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Abstract—This paper addresses the distributed optimal fre-
quency control of multi-area power system with operational con-
straints, including the regulation capacity of individual control
area and the power limits on tie-lines., Both generators and
controllable loads are utilized to recover nominal frequencies
while minimizing regulation cost. We study two control modes:
the per-node balance mode and the network balance mode. In
Part I of the paper, we only consider the per-node balance case,
where we derive a completely decentralized strategy without the
need for communication beiween control areas. It can adapt to
unknown load disturbance, The tie-line powers are restored after
load disturbance, while the regulation capacity constraints are
satisfied both at equilibrium and during transient. We show that
the closed-loop systems with the proposed control strategies carry
out primal-dual updates for solving the associated centralized
frequency optimization problems. We further prove the closed-
loop systems are asymptotically stable and converge to the
unique optimal solution of the centralized frequency optimization
problems and their duals. Finally, we present simulation results
to demonstrate the effectiveness of our design. In Part II of
the paper, we address the network power balance case, where
transmission congestions are managed continuously.

Index Terms—Power system dynamics, frequency control; per-
node power balance; decentralized control.

NOMENCLATURE
A, Variables

g; Rotor angle at node j.

; Frequency at node ;.

Pjig (Aggregate) mechanical power input at node ;.
P} (Aggregate) controllable load at node j.
" Generation control command at node j.
L—ej Controllable load command at node j.
8;; Angle difference between node 7 and j.
By Power from node i to j.

A; Lagrangian multipliers.

#; Lagrangian multipliers.

2] Column vector composed of 8;;.

AP; Surplus generation at node j.
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B. Parameters

m Number of tie lines.
i (Aggregate) uncontrollable load at node j.
M; Inertia constants
n; Damping constants.
R; Droop parameters.
By Inverse of line {j, k) impedances.
B‘? , Lower and upper bounds of Pf .
Bff,_j Lower and upper bounds of P}.
8 Reference value of angles.
o Constant weights for cost of generation.
B; Constant weights for cost of controllable load.
Tf Time constants of generation.
T; Time constants of controllable load.
'}/f ,yf,» Positive constants.
2 .k  Positive constants.

I. INTRODUCTION

In a modern large-scale power system, multiple region-
al grids are usually interconnected for improving operation
reliability and economic efficiency [1], [2]. In each control
area, power generation and controllable load can be utilized
to eliminate power imbalance and maintain frequency stability
in real time. Generally, frequency control is a paid service, and
hence control areas always try to minimize their control cost.
As different control areas may belong to different utilities and
global information may not be accessible due to privacy and
operational considerations, a distributed strategy is desirable.
Roughly speaking, there are two possible modes of operation.
In the first mode, each node area balances its own supply
and demand after a disturbance. Then the power flow on
each tie line should be regulated to its scheduled value, i.e.,
the deviation of power flows on the tie lines are eliminated
in equilibrium. In the second mode, all nodes cooperate to
rebalance power over the entire network after a disturbance.
The power flows on the tie lines may deviate from their
scheduled values but must satisfy line limits in equilibrium.
We refer (o the first case as per-node (power) balance and the
second network (power) balance. Here we focus on the first
case, while the second case will be addressed in Part IT of the
paper. We design a decentralized optimal frequency controller
for restoring frequency and tie-lime power under operational
constraints, including regulation capacity constraints.

Different distributed strategies have been developed in the
literature for frequency control. They can roughly be divided
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into two categories in terms of different types of regulation
resources: the automatic generation control (AGC) e.g. [3]-
[9] and the load-side frequency control e.g. [10]-[16]. The
former focuses on generation regulation. For example in [4]
a flatmess-based control combining trajectory generation and
trajectory tracking is proposed for AGC in multi-area power
system. In [5], [7], the closed-loop system composed of power
system dynamics and controller dvnamics is formulated as
a port-Hamiltonian system, and its stability is proved. In
[6], generators are driven by AGC to restore frequencies.
Correspondence between the (partial) primal-dual gradient
algorithm for solving the associated optimization problem and
the frequency control dynamics of the physical system is
established. The resulting decomposition enables the system
design of a fully distributed optimal frequency control.

For the load-side frequency control, load frequency dynam-
ics are formulated similarly to the generator model in [10],
leading to a distributed frequency conitrol for both generation
and controllable loads. A distributed adaptive control is p-
resented in [11] to guarantee acceptable frequency deviation
from the nominal value. In [12], [13], an optimal load con-
trol (OLC) problem is formulated and a ubiquitous primary
load-side control is derived as a partial primal-dual gradient
algorithm for solving the OLC problem. It is decentralized,
but does not restore the nominal frequency. This design
approach is extended in [14] to secondary control that restores
nominal frequency and scheduled inter-area flows as well as
enforcing line limits in equilibrium. It is further extended to
more general models in [15], [16], where passivity condition
guaranteeing stability is proposed for each local bus and the
conservativeness is reduced greatly.

In terms of methodology, there are mainly three types of
distributed frequency control: the droop based approach e.g.
[17], [18], the consensus based approach e.g. [19]-[21] and the
primal-dual decomposition based approach e.g. [6], [12]-{14].
In the primal-dual decomposition approach, control goals such
as rebalancing power after a disturbance and restoring nominal
frequency and scheduled inter-area flows are formalized as a
global optimization problem. The feedback control laws are
designed so that the equilibrium of the closed-loop system
solves the optimization problem and hence achieves the control
objectives, in equilibrivm. Moreover the closed-loop system is
designed to be an asymptotically stable primal-dual algorithm
for solving an associated optimization problem. This is the
same approach taken in [22] where the real-time control is
through nodal proces.

In all the primal-dual algorithms proposed in the literature,
even though input constraints are usually enforced, constraints
on states, such as power injections on buses, are enforced
only in the steady-state. In practice, however, a control arca
always maintains regulation capacity bounds that constrain
power generations and controllable loads within available
ranges, not only at equilibrium but also during transient. In
this paper, we design input-saturation controllers that maintain
these capacity constraints during transient as well. We show
that these controllers still carry out primal-dual updates of the
associated optimization problem.

Specifically we study an approach to rebalancing power
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after a disturbance. In the per-node power balance case, we
require the disturbance in each control area be balanced by
generations and controllable loads in that area. Then we con-
struct a completely decentralized control to recover nominal
frequencies and tie-line power flows. The regulation capacity
constraints are also enforced during transient. We show that the
controller together with the physical dynamics serve as primal-
dual updates with saturation for solving the optimization
problem. Then we prove the optimality of our control by
exploiting the equivalence between the equilibrium of the
closed-loop frequency control system and the optimal selution
of the optimization problem. We also show that the optimal
solution of the primal-dual problem and equilibrium point
of the closed-loop systems are both unique. Furthermore we
prove the stability of closed-loop system by combining projec-
tion technique with LaSalle’s invariance principle, mitigating
the impact of nonsmooth dynamics created by the imposed
transient constraints. The salient features of our control are:

1) Centrol goals: the controller restores the nominal fre-
quency and tie-line powers after unknown disturbance
while minimizing the regulation costs;

2) Constraings: the regulation capacity constraints are al-
ways enforced even during transient;

3) Communicafion: it is completely decentralized without
the need for communication among neighboring areas ;

4) Measurement: the controls are adaptive to unknown load
disturbances automatically without load measurement.

