each area cares about its own power-imbalance only. Thus the
control cost of the system cannot be minimized at the steady
state as shown in the case study in [42]. Here, these constraints
of the tie-line flows between the groups are not considered so
as to minimize the control cost of the system.

We refer to level 1 for the coordination control of all
groups, level 2 for the control of a group, and level 3 for the
primary control of a node. MLPIAC focuses on the secondary
frequency control at level 1 and 2.

Level 1

Level 2

Fig. 1. Diagram of the multi-level control of power systems and dynamic
data exchanges. All the dashed lines denote the communications between
the controllers, the solid lines between the subsystems denote the physical
coupling, and the solid lines between level 1 and level 2 denote the data
exchanges which do not need any communications.

In the following two subsections, we define MLPIAC and
analyze its properties during the transient phase and at the
steady state.

A. Definition of MLPIAC

Definition 3.2 (MLPIAC): Consider a large-scale power sys-
tem (1) with Assumption (2.2) and (2.4), which is partitioned
as in (7). At level 2, the dynamic control law in group A, is
described by the equations

Ny = D;w; + k3v,., (8a)
1€V, UVE,
==k Y, Mwi+n) -k, (8b)
iE(VMr
Ar
0=""L -k, (8c)
a,
up=—, i € Vg, (3d)
i
1 1
~ - — (8e)
Qay i;;w @;

where 7,, &, are state variables of the group controller, v, is
an algebraic variable, ki, k;, k3 € (0, 00) are parameters, @, is
a constant defined as the control price of group A,, u; is the
control input at node i in this group.

At level 1, the coordination for the group is an algebraic
equation only

= 0 lg(e(t) = (1) ©)
4Zm

where {A,(t), r € Z,} are inputs and {v,(¢), r € Z,} are
outputs of the coordinators, /., € [0, c0) is the weight of the
communication line connecting group A, and A,, which can
be chosen to accelerate the consensus of the marginal costs.
lr4 defines a weighted undirected communication network with
Laplacian matrix (L,,) € R™

r #q,
r=gq,

L _ _qu5

rg = (10)
T St bk
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Fig. 1 illustrates the control architecture of MLPIAC. At
level 2 the control task of each group controller is to restore the
nominal frequency and minimize the local control cost in the
groups by centralized control. Within group A,, the group con-
troller collects the frequency deviations {w;, i € Vi, UVE, }
from the local nodes and calculates the marginal cost of the
group A, with the algebraic value of v, for the local nodes
which further calculate {u;, i € Vk,} by (8d). The total
control input of group A, is denoted by u, = kx&,. Rely 3.3
The requirement at this level includes the frequency measure-
ment at the local nodes Vy; U Vr which can be satisfied in
secondary frequency control, and the communications of the
frequency deviations and the marginal costs between the local
nodes and the group controller, which can be satisfied by the
communication network as in Assumption (2.4).

At level 1 the control task is to reduce the overall control
cost through coordination of the group marginal costs by
distributed control. As shown in Fig. 1, the group controller
of group r exchanges the marginal cost with its neighbors
and calculates v, in order to achieve a consensus which
is a necessary condition for the economic power dispatch
as stated in (5). The communicated data in this level are
the group marginal costs between the group controllers. The
requirement of these communications can also be satisfied by
the communication network as in Assumption (2.4).

In MLPIAC, the communicated data also include the mo-
ment inertia, the droop control coefficients and the control
prices at the local nodes in a group, which are static data and
are not necesary to communicate as frequently as the dynamic
data as shown in Fig. 1

MLPIAC can also be implemented in an area of the multi-
area control where the area is partitioned into such high level
groups that cooperate to minimize the control cost.

MLPIAC has two special cases. (1) If each group consists
of a single node, MLPIAC reduces to a distributed control
law, which is named Distributed Power-Imbalance Allocation
Control (DPIAC) and has the following form

77[ = Dl-a),- + k3 Z lij(kzafifi - kzajfj), (] la)
jev

& = ki (Myw; + ) = ko, (11b)

u; = kgfi. (110)

(2) If the entire network is controlled as a single group,
then it reduces to a centralized control law named Gather-
Broadcast Power-Imbalance Allocation Control (GBPIAC),
which is described by

M= . Diwi, (12a)
ieVp

& =—ki( ) Mw;+ny) -k, (12b)

i€Vy

aS .

up = —koés, i € Vg, (12¢)
7]

1 1

— -y 4 12d

m > — (12d)

i€eVg t
where 75, & are state variables of the central controller. In
the next subsection, it will be shown that MLPIAC includes a

5

trade-off between DPIAC and GBPIAC.

B. Properties of MLPIAC

In this section, we analyse the properties of MLPIAC in
the transient phase and steady state and verify whether it
solves Problem 2.3. The following proposition describes the
properties of MLPIAC during the transient phase.

Proposition 3.3: Consider a large-scale power system parti-
tioned as in (7), MLPIAC has the following properties during
the transient phase,

(a) at any time ¢ € T, the total control input us of the system
satisfies,

(13a)
(13b)

vy = Py + ug,

g = _k2(klvs + us)s

where vg is an auxiliary variable. Furthermore, u; con-
verges to —Pg directly without any extra oscillations if
ko > 4k

(b) at any time ¢ € T, within a group A,, the inputs {u;, i €
“Vk, } of the local controllers solve the following economic
power dispatch problem

1 2
min ' e (14)
{u,—ER,lE(VKr}iE(VKr 2
st —up(t) + Z ui(t) = 0.
iE(V](r

Proof: (a) Because of the symmetry of the matrix (L), we
derive from (9) that,

Z vy = Z lg(Ar = 14) = 0. (15)
reZm r.q€Zm
Summing all the equations in (1), we obtain
Z Mia)i = PX — ZiE’VMU(VF Diwi + Ug. (16)

i€Vy

Summing all the control inputs {u,, r € Z,,} with u, = kx&,,
we derive the total control input of the system as uy =
Yirez,, ko2& It follows from (15) and (8b) that

is(0) = ~ka (ki -, Mieos + 1) + (), a7)
i€Vy
where ng = 3¢z, 1 and following (8a) with derivative
s = Djw; (18)
1€VyUVE

Let vs(t) = X;e,, Miw; + 15, we derive (13a) from (16)
and (18), and (13b) from (17). Hence u, satisfies (13). The
eigenvalues of the system (13) are

—kz + ,[k% —4k1k2

H= )

19)

To avoid the extra oscillation caused by the oscillations of
ug, the second-order system (13) should be over-damped or
critical-damped, thus the eigenvalues in (19) must be real. This
needs k, > 4k;. Hence if k, > 4k;, uy converges to —P;

0018-9286 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAC.2019.2934014, IEEE

Transactions on Automatic Control

directly without any extra oscillations.
(b) Following (8d), we derive that at any time t € T,