The rest of this paper is organized as follows. In Section
II, we introduce our network model. Section III formulates
the optimal frequency control problem, presents our controller
and its relationship with the primal-dual update, and proves
the optimality, uniqueness, and stability of the closed-loop
equilibrium point. We confirm the performance of controllers
via simulations on a detailed power system model in Section
IV. Section V concludes the paper.

II. NETWORK MODEL

A large power network is usually composed of multiple con-
trol areas each with its own generators and loads. These control
areas are interconnected with each other through tie lines. For
simplicity, here we treat each control area as a node with an
aggregate power generation, an aggregate controllable load and
an aggregate uncontrollable load.! Then the power network
is model by a graph G := (N,E) where N = {0,1,2,..n} is
the set of nodes (control areas) and £ C N x N is the set of
edges (tie lines). If a pair of nodes i and j are connected
by a tie line directly, we denote the tie line by (i,/) € E.
Let m :=|F| denote the number of tie lines. We treat G as
directed with an arbitrary orientation and we use (i, j) € E or
i — j interchangeably to denote a directed edge from i to j.
It should be clear from the context which is the case. Without
loss of generality, we assume the graph is connected and node
0 is a reference node.

'In our study, each of the nodes can be regarded as a control area
including controllable generation and load. All controllable generations in
the same control area are aggregated into one equivalent generator, while all
controllable loads are aggregated into one controllable load.
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We adopt a second-order linearized model to describe the
frequency dynamics of each node, and two first-order inertia
equations to describe the dynamics of power generation reg-
ulation and load regulation at each node. We assume the tie
lines are lossless and adopt the DC power flow model. Then
for each node j <N,

8; = w;(1)
M;e; = P5(r) — Pit) — p; — D, (2)
+ ) By(6i(r) — 0;())— ), Ba(8;(r)— 6(r)) (1b)

(la)

fmt Kk
138 =P )+ 50) - 0 (1e)
T/P, = —Pi(t) +u' () (1d)

Let x:= (8,®,P2 P") denote the state of the network and
i := (u2,u') denote the control.?

Our goal is to design feedback control laws for the gen-
eration command #2(x(z)) and load control «’(x(z)). The
operational constraints are:

P{ < Pt <P, jeN (2a)
P, < P(t) <P, jeN (2b)

Differing from the literature, here (2a) and (2b) are hard
limits on the regulation capacities of generation and control-
lable load at each node, which should not be violated at any
time even during transient. Hence we will design controllers
so that these constraints are satisfied not only at equilibrium,
but also during transient.

We assume that the system operates in a steady state
initially, i.e., the generation and the load are balanced and
the frequency is at its nominal value. All variables represent
deviations from their nominal or scheduled values so that, e.g.,
o;(r) = 0 means the frequency is at its nominal value.

Asg the generation Pj’ and load P! in each area can increase
or decrease, and a line flow F; can in either direction, we
make the following assumption.

Al: 1) P2<0<P and PL<0 <P} for VjeN.

2) B(t):=0foralls > 0.
The assumption 6 =0 amounts to using 8a(¢) as reference
angles. It is made merely for notational convenience: as
we will see, the equilibrivm point will be unique with this
assumption (or unique up to reference angles without this
assumption).

ITI. PER-NODE POWER BALANCE
First we consider the per-node power balance case, modeled
by the requirement:

'

; jeN ©)

2Given a collection of x; for 7 in a certain set A, x denotes the column
vector x 1= (x;,{ € A) of a proper dimension with x; as its components.
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A. Control goals

The control goals are formalized as an optimization prob-
lem:

o 1 2 1 A2 o1 5
PBO: min E;aj (Pf) +2;Bj(Pj) +§;Djmj
(4a)
over  x:=(8,0,P% P and u:= (u,u')
8.t (2),(3)
PE=Pl+p;+U;(8,0), jeN G
P =i, jeN (4c)
A S
Pl =u, jeN (4d)
where
Ui(8,0;) = Djo;— Y B8+ Y Bybi

i kij—k

Here we have abused notation and use 9,;,» = 6;—8;. In vector
form we have

U(8,0) = Do+CBCTe (5)

where D = diag(D;,i € N), B:=diag(B;;, (i, ) € E), C is the
(r+1) x m incidence matrix.
We comment on the optimization problem (4).

Remark 1 (Control goals). 1) Since the variables are de-
viations from their nominal values, the parameters
(0, B;) in the objective function (4a) are not electricity
costs. Minimizing the objective aims to track generation
and consumption that have been scheduled at a slower
timescale, e.g., to optimize economic efficiency or user
utility. The parameters (o, f3;,D;) weigh the relative
costs of deviating from scheduled generation and load,
and the nominal frequency. In the next subsection we
will show that, for every optimal solution, the corre-
sponding frequency deviation must be zero, provided a
feasible solution exists.

2) For the definition of (4), the regulation capacity limits
{(2) apply only at optimality. As we will see below, our
controller, however, enforces (2) even during transient.

3) The per-node balance requirement (3) and the constraint
{4b) imply 7 (8, @) = 0 at any feasible x. This will drive
the power flow on every tie line to its scheduled value,
ie., P;; =0 in equilibrium (see Theorem 2 below), even
though this is not included in (4) as a constraint.

4) The constraints (4c)(4d) require that, at optimality, the
power injection Pf and controllable load P} are equal to
their control commands uﬁ and ufr respectively.

In the rest of the paper we make one of the following
assumptions (recall that (P2, P) <0< (P* ,TJ'!) under Al):
A2: The PBO problem (4) is feasible, ie.,

- e / z
PE-P, < p; < P-P, VjeN
Moreover (4) has a finite optimal solution.

Feasibility of (4) is equivalent to the inequalities in A2 because
the per-node balance constraint (3) requires p = P2 — P! in
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equilibrium. In what follows below, we sometimes strengthen
the inequalities in A2 to strict inequalities. Strict inequalities
mean that each area has a certain power margin. If there is no
margin the system may have no feasible solution after a small
load disturbance. For example, if Pg P = p; for any area j,
then any feasible solution must have Pg Pg and PI ]_Jlj, ie.,
there is no more regulation capacity 1n area J 80 that if’ the
load p; further increases, then frequency will drop and cannot
be restored.

B. Decentralized controller
Our control laws for ## and #’ are: for each node j < N,

i = R{EO-BO-p;) (64)

&0 = [Bo -7 {@po o0 40)])

+a;(1)/R; (6b)
) = {P%r)ﬂ(ﬂp%)m(r)»(r))f; (60)
J 7 IAFy 7 7 Bif

For any x;,4;,b; € R with a; < by, [xjij = min{b;, max{a;,x;} }.
For vectors x,a,b, [x]? is defined accordingly componentwise.

The controller (6) has a simple proportional-integral (PT)
structure with saturation. It is completely deceniralized where
each node j updates its internal state A;(z) in (6a) based only
on the generation Pf(t) the controllable load P" () and the
uncontrolled load p; that are all local at j (Wlthm a control
area). The control inputs ug() and (z‘) in (6b) and (6c¢)
are then static functions of the local state (Pg ), (z‘) o;(7))
and the internal state A,(¢). Therefore, no communlcatlon is
required even between nodes

We often write uj and u as functions of (P:,g,P],a)j,?Lj):
) = (P, 00,24(0)) (72
Wy = (P 250)) (7b)

for j € N, where these functions are given by the right-hand
side of (6b) (6¢). We now comment on measurements required
to implement the control (6).

Remark 2 (Implementation). The variable A;(r) in (6a) is
a cyber quantity that is computed at each node j based on
(P? (z),Pj(I), p;) locally at j (within a control area). These
guantities can in principle be measured at j. We would
however like to avoid measuring the uncontrolled load change
p; for ease of implementation. To this end let AP;{z) : Pg (£)—
P! (.t) Py, j €N, denote the surplus generation at node Jj-We
then have from (1b) and (5) that AP;(r) =M, @; + U (8, 0;(1)).
Since A; = }C,’IAP](I), {6a) becomes:

R R LI CREA @ WICRS WO}
Himj kij—k
where B;(7) := B;;(8;(1) — 8;(z)) are the tie-line flows from
nodes i to j according to the DC power flow model. Hence,
to update the internal state A;(z), we only need to measure the
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local frequency deviation @;(¢), its derivative @;(¢) and the tie-
line flows P;(r) incident on node j, and not the uncentrolled
load p; in area j. An important advantage is that the controller
naturally adapts to unknown load changes p;. This feature will
be illustrated in case studies.

The control nputs “(r) and 7 () in (7) can then be im-
plemented using measurements of the local generation Pg (1),
controlled load P! % (t), frequency deviation @;(r) and tie lme
powers Rj(t),PJk( ).

Since p; is difficult to measure especially with large pene-
tration of renewable generations, one cannot solve problem (4)
locally to obtain controllers. The proposed controller naturally
adapts to unknown load changes.

C. Design rationale

The controller design (6) is motivated by an approximate
primal-dual algorithm for (4). We first review the form of
a standard primal-dual algorithm and then explain that the
closed-loop dynamics (1)(6) carry out an approximate version
for (4) in real time over the closed-loop system.

Primal-dual algorithms. Consider a general constrained con-
vex optimization:

min f(x) si gx)=0

x€X

where f:R* = R, g : R* = R*, and X C R” is closed and
convex. Let p € R* be the Lagrange multiplier associated
with the equality constraint g{x) = 0. Define the Lagrangian

L(x;p) := f(x) +pTg(x). A standard primal-dual algorithm
takes the form:
x(t+1) = Projy (x(t) — T*V,Lx();p(e)) (Ba)
pl+1) = p@) + IPV,Lix():p (1)) (8b)

where Projx (a) projects a € R to the closest point in X under
the Huclidean norm, the gain matrices [*,I'" are (strictly)
positive definite. Hence the iterates (x(z), p{z)) stays in the set
X x R* for all 7 and, under appropriate assumptions, converges
to a primal-dual optimal point.

In contrast a standard dual algorithm takes the form:

pl+1) = p@) + IPV,Lx@);p@)  Ga)
(1) = minLixnp() (9b)

As we will see below, almost all primal variables in x(r)
are updated according to (8a) except ®{(¢) which is updated
according to (9a).

Controller (6) design. Let A and g be the Lagrange multipli-
ers associated with constraints (3) and (4b) respectively and
let p := (A, ). Define the Lagrangian of (4) as:

1 2 1 2 1
Lisp) =5 X0 (B) +3 L8 (B) +5E,00]
+X (P =P —p;)
+3 ik (%g_fjf—Pf—Djwj
] Zz’:i—} 7 Bi;6;; *Zk: j—>kak ij>

(10)
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The Lagrangian is defined to be only a function of (x,p) and
independent of u := (u%,1') as we treat u as a function of
(x,p) defined by the right-hand side of (6b){6c). The set X in
{8a) is defined by the constraints (2}:

x = {@ P @R < ¢ P < &P}

We now explain how the closed-loop system (1)(6) imple-
ments an approximate primal-dual algorithm for solving (4)
in real time. We first show that the control (6a) and the swing
dynamic (1b) implement the dual update (8b) on dual variables
p={(A(0),u)). We then show that {1a)(1c)(1d) implement a
mix of the primal updates (8a) and (9b) on the primal variables
x=(0(r),0(),P(),PL{n).

First the variable A4 is the Lagrange multiplier vector for the
per-node power balance constraint (3). The control law (6a)
implements part of the dual update (8b) in continuous time:

TV, Li(x(1), p (1))

where I'* := diag(y;‘,j EN).

The variable y is the Lagrange multiplier vector for the con-
straint (4b). It can be identified with the frequency deviation
@ as the KK'T condition [23]

al,
70,

i = (12a)

¥pY) = Dilei—p) = 0

implies ,u}‘ = w}“ at optimality since D; > 0. Moreover we can
identify t1(r) = o(r) during transient if we update the cyber
quantity g(r) according to

ao= MR- PE - pin - UO0),00))
= MV Li(x(1),p(2) (12b)

where M := diag(M;, j € N). Then y and @ have the same
dynamics {compare with {1b)) and hence u{s) = () as
long as u{0) = @(0). Therefore the swing dynamic (Ib) is
equivalent to (12b) and carries out the dual update (8b) on
when we take u(r) = (7).