QiU = Qjuj = (lrszr,i,j € (VKr~

So the necessary condition (5) for the optimization problem
(14) is satisfied. Furthermore, with X;cq, ui(f) = u,(1), the
optimization problem (14) is solved at any time ¢. O
Remark 3.4: We use uy to estimate the power-imbalance
—P; in system (13) which can be seen as an observer of
—Ps. Similar to the high gain observer [14], there may be
overshoot in the initialization of the controllers due to the
initial condition of the state. To the best of our knowledge,
there do not seem general sufficient conditions on the system
which guarantee that for all initial conditions the behavior of
every state component is free of zero crossings and further
eliminate this kind of overshoot. In this paper, we treat the
case where the frequency trajectory fluctuates regularly and
analyse the overshoots of ug caused by those fluctuations.
The marginal costs {4,, A, C A} of the groups are different
during the transient phase, which will achieve a consensus
due to the principle of consensus control. The consensus
speed of these marginal costs and the convergence speed of
us determine convergence of the control cost to its optimal
solution. Because one objective of Problem 2.3 is to eliminate
the extra frequency oscillation, we set k, > 4k in this paper.
Remark 3.5: In PIAC, the total control input satisfies

ity = —k(Pg + uy).

Comparison with this total control input of PIAC, it can be
easily deduced in (13) that one more state variable v, is
introduced. The motivation of this introduction is to realize
the distributed control in which the consensus of the marginal
costs can be accelerated by tuning the control coefficient k3,
which further decreases the control cost.

In order to further investigate how MLPIAC improves the
transient performance of the frequency and marginal cost,
we decompose the dynamics of the power system into the
following four subprocesses.

(i) the convergence of ug to —Ps as in (13) with a speed
determined by k,

(ii) the synchronization of the frequency deviation w;(f) to
ws(t) which is a physical characteristic of the power
system (1), and the synchronization speed is determined
by {u;(t), i € Vi} and {D;, i € Vay UVr};

(iii) the convergence of wy t0 wgy, which further converges
to zero as ug(t) converges to —P. This can be directly
obtained from (3);

(iv) the consensus of the marginal costs {1,, A, C A} with a
consensus speed determined by k3 and (L;;).

In GBPIAC, because the economic power dispatch problem
is solved in a centralized way, the marginal costs of all nodes
are identical.

In MLPIAC, the transient performance of the frequency
oscillation and marginal costs can be improved by tuning
the corresponding coefficients of the four subprocesses. The
convergence of wgy, to zero can be accelerated by a fast
convergence of ug, which can be obtained with a large k.

The synchronization process of w; can be improved by tuning
{D;, i € Vk} which is the task of primary control. The cor-
responding actuators includes Power System Stabilizer (PSS)
systems embedded in the damping systems of the synchronous
machines [19]. The parameter D; can be set as in [8] or [21]
focusing on the control cost optimality and the small signal
stability respectively. The convergence of {u;, i € Vi } to their
optimal solution can be improved by tuning k3 or by a well
designed (L,4).

Furthermore, for a system with multiple groups, the size
of the communication network with Laplacian matrix (L) is
much smaller than the one in DPIAC, the speed of achieving
a consensus marginal cost of the groups is much faster in
MLPIAC due to a larger second smallest eigenvalue of (L,)
[33, chapter 4], and the number of nodes in each group is
smaller than the total number of nodes, the communication

and computations of each group controller is reduced.
Before introducing Proposition 3.7 which describes the

properties of the steady state of the power system controlled

by MLPIAC, we introduce the closed-loop system as follows.

6; = wi,i € Vg U VR, (20a)
. . ar .
M;w; = P; — Djw; — Z Bjjsin6;; + w—/(zfr,l € Vv, € Vu,
i

JEV
(20b)
0=Pi~Diw; ~ Y. Bysinbi; + = koéy.i € Vpr € Vi,
jev i
(20c)
0=P; - Z Bjsin6;j,i € Vp, (20d)
Jjev
Ty = Diw; +kaks Y brglarés — agéq)r € Zm,
i€Vpm, UVE, q€Zm
(20e)
& =—ki( Y Miwi+n,)-koby, 1 € Zy (206)

iE(VMr

where 6;; = 6, —0; for (i, j) € &, i and j are the node indices,
and r, g are the group indices.

As in the Kuramoto-model [6], the closed-loop system (20)
may not have a synchronous state if the power injections {P;, €
V} are much larger that the line capacity {B;j,(i,j) € &}
[8] and [39]. We assume there exists a synchronous state for
the power system, which can be satisfied by reserving some
margin in the line capacity by tertiary control.

Assumption 3.6: There exists a synchronous state for the
closed-loop system (20) such that

0 cO = {ei eR. VieV|o; -0, < g,V(i,j)ea}

where 6" = col(67) € R, n, is the total number of nodes in
V. The condition 6" € ® is commonly referred to as a security
constraint [23] and restricts the equilibrium to desired power
flows.

Note that the equilibria with 6 outside ® usually leads to
undesired power flows which either have cyclic power flows
or are unstable [39].

For the synchronous state of the closed-loop system, we
have the following proposition.

Proposition 3.7: If the assumptions (2.2), (2.4) and (3.6)
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hold, then there exists at most one synchronous state for the
closed-loop system (20) such that

01e€®, icV (21a)

(,L);-k =0,Vy UVpE, (21b)

P, + ko Z & =0, Q2lc)
reZm

klr]j + ko&) =0, r € Zy, (21d)

@& - a/qu; =0, Vrq€Zy, (21e)

aiu;‘ - kz(lrf;k =0, i€ (VKr c Vk. 21f)

Proof: From Proposition 3.3, the dynamics of ug satisfies
(13), which yields that u; = —Ps at the synchronous state.
Thus (21c) is derived with us(t) = 3, cz ko2& (). Following
(3), we further derive that wgy, = 0, which yields (21b) with
the dgﬁnition of the synchronous state (2). By (20f), w; =0
and & = 0 for all i € Vg, we derive (21d). By (20e) and
w; =0, we obtain (21e). By (8c) and (8d), we arrive at (21f).
From (21e,21f) it follows that a;u; = aju;’f for all i,j € Vg,
thus the necessary condition (5) is satisfied. Following (21c),
it yields P+ e, u; = 0 and the economic dispatch problem
(4) is solved subsequently. Accoding to [2], [29], there exists
at most one synchronous state such that 8* € ©. m

With the improved transient performance as stated in the
dynamics decomposition and the properties of the system at
the steady state as in Proposition 3.7, Problem 2.3 is solved.