Second, to see how (la)(1c)(ld) implement the primal
updates, note that the last term in the definition (10) of the
Lagragian L is:

Z SH (Zi:H i Bi;8;; *Zk: j%kBJ'kgﬂc)
= — Y pepBului—up) (8- 8) =

We fix 8y :=0 to be areference angle. Then there is a bijection
between 6 and 8 that is in the column space of €7, given by
6 =T 8. Hence we can work with either variable. For stability
proof we use &. In vector form

—uTCBCT o

B = % ((Pg)TA3P3+ (PHTAIP ¢ mTDm)

2 /"LT(Pg—PI—p) 4 uT(Pg—P’—p—Dw—CBé)

where A? := diag(ay, j € N), Al = diag(B;,j e N), B :=
diag(B,;, (i, j) € E}) and
~BCTw

Vsli = —BCTu =

5

Since 8 = CTH = T @, we have

8 = -B v (13a)

ie., (1a) implements the primal update (8a) on 8.
Identification of @(r) with t(r) means that, given the dual

variable p(#), we update @(#) as in the dual algorithm (9b):

o@) = p@) = agminVeli(xp()) (13b)
instead of (8a). Moreover we have
VeeLi(x(@),p()) = A*PA()+0()+A0)
Therefore the control law (6b) is equivalent to
() = [P - VR L), p ) + R 00)

where I8 := diag(}ff,j € N) and R := diag(R;, j € N). Then
the generation dynamic (1c) becomes

TP = [P2(1) — I* Ve Ly (x(),p ()| — P2 (130

where 7% := diag(Tjg ,j € N). Similarly the control law (6¢) is
equivalent to

T)l

) = [P - T Vali@).p@)],

where I := diag(}f},j € N). The controllable load dynamic
(1d) is equivalent to

i,

Tipl = {P" (1) — TV Ly (x(), p(z))} (13d)

o

; — P

where 77 := diag(]jf,j EN).
Writing P := (P2, P, T8 = diag(T%,T") and ¥ =
diag(I'¢,I'%), the dynamics (13c)—(13d) becomes

TP = Pron(P(.t) _ TVl (x(z),p(t))) _ P(r) (13¢)

where X is defined in (11). Informally (13e) can be interpreted
as a continuous-time version of the primal update (8a) since
the right-hand side can be interpreted as P(r + 1) — P(z) in the
discrete-time version (8a). While it is clear from (8a) that P(r)
in the discrete-time formulation stays in X for all ¢, it may not
be obvious that P(¢) in the continuous-time formulation (13e)
stays in X for all £. This is proved formally in Lemma 3 below.

In summary the closed-loop system (1)(6) carries out an
approximate primal-dual algorithm (8) in continuous time. The
dual updates (12a) and (12b) on (A (1), (r)) are implemented
by (6a) and (1b) respectively. The primal updates (13a) and
(13e) on (8(r),P2(r),P'(r)) are implemented by (la) and
(le) (1d) respectively. We refer to this as an approximate
primal-dual algorithm because the identification of @ () = 1 (7)
implements the update (9b) on ®(z) instead of (8a).
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D. Opiimality and uniqueness of equilibrium point

In this subsection, we address the optimality of the e-
quilibrivm point of the closed-loop system (1)(6). Given an
(x,p) == (8,0,P8 P A u), recall that the control input
u(x,p) is given by (7).

Definition 1. A point (x*,p*) := (8%, 0", P&* P A% u*) is
an equilibrinm point or an egquilibrium of the closed-loop
system (1)(6) if
1) The right-hand side of (1) vanishes at x* and #(x*, p*).
2) The right-hand side of (6a) vanishes at (x*,p*).

Definition 2. A point (x*,p*) is primal-dual optimal if
(x*,u{x*, p*)) is optimal for (4) and p* is optimal for its dual
problem.

Section ITI-C says that the closed-loop system (1)(6) carries
out an (approximate) primal-dual algorithm in real time to
solve (4). In this subsection we prove that a point (x*,p*)
is an equilibrinm of the closed-loop system if and only if it
is primal-dual optimal. Moreover the equilibrium is unique.
In the next subsection we prove that the closed-loop system
converges to the equilibrivm point starting from any initial
point that satisfies constraint (2).

Theorem 1. Suppose assumption A2 hold. A point (x*,p*) is
primal-dual optimal if and only if (x*,p*) is an equilibrium
of the closed-loop system (1)(6) that satisfies (2) and " = 0.

Theorem 1 shows the equivalence between the equilibrium
of closed-loop system and the primal-dual optimal solution. It
also implies that, in equilibrium, per-node power balance (3)
is achieved and constraints (2) are satisfied. The next theorem
shows that the equilibrium point is almost unique and has a
simple and intuitive structure.

Theorem 2. Suppose assumption Al and A2 hold. Let (x*,p*)
be primal-dual optimal. Then

1) x* and p* are unique, with 8* being unique up to an
(equilibrivm) reference angle 83,

2) A* is also unique if strict inequalities hold in AZ2.
In that case, A} equals the (negative of the) marginal
generation/load regulation cost at node j, i.e., ajff* =
— JBJ;F:;?* = —}L}‘.

3) nominal frequencies are restored, i.e., a)}* =0 for all
j € N; moreover 8 = 85 for all jeN.

4) the power flow P := Bj; (8r — 9}’?) =0 on every line
(i,/)y e E.

The proofs of Theorem 1 and 2 are given in Appendix A.

E. Asymprotic stability
Before proving the stability, we assume
A3: The initial state of the closed-loop system (1)(6) is finite,
and (P{ (0),P} (0)) satisfy constraint (2).
Motivated by (13e) we will write the closed-loop system
(13(6) in a similar form that will turn out to be critical for

our stability analysis. To do this we first prove the following
boundedness property of (P(r), P (r)) in Appendix B.

6

Lemma 3. Suppose assumptions Al and A3 hold. Then
constraint (2) is satisfied for all # > 0, i.e. (P2(r),P(r)) € X
for all # > 0 where X is defined in (11).

We set the control gains for (#2,4) in (6) as ,}Gg =

gy—1 _ -1 e -
(1) ,y} = (1:,) Tdentifying p(r) = @(z), the closed-loop
system (1)(6) is (in vector form):

8 = CTok) (14a)
o) = M1 (Pg(z)_pf(z)_p(z)_Dw(z)_CBé(z))
(14b)
Py = (T%)7' (=P*(0) +2%(1)) (14c)
Py = (1! (—P’(I)Jrfe"(z)) (14d)
Ay = I* (Pg(z)—P"(r)— p) (14¢)
Here
B0 — [PO— 197 WP + 00+ A0
‘o = [PO-a@) (AP0 - o0 _A(z)ﬂ;

Denote w:= (8,@,P%,P',4) and define

—BY2(T e

MY (Pt Pl p Do CB8)
(T8~ (A2PE @+ 1)

(Tl (AP e 1)

_(1"1)1/2 (Pg _Pl _p)

We further define

§ = R xR

F(w) := (15}

where the closed convex set X is defined in (11). For any w
denote the projection of w— F{w) onto 8 to be

H(w) := Projs(w —F(w)) := ﬂrggleif;\lyf (w—Fw)|2

where |- |2 is the Euclidean norm. Then the closed-loop
system (14) can be written as

wie) = TiHw) — w))

where the positive definite gain matrix is:

Iy o= diag (B 1201278 (1) L ()2

(16)

Note that the projection operation H has an effect only on
(P2, PY). Lemma 3 implies that w(z) < § for all ¢, justifying
the equivalence of (14) and (16).