Remark 3.8: MLPIAC actually includes proportional and
integral control input, which are the terms ki Xjcqy,, Miw;
and kyn, respectively in (8b). In order to get a desired
performance, the parameters M; and D; should be known. In
practice, they are known for traditional synchronous machines
[15]. However, they may not be known for the frequency
dependent nodes. In that case, the uncertainties from these
parameters can be added to the power-imbalance, which
becomes a time-varying value and can be compensated by
the controllers at the steady state because of the included
integral control input. Theoretical analysis on the robustness of
MLPIAC with these uncertainties needs to be further studied.

Remark 3.9: Through eigenvalue analysis or H,/H. norm
optimization, the existing control laws, e.g., the robust PI
control in [5], the distributed averaging PI control [8], [1], and
the distributed control law in [37], may also obtain the desired
transient performance as that of MLPIAC. However, intensive
computations are needed and the mechanism to improve the
transient performance is not as clear as in MLPIAC. In
addition, the multi-level control structure of MLPIAC has not
been considered in these methods.

IV. STABILITY ANALYSIS OF MLPIAC

In Proposition 2.3, we have proven that the total control in-
put converges to the power-imbalance directly when kp > 4k,
which does not imply the state of the power system converges
to its steady state. In this section, we focus on the asymptotic
stability of MLPIAC.

The power flows {B;; sin (8;;), (i, j) € &} only depend on the
angle differences. As in [40], we choose a reference angle, e.g.,

7

01 € Vi, and transform the system state into a new coordinate
system such that

(,0,'=9[—91, ieV.

which yields ¢; = w; — w; for all i in Vj; U VE. In the new
coordinate, the closed-loop system (20) becomes

$i = w; —w1,i € Vpyy UV, (22a)

M;w; = P; — Djw; — Z Bij sin Qij + iszr, i€ Vy, (22b)
JeV @i

. ) @ .

Di¢; = Pi - Diw| — Z Bjjsing;; + a—r_szr, i€V, (22¢)
JjEV !

0="P; - Z Bijsing;j, i € Vp, (22d)

Jjev
= . Dwi+hkoks Y lrglarér —agéy), 1 € Zm,
i€Vp, UVE, q€Zm
(22¢)
& =-ki( ) Mwi+n) -k, 1 €Zn (226)

i€Vy,

which can be written in the form of DAEs (67) of Appendix
B. Following Assumption (3.6), ¢ = col(p;) € R™ satisfies
. T -

ped= {tpi eRi€V|p— g < E,V(l,j) €, ¢ = 0}.

We make the following assumption that the control gain
coefficients ki, ko, k3 satisfy a certain condition (that will be
proven to be a sufficient condition of the asymptotic stability
of MLPIAC).

Assumption 4.1: Assume the control gain coefficients,
k1, ko, k3, satisfy that

Q > 2(CVD)max
kl (QD)min(l + 2k3/lmin)

where (@D)min = min{a;D;, i € Vg}, (@D)max =
max{a;D;, i € Vk} and Ap, is the smallest nonzero eigen-
value of matrix Lag where L = (L,,) € R™ is defined in
(10) and ag = diag(a, ) € R™™,

We rewrite the state and algebraic variables into a vector
form, (¢, w, 1, &) € R XR"XR™ xR™. The following theorem
states the asymptotic stability of the equilibrium of MLPIAC.

Theorem 4.2: If assumptions (2.2,2.4,3.6) and (4.1) hold,
then for the closed-loop system (20),

(a) there exists an unique synchronous state z* =
(¢, W', n*, &) € ¥ where ¥ = ® x R" Xx R™ x R™,

(b) there exists a domain ¥¢ c W such that starting at any
initial state z0 = (¢°, % 1% &% € W4 which satisfies the
algebraic equations (22d), the state trajectory converges to
the unique synchronous state z* € V.

Remark 4.3: In MLPIAC, Assumptions (2.2, 2.4, 3.6) and
(4.1) are both necessary and realistic at the same time. As-
sumptions (2.2) and (2.4) are necessary for the implementation
of MLPIAC to solve the economic power dispatch problem (4).
Assumptions (3.6) and (4.1) are general sufficient conditions
for the stability of MLPIAC. Assumption (2.2) and (3.6) can
be guaranteed by tertiary control and Assumption (2.4) by an
effective communication infrastructure.

Remark 4.4: The inverse of damping coefficient, D% can
be viewed as the control cost of primary control [8]. When
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a = yD", v € R s a positive number, which indicates that the
cost of the secondary frequency control is proportional to the
primary control cost and leads to (&D)min = (@D)max, DPIAC
is asymptotically stable if k, > 2k;. Specially, Assumption
(4.1) can be dropped in GBPIAC in the theoretical analysis as
will be explained in Remark (4.7). For DPIAC and MLPIAC,
our numerical simulations have shown that the control law is
asymptotically stable though assumption (4.1) is not satisfied,
which will be shown in section V.

In the following, we will prove Theorem (4.2). The closed-
loop system (22) is rewritten in a vector form as follows,

G=w-wily, (23a)
Mo =P —Dw — P' + kra ' Ragé, (23b)
0=P-P, (23¢)
11 = RT Dw + koksLagé, (23d)
E=-ki(R"Mw + 1) - k¢, (23e)

where @ = col(y;) with i € Vyy UVE, P = col(P;) € R" fori €
Vm UVr, P =col(P;) e R" for j € Vp, P' = col(P!) € R"
with Plt = Zje’V Bij sin ©ij for i € Vi U Vg, Pt = COl(pf) €
R with P! = 3 ;cq Bjjsing;; for i € Vp. Note that ¢ only
includes the variables {¢;,i € Vyr U Vr} while ¢ includes
{¢i,i € V}. For the definitions of M, D, R, ag, we refer to
Appendix A.

We transform the state of the control law (23d,23e) to a
new coordinate as a preparation for the stability analysis of
MLPIAC. Following Theorem C.2 in Appendix C, let p =
Q7 'n and o = Q7'&. The vector form (23d,23e) becomes

p=0"'RIDw + krk3 Ao,
o =-kiQ 'R Mw - ki p - kyo,
where all the components (p;, o;) of (p, o) are decoupled

from each other. When writing the dynamics of (p;, o7)
separately, we derive

pi = Q"I;IRTDC() + k2k3/1io—i’
& = _lezt.RTMa) —kip;i — ko,

(25a)
(25b)

where Q7! is decomposed into vectors, ie., Q7' =
(Ov1,0v2,- -, Oun). In (25), the controller of component i
calculates the output oy with the input w for the power system.
We investigate the dynamic behavior of the component (py, o)
and {(p;, 0y), i =2,---,n} of (p, o) respectively.

For the first component (p;,01) of (p, o), we have the
following lemma.

Lemma 4.5: The dynamics of (pj, 0p) described by (25) is
identical to that of (n,, &) in (12).
Proof: By (25) and (66b), 4; = 0 and Q,; = 1,, from (71a),
we derive the dynamics of (pj, o) as follows

p1=1,R"Dw = Djw, (26a)
i€eVyUVE

o1 = —ki(1nR" Mw + p1) = kaory (26b)

= —ky( Z M;w; + py) — kyoy. (26¢)

i€V

In addition, by summing all the equations in (23b) for all

8

i €V, we derive

Z Mo,

iE(VM

=P, - Z Diw; + k21T Ragé
1€VpyUVE
by (66)
=P, — Diw; + ko 11 &
1€VyUVE
by (70a)
= PS - D,-a)i + kzO’].
i€eVyUVE

27)

So kpo is the control input for the power system (1) as
ko&s. Furthermore, the initial values of (o, o) and (75, &)
are identical, which are both computed from {w;(0),i € Vx},
so the dynamics of (pj, o) is identical to that of (n,, &) in
(12) if under the same initial values. ]

As described in Remark 3.8, the total control ipnut of
MLPIAC includes a proportional and an integral control input.
With the superposition principle, we decompose the dynamics
of (p;, 0y) fori = 2,---,m for the proportional and the integral
input into the following two independent dynamics.

Pmi = kok3A;Tpmi,
Timi = ~k1Qy; R Mw = ki pmi = ko,
and
pai = OL;R" Dw + kak3 Aioai,
Tai = —kipai — k20ai,

from which it can be easily derived that p; = p,;; + pgi and
O = Omi t 04

In the coordinate of (@, w,p1, 01, Pms> Oms Pd> Ta),  the
closed-loop system (23) becomes

G=w-wly (30a)
Md = P - Dw — P' + kya™'RagQo, (30b)
0=P-P, (30c)
p1 =11 R Do, (30d)
o1 = -k 1L R" Mw - kip1 — koo, (30e)
Pm = kak3 Ao, (301)
Tm = -kiWIRT Mw = ki pp — koo, (30g)
pa = W' R Dw + kaks Aoy, (30h)
0a = —kipa — k20q, (301)

where o = col(p;), pi = Pmi + pai fori = 2,---,m, W is
defined as in Theorem (C.2). Note that A € RU*=Dx(m=1) oply
includes the nonzero eigenvalues of Lag, which is different
from the one in Appendix A.

Following Proposition (3.7), for the closed-loop system (30)
we have the following Lemma on the equilibrium state.

Lemma 4.6: In the coordinate of
(¢, W, P1, T1, Prs Ty Pd> T ), the unique equilibrium
state (0%, w*,n*, &%) of the closed-loop system (20)
proposed in  Proposition (3.7) is equivalent to

(@, ", 0y T Pl Tis P 05) € DX RY X R X R X R
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R x R™ ! x R™! such that
0 €@ = {p e RIlpi - gl < 3. Y(i.j) € .41 = O},
(la)
a);f =0,1€VyUVp, (31b)
kit + kaor} = 0, Gl
koo + Ps =0, (31d)
P =0,i=2---,n, (31e)
olo=0,i=2 ., 311
Py =0,i=2---.,n, (31g)
0,;=0,i=2---,n, (31h)

Proof: When mapping 6 to ¢, we can easily obtain ¢ € ® =
{go € R"||lg; — ;| < 7, VG, j) € E ¢ = 0}, w* =0 can be
directly derived from Proposition (3.7).

By Lemma (4.5), we have (o}, 07) = (n;, 05) at the steady
state, which yields (31c) and (31d).

By the dynamics (25) of (omi, 0mi) and that of (pg;, 0gi),
we derive that (p; ., o) = (0,0) and (o, 07;,) = (0,0) for all
i =2,---,n, at the steady state, which lead to (31e)-(31h). O

In order to prove the asymptotic stability of the equilibrium
(6%, w*, 1", £*), we only need to prove the asymptotic stability
of the equilibrium (¢*, w*, 0> 1> Prns Ty PZ’ 0'2). We define
function

Ulp) = ). Byl - cos(gi - )

(i.j)e&

(32)

and variable vy = };cq,, Mjw; + p1. By (27) and (26), we
obtain dynamics of (v, o),

Ug = Ps + kaoy, (33a)
o1 =~k — kaoy, (33b)

with equilibrium state (vg, o) = (L 7 Ps k2P ).
In the following, we prove the equilibrium
(0%, w*, P11 P T p:l, a':l). is locally asymptotically

stable following Lyapunov method.

Proof of Theorem (4.2): The existence and uniqueness of
the synchronous state in ¥ follows Proposition (3.7) directly.
Since the closed-loop system (20) is equivalent to (30), we
prove the equilibrium (¢*, w*, p, O}, Pps Ty P 0;) Of (30)
is locally asymptotically stable. The proof follows Theorem
(B.3). It follows [40, Lemma 5.2] that the algebraic equa-
tions (22d) are regular. In addition, there exists an unique
equilibrium for the closed-loop system (30) following Lemma
(4.6), we only need to find a Lyapunov function V(x, y) as in
Theorem (B.3).

Before introducing the Lyapunov function candidate, we
define the following functions.

. . 1
Vo = Ulp) = U(g*) = Vo U(e")(p — ¢") + —wTMw,

Vi=(a+ 1)( (kyvs — kjvg)® + 2—(k20'1 kzo'l*)z)
1 2
+i(k20-1 kQO'l) +2k1(k1US+k20'1) y

where ¢; € R and kv + kza';‘ = 0 has been used. Denote
Xm = kipm> Ym = koOm, Zm = kipm + koG, xa = kipa,
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Ya = k20 g, za = k1pa + krog and define

1+ kik 1
Vin = IB_zmxTmem ( ’[2321) = TC mAym + Ezzncmzms
Baca r (1 + Ba)cakiks i
Vd:Txdxd T A d+?ZdZd’

where B,, € R, B4 € R, ¢4 € R are positive and C,, =
diag(cyi) € RDX0m=D with all the diagonal elements
Cmi > 0, and A € Rm=Dxm=1) ¢ o diagonal matrix with
diagonal elements being the nonzero eigenvalues of Lag.
In the following, we focus on the derivatives of the functions
Vo, V1, Vi, Vg The derivative of Vj is
Vo = —w! Dw + (kyo — ko) QT agRT o 'w
=[Q1, Q2+, Quland S = [0, -+, OQnl.
= —w' Dw + (kyoi — kQO'I*)QlTaRRTa_lw
+ (kzO' - kza*)TSTaRRTa_lw
= —w!' Dw + (kyoi — kQO'I*)QlTO/RRTO/_lw
+ (koo — kza,’;)TSTa/RRTa_lw
+ (kyog — kzO';)TST(ZRRT(I—lw,
by STag =W, 0l ar = Q],, 07}, =0
= —w' Dw + (kyoi — koo )QVIRT w
+ (ko) WIRT 0 ' + (koo g) T W RT 0w
= —w! Dw + (kyo — kzO'l*)Q\T;l Rla™'w
+ yLWTRTa w+ Yy, TWIRT o ' w.
The derivative of V; can be rewritten by adding and subtracting

a term
) . k
Vi = —(c1 + 1)(kaoy = kaop)? = k—?(klv + kaop)?