A point w* € § is an eguilibrizm of the closed-loop system
(16) if and only if it is a fixed point of the projection:

H{w") = w'
Let Ey := {w | H(w{z)) —w(#) =0} be the set of equilibrium
points. Then we have the following theorem.

Theorem 4. Suppose Al, A2 and A3 hold. Starting from any
initial point w(0), w(r) remains in a bounded set for all ¢ and
wit) — w* as 1 — = for some equilibrium w* € F; that is
optimal for problem (4). If strictly inequalities hold in AZ,
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then the equilibrium point w* of the closed-loop system (16)
is unique.

The theorem implies that if strict inequalities hold in A2,
then, starting from any initial point w{0), the trajectory w(z)
of the closed-loop system (16) converges to the unique equi-
librium w* ag ¢ — .

We comment on the proof of the theorem given in Appendix
B. Unlike the quadratic Lyapunov function used in [6], [12],
[14], [24]-[26] for the analysis of primal-dual algorithms, we
use the following Lvapunov function:

Vi(w) = — (H(w)—w)" F(w) — %IIH(W) —wli3

1
+§k(w—w*)T1"1_2(w—w*) (17)
where w* is an equilibrium point (to be determine later) and k
is small enough such that the diagonal matrix I'y —kl"fl >0,
i.e., is strictly positive definite. The first part of V] is motivated
by the observation in [27] that H{w) —w with a stepsize
computed from an exact line search defines an iterative descent
algorithm for minimizing the following function over S:

1
£
Nw) = —(Hw)—w) F(w) — S||H(w) — w3
It is proved in [27, Theorem 3.1] that ¥ (w) >0 on § and
¥ (w) = 0 holds only at any equilibrium w* = H(w"). The use
of 8 instead of & in (14) and the definitions of F and I'y in
(15)(16) are carefully chosen in order to prove that ¥y (w(z)) <
0 along any solution trajectory. The second part

1
Ek(w —w T Hw—w*)

of V1 is motivated by the quadratic Lyapunov function used
in [6], [12], [14], [24]-[26] for the analysis of primal-dual
algorithms. While the first part ¥ is critical for proving Vi < 0,
implying that any trajectory w(z) of the closed-loop system
converges to a set of equilibrium points by LaSalle’s invariance
principle, the quadratic term (w—w*)TT % (w —w*) in ¥} is
used to prove that w(z) actually converges to a limit point,
using the technique due to [6], [12].

IV. CASE STUDIES
A. System configuration

To test the optimal frequency controller, we modify Kun-
dur’s four-machine, two-area system [28] [29] by expanding it
to a four-area system. Each area has one (aggregate) generator
{Genl~Gend), one controllable (aggregate) load (Llc~Ldc)
and one uncontrollable (aggregate) load (LL1~L4), as shown
in Fig.1. The parameters of generators and controllable loads
are given in Table 1. For others one can refer to [29]. The
total uncontrollable load in each area are identically 480MW.,
At time ¢ = 20s, we add step changes on the uncontrollable
loads in four areas to test the performance of our controllers.

All the simulations are implemented in PSCAD [30] with
8GB memory and 2.39 GHz CPU. The detailed electromag-
netic transient model of three-phase synchronous machines
is adopted to simulate generators with both governors and
exciters. The uncontrollable loads L1-L.4 are modelled by the

i

fixed load in PSCAD, while controllable load Llc-Ldc are
formulated by the self-defined controlled current source. The
closed-loop system diagram is shown in Fig.2. We only need
measure loacal frequency, generation, controllable load and
tie-line power flows to compute control demands. There are
no need of uncontrollable load and communication from other
areas. Note that in the simulation, all variables are added by
their initial steady state values to explicitly show the actual
values,

Busl Bus5 Busé Bus7 Bus8 Bus9 Busl0 Busll Bus2

T1 T2
O 1C% aH-0®
Genl Genl
Areal  Lile I Lll $Lz 1 L2c  Areal

Bus3 Busld Busl3 Busl2 Busl3 Buslé Busl7 Busd4
T3 T4

O 20, o+
Gen3 Gend
Area3 LSCI L3£ 11,4 luc Aread

Fig. 1: Four-area power system

i
BB BB B | | 0, B H LR Ry
Controlier |X """" | Controiler |

Fig. 2: Closed-loop system diagram

TABLE I:
SYSTEM PARAMETERS
Araj D, R oy B T} T}
T 004 004 2 25 4 4
2 0045 006 25 4 6 5
3 005 005 15 25 5 4
4 0055 0045 3 3 55 5

B. Simulation Results

In the simulation, the generations in each area are (625.9,
562.7, 701.7, 509.6) MW and the contrcllable loads are all
120 MW. The load changes are given in Table II, which are
unknown to the controllers. Here we use the method mentioned
in Remark 2 to estimate the load change. We also show the
operational constraints on generations and controllable loads
in individual control areas in Table II.

TABLE II:
CAPACITY LIMITS AND LOAD DISTURBANCE

Areaj Load changes [P5, PI] (MW) [P, Pj] (MW)
T 90 MW [600, 700] [75, 120]
z 90 MW [550, 680] [80, 120]
3 90 MW [650, §00] [80, 120]
4 120 MW [500, 600] [55, 120]
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1) Stability and optimality: The dynamics of local frequen-
cies and tie-line power flows are illustrated in Fig.3. Both
the frequency and tie-line power deviations are restored in all
the four control areas. The generations and controllable loads
are different from those before disturbance, indicating that the
system is stabilized at a new equilibrium point. The resulting
equilibrium point is given in Table III, which is identical to the
optimal solution of (4) computed by centralized optimization
using CVX. The simulation results confirm our theoretic anal-
yses, verifying that our controller can autonomously guarantee
the frequency stability while achieving optimal operating point
in a completely decentralized manner.

= Line21 H
L wagera e T L
150 il Line31
501 il Line 32|
B - Tl
o 5 = ne
E. s g’ E] 1 SETEPPRORS SOPPRRE
B T
S E 0
£ 499 Ares ] 13
7 Area 2| e
& bl H Area g osnf—
498 . + i H Aread| ,;‘
¢ ] el et
497 T sl
e ; R | R L
30 40 60 80 100 120 140 18 30 4% &0 &0 100 120 140 18
Time (5) Time ()

Fig. 3: Dynamics of frequencies (left) and tie-line flows (right)
in per-node balance case

TABLE III:
EQUILIBRIUM POINTS
Areal Area2 Area3 Aread
P;.* (MW) 676 618 758 570
Pj* (MW) 80 853 86.2 60

2) Dynamic performance: In this subsection, we analyze
the impacts of regulation capacity constraints on the dyvnamic
performance. To this end, we compare the dynamic responses
of the frequency controllers with and without input saturations.
The trajectories of mechanical powers of turbines and con-
trollable loads are shown in Fig.4 and Fig.5, respectively. In
this case, the system frequency and tie-line flows are restored,
and the same optimal equilibrium point is achieved. With the
saturated controller, the mechanical power of turbines and
controllable loads are strictly within the limits in transient. On
the contrary, the controller without saturation results in con-
siderable violation of the capacity constraints during transient,
which is practically infeasible.

3) Comparison with AGC: AGC is often utilized in the
conventional secondary frequency control. To compare perfor-
mance of our controller, we give the frequency dynamics of
proposed controller (left) and AGC (right) in Fig.6.

The results show that frequency nadir under the proposed
controller is a bit lower than that under AGC. Generally,
AGC does not cause frequency overshoot, while the proposed
controller may cause a small overshoot. In addition, the
convergence time is shorter under our controller than that
under AGC. Overall the frequency dynamics in both methods
are smooth without large oscillation, and our controller has a
similar frequency performance to AGC.

1000,

Area ]
| e d] e
Aread)
Area 4

Awall
s
Area3
Arsad

o
=
=

)
=
=]

@
=
=

Mechanical power (MW)
2
=)

w
=
=

400

20 40 60 &0 100 120 140 1@
Time (5)

25 a0 50 & 100 120 140 I
Time (5)

Fig. 4: Mechanical outputs with(left)/without(right) capacity
constraints

Arsal
Argal,
Areal
Argad

20 40 61 #1100 120 140 18
Time (s)

20 40 60 &1 100 120 140 180
Time ()

Fig. 5: Controllable loads with(left)/without(right) capacity
constraints

502

49 9- Area
Area

| —Area
49 8+ Area

Frequency (Hz)

>MMH
Y
:
A

497

42820 a0 60 80 100 120 140 16 20 &0 60 &0 100 120

Time () Time (&)

140 16

Fig. 6: Dynamics of frequency with proposed controller(left)
and AGCright)

V. CONCLUSION

We have proposed a decentralized optimal frequency con-
trol with aggregate generators and controllable loads. The
controller can autonomously restore the nominal frequencies
and tie-line powers after unknown load disturbances while
minimizing the regulation cost. The capacity constraints on the
generations and the controllable loads can always be satisfied
even during transient. We have revealed that the closed-loop
system carry out a primal-dual algorithm to solve the associ-
ated optimal dispatch problem, guaranteeing the optimality of
closed-loop equilibria. We have used the projection technique
combined with LaSalle’s invariance principle to prove the
asymptotically stability of the closed-loop system. Simulations
on the modified Kundur’s power system verify the efficacy of
our designs.

APPENDIX A
PROOFS OF THEOREM 1 AND THEOREM 2

We start with a lemma.
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Lemma A.1. Suppose (x*,u*) is optimal for (4). Then e* =0
and 8* = 631 where 1 is the vector with all entries being 1.

Proof. Suppose for the sake of contradiction that o™ £ 0.
Construct from x* another point £ by setting § =0, & =0
and keeping the other components of x* unchanged. Since x*
satisfies both (3) and (4b) we must have U (8%, @*) = 0. This
also holds for £, ie., U(8,®) = 0, and hence (£,u*) remains
feasible since other components of £ are the same as those of
x*. Moreover (£,1*) has a strictly lower cost than (x*,u"),
contradicting the optimality of (x*,1*). Hence any optimal
(x*,2¢*) must have o* = 0.

We claim that ®* = 0 implies that 8* = ;1. For any
feasible point x, (3) and (4b) imply that

U8,0) = Do+CBCT8 = 0

Hence we have CBCT8* =0 at an optimal x*. Since CBCT
is an (r+1) x (r+ 1) matrix with rank #, its null space has
dimension 1. The vector 1 is in its null space because CT1 = 0.
Hence 8* = 651. O

Lemma A.1 at optimality implies that the frequencies are
restored. Noticing that 8* = 651 means all angles are equal,
such an optimal solution also implies that all the tie-line power
flows are restored to their nominal values.

Lemma A.2. Suppose (x*,p*) is primal-dual optimal. Then

IR A LA A CL R A

NN

- B = [l e,

(]
LA,

forany}f;f’>0 and}/;»>0.

Proof. Since (4) is convex with linear constraints, strong
duality holds. Hence (x*,p*) is a primal-dual optimal if and
only if it satisfies the KKT condition: (x* u(x*,p*)) is primal
feasible and

x* = argmin{Li (x;p")| (x,u(x,p")) satisfies (2)(dc)(@d)}
(A1)

From the definition {10} of Ly, x* satisfies {A.1) if and only
if (x*,u(x*, p*)) satisfies (2) (4¢) (4d) and the first-order
stationarity condition, i.e., for all j € N,

> 0 1ng* P
oGP +uf+A; g = 0 1ng<L*<P‘§ (A.2a)
< 0 P =P
> 0 lfpf*:Pf
BRI —ui—Are = 0 1fPf<Pf:<P (A.2b)
L e
£ 0 ifEr=P;
Dj(of —[.Lj) = 0 (A.2c)
EBIJ Juif j = E B;k(ﬂffﬂf) (Azd)

firy Rk

9

From Lemma A.1 we have " =0 and hence (A.2) reduces
to p* = @* =0 since D; > 0 and

> 0 if Pg* P
WP L of+Afs = 0 1ng< L*<Pf (A.3a)
< 0 if Pg* P‘j
> 0 if Pf* =P,
BiP—wi—2f< = 0 if Pf <PH< P (A.3b)
< 0 if Pj* _7
It can be checked that (A.3) is equivalent to
AL AT
=
7
/ { ! ¥
g - [r(oer-ain)]
=2

for any ¥ > 0 and y’j > 0. The lemma then follows from
(dei(4d). |

We now prove Theorems 1 and 2.

Proof of Theorem 1. =: Suppose (x*,p*) is primal-dual opti-
mal. Then x* satisfies the operational constraints (2). Moreover
the right-hand side of (1) vanishes because:

+ 6 =0 since ®* =0 from Lemma A.1.

« @ =0 because of (4b).

« P2 =P —0 since ®* =0 and x* satisfies (4c) and (4d).
The right-hand side of (6a) vanishes because x* satisfies per-
node power balance (3). By Lemma A.2 (x*,p*) satisfies
(6b)(6¢c). Hence (x*,p*) is an equilibrium of the closed-loop
system (1)(6) that satisfies the operational constraints (2).
Moreover (t* = @* = 0 by (A.2c) since D; > 0 for all j N.