= —(kyoy — kzo'l*)QflRch]w + (kaoy — kaoy )Q Rla'w

. k
—(c1 + D(kooy — kao})* - k_?(klv + ko)

By inequalities

(kyoy — kQO'I*)Q\Y;lRTQ’_la) < %wTeDw
+2(koory — k2o Q) R a”*(eD)” RO,
we obtain
Vi < —(kaoy — koo )QT Rla o+ leeDw
+2(kaory — koo )* QT RTa™%(eD) ' RO\

k
= (c1 + (koo — kpo})* — k_z(klUs + koo )?
1
let ¢; =207, R a™%(eD)™' RO,
1
= —(kyoy - kzof)Qfl Rlalw+ ngeDw

. k
— (kaoy — kao})* - k—?(kw + ko)
The derivative of V,, is

Vin = _k2ZZnCmZm _ﬁmklkS}JnCmAym
— k1kazh CuWT R Mw — (1 + Bk k3y, Cn AWT RT Mw
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= —y,{lWTRTa_lw + y,{lWTRTa_lw - kzzz,;szm
- Bmki k3Y;CmAym - klkZZ;CmWTRTM(U
— (1 + Bk k3 yl Cu AWT RT Mw

Ym R" _I‘U"'ZYmLQTRTOZ w - kZZCthm,
i=2

= Bmkik3 Z Cmi/liY,%u' = kiko Z CmiZmiQC[RTM“)
n
= (L4 Br)kdks ) (emidiymiQT R Mo)
i2

n n
= _y;{zWTRTa_lw — ko Z Cmizyzm' = Bmkik3 Z Cmi/liyr%1
i=2 i=2

n
—kiky Z (cmizmigfiRTMw)
(=2

n
+ Z )’mi(inRTa_l - Q?;i(l + ﬁm)k%kSCmi/liRTM)w
i=2

By the following inequalities

T
P w' eDw 5
kikacmizmiQy;R* M 8= 1) + FmZmis
where r, = 2(n — 1)(kikacmi)*QT, R (De)™' M*RQ,;, and
wTeDw
)’miinRT( -(1 +ﬁm)k k3cmid M) = 8( 1 +rzy,2m',
where

— 2 —
ry =2(n - DOLRT (@7 = (1 + Br)kik3emiAi M) (€D) ' ROz,
we obtain

. _ 1 S
Vin < —yPWITRT 07w + ZwTeDw - Z 2,1 (kaCmi = 17)
im

n
- Z yyzni(ﬁmklk3cmi/li - ry)~

i=2

The derivative of V; is
Va = ~cakazyza = Vi (caBakiksN)ya
+ 24((1 + Ba)cak)W' R" Do
— ¥ (BacakiL-)W' R' Dw
==y WI'R o 'w + yIWTR 07w — cakazl za
—Va T(caBakiksN)yq + zg((l + Ba)cak)WT R Dw
— i (Bacak)W' R Dw
= —yuW'R o \w = cakazlyza = v} (caBakiksN)ya
+ Zd((l + Ba)caki))W! R" Dw
+yiWIR (@™ = Bacaki D)w.

By Apin < 4; for all i =2 ,n, and inequalities

1 1
ZWIRT((1 + Ba)caki)Dow < EwTDwT + =20 X. 24,

2
where X, = WIRT((1 + B4)cqk1D)>D™'RW, and

1 1
— BacakiD)w < EwT(D —eD)w + EydTnyd’
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where X, = WIRT (¢! - Byc k1 D)*(D—€D)™' RW, we derive,

Va < —yEWTRT o w — cakazliza — caBakiks dminy’ va
+ 2L WIERT (1 + Ba)caki)Dw
+yPWIRT (7! - BacakiD)w

1
< —yZWTRTaflw +w ' Dw - EwTeDw

1 1
EXZ)Zd — yE (caBakiks Aminlm—1 — = Xy)Ya

- 2 (cakalmor — 5

We consider the following Lyapunov function candidate,
V=W+WV+V,+V,.

In the following, we prove that (i) V < 0, (ii) equilibrium
= (¢", ", 1, O, s O s Pl 0p) 8 @ strict minimum of V(+)
such that VV|» = 0 and V?V|,;- > 0, and (iii) z* is the only
isolated equilibrium in the invariant set {z € ® X R" X R X R X
R x R x R x R™1V(z) = 0} according to Theorem
(B.3).

(i). V has derivative

V < Go+Gi+G,+ Gy, (50)

where the terms G, G, G, G4 are mainly from Vp, V, Vm, Vd
respectively by leaving the negative terms —y! W' RT a~
TWTRTa w. Gy, G, Gy, G4 have the following forms

1
Gy = —ngeDw,
_ 2 k2 2
G1 = —(k20'1 - kzO’l) - k—l(klv + k20‘1) ,
Gy =- Z ani(cmikZ - rz) - Z yyzni(ﬂmklkSCmi/li - ry)»
i=2 i=2
T 1 T 1
Ga =~z (cakalpm—1 — EXZ)Zd = yy(caBakiksAminlm—1 — EXy)Yd-

It is obvious that Gy < 0 and G < 0. In the following, we first
focus on G,. If there exist ¢,,; and S8, such that c,,;kp—r, > 0
and Bkikzcmidi —ry > 0, we have G, < 0 for all z,, and
Ym. We verify that such ¢,,; and B3,, do exist. By (66a) and
(71b) in Appendix A and C, we have
Ol R"a™'RQ.i = 0];05' Qvi = 1.
So we only need to prove there exist ¢,,; and 8, such that
QLR (cmikaa™ )RQy;
O R (Bukikscmidia™ )R,

-1, >0,
-ry, >0,
which yields

cmikoa™! > 2(n = DcmikikoM)*(eD) 7, (54a)

Bmkiksemidia™) > 2(n — (@™ = cpi(l + Bm)kikzd; M)*(eD) ™!,
(54b)

From (54), we derive
eD
2(n - k2 kM2’
I,_1 <lem1<za+b+«/m’
2a + b+ Vaab + b? 2a?

where a = (1+Bn)kiksAiiMa), b= B’"kz‘(k;# There exists

Cmilm—1 <
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cmi > 0 satisfying (54) if
i e < )
2a+ b+ Vdab + p?/max  \2(n — Dk{ko M2/ min

which can be satisfied by choosing a large 3,,,. This is because

1
lim ( ) =0,
Bm=°\2g + b+ Vdab + b2/ max

: eD
while the term (—2(n_])k12k2M2a

Hence there exist ¢,;; > 0 and B, > 0 satisfying (54) and
G, < 0 has been proven. Here (-)max and (-)min are as defined
in Assumption (4.1).

In the following, we focus on Gg. If there exist ¢y and B4
such that

) ~ does not depend on Sy,.
min

1
cakolm—1 — EXZ >0,

1
caPakiksAminlm-1 — sz >0,

then G4 < 0. We prove such ¢4 and By do exist with

Assumption (4.1). By (66a) and (71b), we derive
WIRT & 'RW = Wl ag'W = L.
So we only need to prove there exist ¢z and S, such that
1
WTRT (cqkra™ " )RW — 3% >0,
1
W RT (caBakik3Amin) RW — 3% >0,
which yields
ol 2 2 -1
cqgkra™ > 2(1 +,8d) (Cdle) D™, (61a)
- 1 _ -
cafakiksdmina™" > Z(@”! = Bacaki D)(D — eD)™'. (61b)

In the following, we prove that with assumption (4.1), there
exist ¢y and B4 satisfying the above two inequalities (61). We
derive from (61) that

2k
calm-1 < % s
(1 + Ba)*k2aD
by
—_— < l, 1 < ——
BakiaDbg ~ 'S BikiaD

where

ba =1+ ksdnin(l = €) + \JK2A2,,(1 = €2 + 23 dmin(1 — ).

3 "min
There exists a ¢y satisfying the two inequalities (61) if there
exists a B4 such that
1 - 2ky
ﬁdkl(aD)minbd (1 + ,Bd)zk%(aD)max .

(63)

Since

lim ba(€) = 1+ k3 dmin + VR, + 2k3Amin > 1+ 2k3dmin,

there exists a small € > 0 such that by(e) > 1 + 2k3Amin.
Subsequently (63) can be satisfied if

1 2k
< .
Baki(@D)min(1 + 2k3Amin) (1 + ﬁd)zk%(al))max

(65)
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With assumption (4.1), we can obtain that there exist 54 > 0
satisfying (65). Hence G4 < 0 is proven and V < 0
subsequently.

(ii). We prove that the equilibrium z* is a strict minimum
of V(-). It can be easily verified that V|- = 0 and

VV|z+ =col(V,V,V:V)|» =0,

where 7 = (w, p1 — P} 01 =07, Pms Tms P> o). Here, we have
used (W*, Pry Ty pz, 0';) = (. The Hessian matrix of V at z*
is

V2V|,- = blkdiag(L,, H),

where bkldiag denotes a block diagonal matrix, L, is Hessian
matrix of V respect to ¢ with ¢; = 0 and H is the Hessian
matrix of V respect to Z. It follows [40, Lemma 5.3] that L is
positive definite. Since the components in V related to 7 are
all quadratic and positive definite, H is positive definite. Thus
V2V|, > 0.

(iii). The equilibrium is the only isolated one in the invariant
set {(@, W, Mo Ems s €4)|V = 0}. Since V = 0, it yields from
(50) that 7 = 0. Hence ¢; are all constant. By Proposition
(3.7), it follows that z* is the only isolated equilibrium in the
invariant set.

In this case, z* is the only one equilibrium in the neigh-
borhood of z* such that ¥¢ = {(¢,2)|V(¢, %) < ¢, ¢ € D}
for some ¢ > 0. Hence with any initial state 7 that satisfies
the algebraic equations (22d), the trajectory converges to the
equilibrium state z*. O

Remark 4.7: In GBPIAC, the dynamics of (0., O Pds Tat)
vanish and the one of (pj,07) is left only. In the Lyapunov
function V(-), with V,;, = 0 and V; = 0, it can be proven that
the equilibrium of GBPIAC is locally asymptotically stable
without Assumption (4.1).

V. CASE STUDY

In this section, we evaluate the performance of MLPIAC
on the IEEE-39 buses system as shown in Fig. 2. We com-
pare MLPIAC to PIAC. For the comparison of PIAC to the
traditional integral control laws, we refer to [42]. In order
to study the trade-off between centralized and distributed
control, we also compare MLPIAC with its two special cases,
GBPIAC (12) and DPIAC (11). The performance of the sub-
processes identified in Section III will be observed to study
how the transient performance is improved in MLPIAC. The
data of the test system are from [3]. The system consists
of 10 generators, 39 buses, which serves a total load of
about 6 GW. The voltage at each bus is constant which is
derived by power flow calculation with the Power System
Analysis Toolbox (PSAT) [19]. There are 49 nodes in the
network including 10 nodes of generators and 39 nodes of
buses. In order to involve the frequency dependent power
sources, we change the buses which are not connected to
synchronous machines into frequency dependent loads. Hence
Yv = {G1,G2,G3,G4,G5,G6,G7,G8,G9,G10}, Vp =
{30, 31, 32,33, 34, 35,36,37, 38,39} and the other nodes are in
set Vg. The nodes in V), UVF are all equipped with secondary
frequency controllers such that Vi = Vi U Vi. We remark
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that each synchronous machine is connected to a bus and its
phase angle is rigidly tied to the rotor angle of the bus if the
voltages of the system are constants [13]. Thus the angles of
the synchronous machine and the bus have the same dynamics.
The droop control coefficients are set to D; = 70 (p.u./p.u.
frequency deviation) for all i € Vi U Vp under the power
base 100 MVA and frequency base 60 Hz. The setting of D;
leads to a frequency response of -1.2 p.u./0.1 Hz which equals
to that of Quebec power grid connected by bus 39 [22]. The
economic power dispatch coefficient a; = 1/8; where B; is
generated randomly with a uniform distribution on (0, 1). In
the simulations, the setting of {D;, i € Vk} and randomly
generated coefficient {a;, i € Vg } yield that (@ D)y, = 70 and
(@D)max = 42560. The communication network is assumed
to be a spanning tree network as shown by the red lines in
Fig. 2, which satisfies the requirement in Assumption (2.4).
For GBPIAC, the entire network is controlled as a single
group. For DPIAC, each node i € Vi is controlled as a single
group. For MLPIAC, the network is divided into three groups
by the dash-dotted black lines as shown in Fig. 2.

T
1
1 K -, H
1 <> i3] 25| F

@

Group 2

Fig. 2. IEEE New England test power system

We set [;; = 1 if node i and j are connected by a communi-
cation line in DPIAC (11) and set /,, = 1 if group r and ¢ are
connected by a communication line in MLPIAC (8). Note that
group 1 and 2 are connected by communication line (1,2) and
group 1 and 3 are connected by (4, 14). However, group 1 and
3 are not connected by a communication line directly. So their
marginal costs cannot be exchanged. With the control prices «
and the Laplacian matrix of the communication network, it can
be computed that Ap;, = 0.0365 for DPIAC and Ay, = 0.1933
for MLPIAC.