<: Suppose now (x*, p*) is an equilibrium of the closed-loop
system (1)(6) and satisfies (2) with p* = 0. Since (4) is convex
with linear constraints, (x*,p*) is a primal-dual optimal if
and only if {x*,u(x*, p*)) is primal feasible and satisfies (A.1)
(note that V,L; (x*,p*) = 0 since ft = A =0

To show that (x* u(x*,p*)) is primal feasible, note that
since (x*,u(x*, p*)) is an equilibrium of (1), it satisfies @* =0,
(4b)(4c)(4d), in addition to (2). Since (x*,p*) is a closed-loop
equilibrium, we have A* =0 in (6a), implying (3). Hence x*
is primal feasible.

To show that (x*,p*) satisfies (A.1), note that (4¢)(4d) and
(6b)(6¢) imply that

P& = {Pf* yg(an*—i-w Hﬂ

Iz .=

P}* - [Pdf*—yj (JBJ’P;* —wj—l}‘)ﬁ

el

for any yf >0 and }fJ' > 0. This is equivalent to {(A.3). Since
W= o" =0, (A.3) is equivalent to (A.2) which is equivalent
to {A.1). This proves that (x*,p*) is primal-dual optimal and
completes the proof of Theorem 1. [

Next we prove Theorem 2.
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Proof of Theorem 2. Let (x*,p*) = (8%, 0", P2, P* L% u*)
be primal-dual optimal. Lemma A.1 implies that @* =0 and
8* is unique up to the reference angle 5. This proves parts
3 and 4 of Theorem 2.

To prove part 1 of the theorem, since the objective function
is strictly convex in (Pg ,P") the optimal values (Pg*,Pl*] are
unigue. Hence x* is unique (up to 83).

As for the part 2 of the theorem, from (A.2¢) in the proof of
Lemma A.2, we have y* = co =1(), implying the uniqueness
of t*. From (A. Ea)(A 2bh), A ' is unique if either Pg < Pg* < Pg

or PI PI* < P We now prove that this is 1ndeed the case
by showmg that the other four cases cannot hold: (i) P{" = P4
and P"”‘ = P (i) Pg* P and Pj* = I] < (iii) Pg* Tﬂ and
P P" and (iv) Pg* P% and Pf* P,

Slnce P2 pix — i for per- node power balance, (ii) and
(iii) cannot hold since the inequalities in A2 are strict. Suppose
{i) holds. Then there exists an &; > 0 such that Pg P e < 0
and P" P TE = 0, together with other components of x*
remaln a feas1ble primal solution. However this new fea51ble
solution attains a strictly smaller objective value, contradicting
the optimality of x*. Thus (i) cannot hold. Similarly {iv) cannot
hold. This proves that A* is unique.

Finally, if P% < P{" < Pg then A} is uniquely determlned by

A= —ijPg accordlng to (A. 2a) If Pi < P"* < P then A
is uniquely determined by A} = ,BP'!* accordlng to (A 2h).
This completes the proof of Theoretn 2,

APPENDIX B
PrROOFS OF LEMMA 3 AND THEOREM 4

We prove Lemma 3 using the first-order inertia dynamics
of (6b) and (6e).

Proof of Lemma 3. Set

” ?‘i
#i) = tpf(f)_ 7 (ajgg(z)+wj(z)+zj(z))t£§
Then (lc) can be rewritten as
TEP(r)+ PE (1) = 03(r) (B.1)

Apply the Laplace transform to (B.1) to obtain

F (pf) () =& (ﬁf) (5)/ (TE5+ 1)

In the time domain Pf (¢) is then given by convolution:

oo
igf # (- 1) e ds

foﬁ?ﬁ‘j(zTg ) e Tdr

Since e~ > 0 we can replace #% y in the integrand by its lower
and upper bounds Bj and P‘j respectively to conclude

P (r) =

/?fgs.e—fdr < P < /F;}_Dg»e_fdr
e j g 1

10

Hence
—t/T# T —t/T¢
P§(1 e’/J) < P < P?(l—e ‘/;)
and P{ < P (1) < P for all + > 0 under assumptions Al and
A3. That P" < P" (.t) < P can be proved similarly. O

Proof of Theorem 4. We start with a lemma.

Lemma B.1. Suppose Al, A2 and A3 hold. Given any w(0) <
S we have

1) Vi(w(r)) <0,¥t>0.
2) The trajectory w(z) is bounded, i.e., there exists W such
that ||w(z)| < w for all 7 > 0.

Proof of Lemma B.1 We omit ¢ in the proof for simplicity.
According [27, Theorem 3.2], since F(w) is continuously
differentiable, V;(w) defined by (17) is also continuously
differentiable. Moreover its gradient is given by
val (W) =

F(w) — (Vi (w) — ) (H (w) —w) + kL2 (w —w")

Then the derivative of ¥ (w) along the solution trajectory is

Vitw) = VEVi(w)-w = VIVi(w) T (H(w)—w)
= (F(w) — (VW (W) = D(H(w) —w)) T1 (H (w) —w)
k(w—w*) - TTHH(w) — w)

—(H(w) —w) Vo F ()1 (H () —w)
—(Hw) —(w—F(w)) 1w —H(w))
k(w7 H ) — F (w) +F (w) — w)
—(H (w) —w) Vo, F (w)T1(H () — w)

— (H(wW) = (w=F ())) T1(w—H(w)

—k(w—w" T F(w)
T k{w— H )+ H(w0) — ) T ) — (0 — F )
— k(H )W) TTHD) — (- FO9) (B2

—(Hw) — (w—F )" (C1— KT ) (w— H(w))

(B.2b)
— (H(w) —w) 'V, F (w) Ty (H(w) —w) (B.2c)
—k(w—w"T -TT'F(w) (B.2d)

where I'; := diag (B_l/z,M_lfz, (T8~ (rH, (F%)l/z) is
diagonal and positive definite. We now prove that all terms
on the right-hand side are nonpositive and hence V¥ (w) < 0.