At the beginning of the simulations, the power generation
and loads are balanced with nominal frequency f* = 60. At
time ¢t = 5 second, the loads at each of the buses 4, 12 and
20 increase by 66 MW step-wisely, which amounts to a total
power imbalance of 198 MW and causes the frequency to drop

12

below the nominal frequency.

We conduct the simulations with PSAT. The corresponding
ordinary differential equations are discretized with the Euler-
Forward method and the generated nonlinear system is solved
with the Newton—Raphson method. Because the performance
of PIAC has been compared with other control laws in [40], we
compare the performance of the proposed MLPIAC law with
PIAC only. For illustrations of the extra frequency oscillation
caused by the overshoot of ug, we refer to the simulations in,
e.g., [81, [16], [30], [42], [43].

In the following, we evaluate the performance of the con-
trol approaches on restoring the nominal frequency with a
minimized control cost. Because both GBPIAC and PIAC
are centralized control laws, the principles of them on im-
proving the transient performance are the same, i.e., tuning
the corresponding gain coefficients in the decomposed first
three sub-processes. Note that besides the three sub-processes
shared with GBPIAC, i.e., the convergence processes of u(t)
to —Ps, ws(t) to zero, and the synchronization process of
w; to ws(t), DPIAC considers the consensus process of the
marginal costs of all the nodes and MLPIAC considers the
consensus process of the marginal costs of all the groups. We
consider the dynamics of the frequency w;(t) = w;(t) + f*
and abstract frequency wy(f) = wy(t) + f* instead of w;(¢) and
ws(t) respectively. Here, the response of w; is obtained from
(6) with ug as the total control input of the three methods
respectively.

The simulation results are shown in Fig. 3 where there are
20 plots in 5 rows and 4 columns. The plots in the rows
from top to bottom illustrate the dynamics of the frequency
w;i(t) € Vy, control input ug(t), abstract frequency wy(?),
relative frequency w;(t) — wy(t) for all i € Vjy, and marginal
costs of the controllers at the nodes of the synchronous
machines in DPIAC and of the groups in MLPIAC, and the
plots in the column from left to right illustrate the results
of PIAC, GBPIAC, DPIAC with k3 = 10, and MLPIAC
with k3 = 10 respectively. In these four simulations, we set
k = 0.4 for PIAC, k; = 0.4, k» = 1.6 for GBPIAC, DPIAC
and MLPIAC. Note that Assumption (4.1) is not satisfied in
the simulations of DPIAC and MLPIAC, i.e., % = 4 while the

values of (QDZ)(;LD% are about 1203 and 1152 for DPIAC
and MLPIAC with k3 = 10 respectively. We remark that the
relative frequency describes the synchronization process of

wi(t) to ws(t), which is the main concern of primary control.

First focus attention on the response of the frequencies
of the synchronous machines controlled by PIAC, GBPIAC,
DPIAC and MLPIAC in Fig. 3(a; — a4) and 3(c; — c4). As
the frequencies of PIAC, the frequencies of GBPIAC, DPIAC
and MLPIAC are all restored to the nominal frequency, which
indicates that DPIAC and MLPIAC are both asymptotically
stable even though the assumption (4.1) is not satisfied. It can
also be observed that the restorations of the frequencies do not
introduce any extra oscillations. This is due the exponential
convergence of the total control input to the power-imbalance
without any overshoots as shown in Fig. 3(b; — bs). With
this exponentially convergence of the total control input,
the abstract frequency is also restored to the nominal value
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Fig. 3. The simulation results of the PIAC, GBPIAC, DPIAC and MLPIAC methods on IEEE 39-bus test system. The control coefficient is set k = 0.4 in

PIAC, and k| = 0.4, k; = 1.6 in the other three methods. The black dashed lines in b;-bs, denote the power imbalance of the network.

directly. Since the droop coefficients are all identical in the
four control laws, the synchronization of the frequencies to wy
are similar which can observed in Fig. 3(d; — d4). Hence the
frequency performances of the proposed control laws GBIAC,
DPIAC and MLPIAC are similar to that of PIAC method.
Thus, the transient performance of the frequency can also be
improved by MLPIAC as PIAC as in the theoretical analysis.

Second, we turn to the responses of the marginal costs
in Fig. 3(e; — es). Because both PIAC and GBPIAC are
centralized control, the marginal costs of them are all identical
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during the transient phase. In contrast, the marginal cost of
DPIAC and MLPIAC are not identical during the transient
phase but achieve a consensus at the steady state. The non-
identical marginal costs during the transient phase in DPIAC
and MLPIAC will lead to a higher control cost than in
the centralized control. This illustrates the advantages of the
centralized control compared with the distributed control on
the minimization of the control cost. It can be easily imagined
that as the scale of the network increases, the control burden
of the central controller of GBPIAC on the computation and
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communication will increase, and the time for the marginal
cost consensus in the pure distributed control DPIAC also
increase, which further increases the control cost. These prob-
lems can be well addressed by MLPIAC. It can be easily verify
in MLPIAC that the number of nodes in each group is much
smaller than in GBPIAC, which decreases the control burden
of the group controller. It can be observed in Fig. 3(esz — e4)
that the differences of the marginal costs in MLPIAC are much
smaller and the marginal costs achieve the consensus value
at the steady state much faster than in DPIAC even though
the control gain coefficient k3 in these two methods are the
same. This is because the Laplacian matrix (L,,) of a smaller
size communication network has a larger second smallest
eigenvalue regardless to the line weights and the network
topology, which leads to a faster consensus speed [33, chapter
4], and the size of the Laplacian matrix (L,,) of MLPIAC in
the simulations is 3 while the one of DPIAC is 39. Hence, for
a large-scale network, the multi-level control is more effective
in decreasing the control cost than the distributed method.
This also indicates that MLPIAC balances the advantages and
disadvantages of the centralized and distributed control.

VI. CONCLUSION

In this paper, we proposed a multi-level secondary fre-
quency control, called Multi-Level Power-Imbalance Alloca-
tion control (MLPIAC), for a large-scale power system with
multiple groups. Centralized control is implemented within
each group and distributed control is implemented over the
groups. At the steady state, the nominal frequency is restored
with a minimized control cost. At the transient phase, the
system performance can be improved by tuning the control
gain coefficients without extensive computations. A trade-off
between centralized control and distributed control is deter-
mined. The minimal cost can be more effectively achieved than
by the purely distributed control due to the smaller number of
groups than that of nodes in the network. The requirements
on communications and computations are reduced compared
to pure centralized control due to the smaller number of nodes
in each group than that of nodes in the network.