For the term in (B.2a) denote the projection of any w onto
S under the norm defined by a (symmetric) positive definite
matrix I" by

Projsp(w) = argmin (y—w)"T(y—w)
; ye
By the projection theorem a vector ¥r is equal to the projec-
tion Projg p{w) if and only if
(br—w)' T(y—wr) = 0,

yeS  (B3)
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Bl 0 0 0 0 0 —BcT 0 0 0
0 M2 0 0 0 cB D I I 0
V. Ew) = 0 o (Tt 0 0 0 I A2 0 I (B.7)
0 0 0 -1 0 o I 0 A I
0 0 0 0 (T*)1/2 0 0 I I 0

Note that § =: [];8; is a direct product of intervals §; and
I" = diag(T";;) is diagonal. Hence the projection under the I'-
norm coincide with the projection under the Euclidean norm:

: = : o o R
PrOJS,l"(W) - argy:IJI;:ng'i ;ru (yz Wz)
= arg min Z(Yi* w)* = Projg(w)
i

VES;

Substituting into (B.3) we have, for any diagonal positive
definite I,

(Projs(w) —w) T (y—Projg(w)) = 0, ye§ (B4

for any w. The projection H(w) := Projg(w — F(w)) of w—
F(w) therefore satisfies (for I':=T"")

(Hw) = (w=Fw) ' (w' ~H(w) = 0 (BS)

since w* € 5. This proves that the right-hand side of (B.2a) is
nonpositive

To show that (B.2b) is nonpositive we use a similar argu-
ment. Since I':=17 —kl"l_l > 0 we can define the projection
Projgr-(w) under this I'. As explained above Projgp{w) =
Projg(w) and hence as before, we have

(Hw)— (w—F(w)) T(w-H(w) > 0

since the solution trajectory w(z) € S for all 7 > 0 by Lemma
3. This proves the term in (B.2b) is nonpositive.

We will prove that (B.2d) is nonpositive. Along any solution
trajectory we always have p(r) = ex(r). Substituting into the
Lagrangian L;(x,p) in {10) we obtain a function

Li(8,P2 Pl o, 0) = Li(8,0PP A o0)
|

= 5 ((Pg)TAng L (PHTalp wTDw)
n ;LT(PLPLP) + coT(ngPprfCBé)

Write wy := (8,P2,PY), wy :== (A, ®). Then ©;{(w;,wy) is

convex in wy and concave in wa. It can be verified that 3
Vil
Vel &

- 5 Vo L
1 IF(W) = szl:\l (wy,wn) = |:V 11‘)1} (w1, wa)

-Vl k-
—Voli

3For notational simplicity, we have re-arranged the order of the variables
in w to wi= (B,Pg,Pi,PL,co) and components of F to match the order of
(wi,w2).

Hence, we have

—k{w—w) T IT'F (w)
= —k(Wl = WT)Tletl (Wl,WZ) +k(W2 — W;)TVW2£1 (Wl,WZ)

< k(ﬁ (g wgh— Fitwn et Bl ey (wl,w;))

= k{ Batwfon) B e+ 2atofd) - Do) |

<0 (B.6)

where the first inequality follows because £y is convex in wy

and concave in wo and the second inequality follows because

(wi,w3) is a saddle point. Therefore (B.2d) is nonpositive.
Finally to prove that (B.2c¢) is nonpositive note that

(H(W) —w) Vo, Fw)Ci(Hw) —w) = w7 (T7T VY, F (w))

where w = (§,®,P3,Pi,i). From (15), V,,F{w) is given by
(B.7).

Hence

W (L F(w))w = &' Do+ PETA2PE + PTATP > 0

and hence (B.2c) is nonpositive.
This also implies that

Vi(w(e)) < — (a')TDa) 4 peTpepe P’TAJPE) < 0 (B.8)

for all r > 0. This proves the first assertion of the lemma.

To prove that the trajectory w(r) is bounded note that [27,
Theorem 3.1] proves that Vi(w) := — (H(w)—w)’ F(w) —
S|[H{w) —wl|3 satisfies ¥; (w) > 0 over S. Hence

%k(W(I)—W*)Tsz(W(I)—W*) < Niw(@) < Vi(w(0))

indicating the trajectory w(z) is bounded, as desired. |
Lemma B.2. Suppose Al, A2 and A3 hold. Given any w{0) €
S, we have

1) The trajectory w(z) converges to the largest invariant set
W} contained in W = {we §| P2 =Pl = & =0).
2) Every point w* € W* is an equilibrium point of (16).

Proof of Lemma B.2. Fix any initial state w(0) and consider
the trajectory (w(z),7 > 0} of the closed-loop system (16).
Lemma B.1 implies a compact set Qg = Q(w(0)) < § such
that w(z) € Qo for £ > 0 and V; (w) < 0in Qqp. Let Wy = {w ¢
Qo| P2 =P = & =0}. Then (B.8) implies that w « W; if and
only if ¥;(w) = 0. According to LaSalle’s invariance principle
( [31, Theorem 44]) the solution trajectory (w(s),# > 0)
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converges to the largest invariant set contained in Wy, proving
the first assertion.

For the second assertion, fix any w(0) € W. We claim
that w(0) must be an equilibrium point of (16). Since W
is invariant we have

Py = Pty = o) =0, 1>0 (B.9)
Tt suffices to prove that wir) =0 for 7 = 0, ie., =0 and
4 =0 for t > 0.

Since P2(r),P'(r),®(r) are bounded (Lemma B.1), (B.9)

implies that

(P(0),P'(0), 0(r)) = (PP, @7)
for some finite constants (P#=, P/ ™). Hence

6(1) = C'w” = constant
implying that 8(z) grows linearly in #, contradicting that 6(r)
is bounded unless § =0 for > 0. Similarly

Ay = 1 (Pg‘”—PI“’—p) = constant
Hence the boundedness of A (r) implies that A () = 0 for z > 0.
This proves that any w(0) € W* is an equilibrium point. [

If all inequalities in A2 are strict, then the equilibrium point
w* of the closed-loop system (16) is unique {Theorem 2.2) and
Lemma B.2 implies that w(r) converges to w* [31, Corollary
4.1, p. 128] as t — oo, When there are multiple equilibrium
points, Lemma B.2 is not adequate to conclude asymptotic
stability. We use instead a more direct argument due to [6],
[12].

Proof of Theorem 4. Fix any initial state w(0) and consider
the trajectory (w(z),7 = 0) of the closed-loop system (16). As
mentioned in the proof of Lemma B.2, w(z) stays entirely in
a compact set Qp. Hence there exists an infinite sequence of
time instants # such that w(z) — Ww* as k — =, for some W* in
W', Lemma B.2 guarantees that #* is an equilibrium point of
the closed-loop system (16) and hence H(#*) = w*. Use this
specific equilibrium point ¥* in the definition of ¥} in (17) to
get the Lyapunov function:

Vilw) = — (H(w) —w)' F(w) - %IIH(W) —w|f3
+ %k(w— AV T 2w —w)

Since ¥ <0, Vi (w(#)) converges. Moreover it follows from
the continuity of ¥; that

zli}nolovl(w(t)) = ;}E&VI(W(I")) = Vl(‘v?)*) = 0

The quadratic term (w—w*)T T *(w—W*) in V; then implies
that w(r) — w* as ¢ — o, O
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