However, Assumption (4.1) is still required for the asymp-
totic stability of MLPIAC even though it is not required in
the numerical simulations. How to relax Assumption (4.1)
theoretically still needs further consideration. The control
law may be applicable for the power systems with general
convex cost functions, which however needs further study
specially in the asymptotic stability analysis. Furthermore,
the communication network might not be reliable and there
usually are time-delays and noises in the measurement of the
frequency and communications in practice, in which case the
robustness of MLPIAC needs to be evaluated.
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APPENDIX A
NOTATIONS

Denote the number of nodes in the sets Vi, Vi, Vp and
Vi by nu, ng, np, n respectively, the total number of nodes in
the power system by n;. So n = ny, +ny and n; = n,,, +ns+np.

To express simply, we write a diagonal matrix S =
diag({B;,i---n}) € R™" with B; € R as diag(B;). It is
convenient to introduce the matrices D = diag(D;) € R™",
M = diag(M;) € R™", a = diag(a;) € R™". Note that M; =0
for i € Vg and M; > 0 for i € V). Denote the identity
matrix by I, € R™", the n dimension vector with all elements
equal to one by 1,, 8 = col(§;) € R", w = col(w;) € R",
P = col(P;) € R™ and ¢ = col(¢;) € R™ where ¢; = 0; — 0,
for all i € V, n = col(n;) € R", and ¢ = col(&;) € R™.

The number of the groups is denoted by m, the control price
of group r is ;.. Denote ag = diag(a;,) € R"™. Define matrix
R = (riy) € R™™ with r;, = 1 if node i belongs to group r,
otherwise r;, = 0. Note that a, ag, R satisfy

R'a™'R = o},
1, = Rl

(662)
(66b)

Denote L € R™ as the Laplacian matrix of the communi-
cation network as defined in (10).

For symmetric matrices A and B, we say A > 0 (or A > 0 if
A is positive-definite (or semi-positive-definite), and say A > B
(or A > B) if (A — B) is positive-definite (or semi-positive-
definite).

The following inequality is used frequently in the following
stability analysis of the control laws. For any x € R™, y € R™,
the following inequality holds

1 1
Ty« 2T oy 4 —yTe!
X ysoxex+gsyey,

where ¢ € R™™ is an invertible positive-definite diagonal
matrix. The inequality follows from

[x

y

X T & -1,
y —I 8_1
APPENDIX B
PRELIMINARIES ON DAES

> 0.

Consider the following DAE systems

x=f(xy) (67a)
0=g(x,v), (67b)

where x € R,y € R" and f : R" X R" — R" and
g : R"xR™ — R™ are twice continuously differentiable
functions. (x(xo, yo, 1), ¥(x0, yo,¢)) is the solution with the
admissible initial conditions (xp, yg) satisfying the algebraic
constraints

0 = g(xo, y0), (68)

and the maximal domain of a solution of (67) is denoted by
I c Ryp where Ryo = {x € R|x > 0}.
Before presenting the Lyapunov/LaSalle stability criterion
of the DAE system, we make the following two assumptions.
Assumption B.1: The DAE system possesses an equilibrium
state (x*, y*) such that f(x*, y*) =0, g(x*,y*) =0.
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Assumption B.2: Let Q € R" X R™ be an open connected
set containing (x*, y*), assume (67b) is regular such that the
Jacobian of g with respect to y is a full rank matrix for any
(x,y) € Q, ie.,

rank(Vyg(x, y)) = m, V(x,y) € Q.

Assumption (B.2) ensures the existence and uniqueness of
the solutions of (67) in Q over the interval 7 with the initial
condition (xp, yo) satisfying (68).

The following theorem provides a sufficient stability condi-
tion for the stability of the equilibrium of DAE in (67).

Theorem B.3: (Lyapunov/LaSalle stability criterion [25],
[11]): Consider the DAE system in (67) with assumptions
(B.1) and (B.2), and an equilibrium (x*, y*) € Qg c Q. If there
exists a continuously differentiable function H : Qg — R,
such that (x*, y*) is a strict minimum of H i.e., VH|+ ) =0
and VZHI(X*,),*) > 0, and H(x,y) <0, VY(x,y) € Qp, then the
following statements hold:

(1). (x* y*) is a stable equilibrium with a local Lyapunov
function V(x,y) = H(x,y) — H(x",y*) > 0 for (x,y) near
(" ¥,

(2). Let Q. = {(x,y) € Qy|H(x,y) < ¢} be a compact
sub-level set for a ¢ > H(x", y*). If no solution can stay in
{(x,y) € Q.|H(x,y) = 0} other than (x*, y*), then (x*,y*) is
asymptotically stable.

We refer to [25] and [11] for the proof of Theorem B.3.

APPENDIX C
PRELIMINARIES OF SYMMETRIZABLE MATRIX

Definition C.1: A matrix B € R™*™ is symmetrizable if there
exists a positive-definite invertible diagonal matrix A € R™*™
and a symmetric matrix L € R">™ guch that B = LA.

Theorem C.2: Consider the Laplacian matrix L € R"™ ™
as defined in (10) and the positive-definite diagonal matrix
ar € R™™ as defined in Appendix (A). The matrix Lag is a
symmetrizable matrix and there exists an invertible matrix Q
such that

07 'LarQ = A,

where A = diag(1;) € R™™  A; is the eigenvalue of
Lo and 1; = 0. Denote Q7! = [Qy1,0v2, -+, Qum]” and
0 =[01,02",0Om], we have

(69)

Ov1 = 1, (70a)

arQi = 1y, (70b)

0" arQ = I, (70c)

0 o' (@ = I, (70d)
0" =Q"axg. (70e)

Furthermore, the new matrix W = [Qy2, - -,0vn] €
R0"D and § = [Qa, -+, Q] € RV satisfy that

WS = Iyn-1, (71a)

W ag'W = Ipnony, (71b)
STarS = Iim-1), (71c)
Ovi = ar0Q;, (71d)

W = agSs. (71e)
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Proof: Let T = +Jag which is a diagonal matrix, then
TLagT™' = \agL+ag.
Hence, there exists an invertible matrix I'"! = I'7 such that
I 'TLagT™'T = I 'WagLyagl = A.

Let Q = T7IT, we derive Q~'LagrQ = A. Since L is a Lapla-
cian matrix as defined in (10), we have I,TnLozR = (, then there
is a zero eigenvalue, i.e., 1] = 0. Denote I' = [T}, I, -+, [}, ],
then ™! =TT = [, Ty, -+, D]

Since I'i is the eigenvector corresponding to 4; = 0 of
vagL+fag such that Ly/agly = 0, from which we derive
\arTy = 1,. Hence by Q T-'T', we obtain Q; =
(Var)™'T'1 = ag'ly,. Similarly we derive Q1 = I'TT =
I'Tyag = \agl| = 1.

By 0 = T7'T, we derive FTaRQ =ITT YagT'T = I,,.
Q‘laI;l(Q‘l)T = RTR = I,,, can be obtained similarly.

(71a) is yielded directly from Q~'Q = I,,,. (70c) and (70d)
yields ( 71b) and (71c). m]
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