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Connecting Automatic Generation Control and
Economic Dispatch From an Optimization View

Na Li, Member, IEEE, Changhong Zhao, Member, IEEE, and Lijun Chen, Member, IEEE

Abstract—Automatic generation control (AGC) regulates
mechanical power generation in response to load changes through
local measurements. Its main objective is to maintain system
frequency and keep energy balanced within each control area in
order to maintain the scheduled net interchanges between control
areas. The scheduled interchanges as well as some other factors
of AGC are determined at a slower time scale by considering a
centralized economic dispatch (ED) problem among different gen-
erators. However, how to make AGC more economically efficient
is less studied. In this paper, we study the connections between
AGC and ED by reverse engineering AGC from an optimization
view, and then we propose a distributed approach to slightly
modify the conventional AGC to improve its economic efficiency
by incorporating ED into the AGC automatically and dynamically.

Index Terms—Automatic generation control, distributed al-
gorithm, economic dispatch, network optimization and control,
power networks.

I. INTRODUCTION

N interconnected electricity system can be described as a

collection of subsystems, each of which is called a control
area. Within each control area, the mechanical power input to
the synchronous generators is automatically regulated by auto-
matic generation control (AGC). AGC uses the local control
signals, deviations in frequency, and net power interchanges
between the neighboring areas to invoke appropriate valve
actions of generators in response to load changes. The main
objectives of the conventional AGC are to: 1) maintain system
nominal frequency and 2) let each area absorb its own load
changes in order to maintain the scheduled net interchanges
between control areas [2], [3]. The scheduled interchanges
between control areas, as well as the participation factors of
each generator unit within each control area, are determined
at a much slower time scale than the AGC by generating
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companies considering a centralized economic dispatch (ED)
problem among different generators.

Since the traditional loads (which are mainly passive) change
slowly and are predictable with high accuracy, the conventional
AGC does not incur much efficiency loss by following the
schedule made by the slower time scale ED after the load
changes. However, due to the proliferation of renewable energy
resources as well as demand response in the future power grid,
the aggregate net loads, for example, traditional passive loads
plus electric vehicle loads minus renewable generations, can
fluctuate fast and by a large amount. Therefore, the conven-
tional AGC can become much less economically efficient. We
thus propose a novel modification of the conventional AGC to
automatically: 1) maintain nominal frequency and 2) reach opti-
mal power dispatch between generator units among all control
areas while balancing supply and demand within the whole in-
terconnected electricity system to achieve economic efficiency.
We call this modified AGC the economic AGC. We further
develop a hybrid of the conventional AGC and the economic
AGC where the power interchanges among certain control areas
are maintained at the nominal value but the power is dispatched
optimally to different generator units within each control area.
The purpose of this hybrid AGC is to prevent disturbance prop-
agating between control areas which might lead to a system-
wide blackout. Note that in the hybrid AGC, we allow the
flexibility to choose where the power interchanges should be
maintained.

In order to keep the modification minimal and to keep the
decentralized structure of AGC, we take a reverse and forward
engineering approach to develop the economic AGC.! We first
reverse-engineer the conventional AGC by showing that the
power system dynamics with the conventional AGC can be
interpreted as a partial primal-dual gradient algorithm to solve
a certain optimization problem. We then engineer the optimiza-
tion problem to include general generation costs and general
power-flow balance (which will guarantee supply-demand bal-
ance within the whole interconnected electricity system), and
propose a distributed generation control scheme that is integ-
rated into the AGC. The engineered optimization problem
shares the same optima as the ED problem and, thus, the result-
ing distributed control scheme incorporates ED into AGC au-
tomatically. Combined with [4] on distributed load control,
this work lends the promise to develop a modeling framework
and solution approach for systematic design of distributed,

'A similar approach has been used to design decentralized optimal-load
control in our previous work [4].

2325-5870 © 2015 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.


mailto: nali@seas.harvard.edu
mailto: czhao@caltech.edu
mailto: czhao@caltech.edu
mailto: lijun.chen@colorado.edu
http://ieeexplore.ieee.org

LI et al.: CONNECTING AUTOMATIC GENERATION CONTROL AND ECONOMIC DISPATCH FROM AN OPTIMIZATION VIEW 255

low-complexity generation and load control to achieve system-
wide efficiency and robustness.

A. Literature Review

There has been a large amount of work on AGC in the last
few decades, including, for example, stability and optimum
parameter setting [5]; optimal or adaptive controller design [6]—
[8]; decentralized control [9], [10]; and multilevel or multitime-
scale control [11], [12]; see also [3] and the references therein
for a thorough and up-to-date review on AGC. Most of these
works focus on improving the control performance of AGC,
such as stability and transient dynamics, but not on improving
the economic efficiency. References [13] and [14] introduce
approaches for AGC that also support an ED feature which
operates at a slower time scale and interacts with the AGC fre-
quency stabilization function. For instance, [14] brings in the
notion of minimal regulation which reschedules the entire sys-
tem generation and minimizes generation cost with respect to
system-wide performance. Our work aims to improve the eco-
nomic efficiency of AGC in response to the load changes as
well; the difference is that instead of using different hierarchical
control to improve AGC, we incorporate ED automatically and
dynamically into AGC. Moreover, our controller is a decen-
tralized and closed-loop one, where each control area updates
its generation based only on measurements of local physical
variables that are easy to measure and information of local aux-
iliary variables that are easy to compute and communicate with
neighboring areas. This means that the controller does not need
any information on the system disturbance which is the change
of the net loads in this paper.

Recently, there is a increasing interest to study frequency
control from the same perspective of this paper, that is, to
bridge the gap between different layers of hierarchical control,
especially the dynamical control and optimal dispatch. An in-
complete list includes [15]{23]. One main difference between
our work and the others is that we focus on AGC and model
the built-in control mechanisms explicitly, that is, the turbine-
governor control and ACE-based control. Our objective is not
only to design distributed algorithms to improve the economic
efficiency of AGC, but also to keep the modification as minor
as possible in order to facilitate the implementation of the new
control algorithms. The reverse and forward engineering ap-
proach adopted in this paper allows us to maximally take
into account the existing system dynamics and built-in con-
trol mechanisms. As a result, the economic (or hybrid) AGC
only requires minor modifications that are implementable via
introducing new local auxiliary variables which are easy to
compute.

This paper is organized as follows. Section II introduces a
dynamic power network model with AGC, the ED problem,
and the objective of the economic AGC. Section III reverse-
engineers the conventional AGC, Section IV provides an eco-
nomic AGC scheme based on the insight obtained by the
reverse engineering, and Section V provides a hybrid of the
conventional AGC and economic AGC. Finally, Section VI
simulates and compares the convention AGC, the economic
AGC, and the hybrid AGC.

II. SYSTEM MODEL
A. Dynamic Network Model With AGC

Consider a power transmission network, denoted by a graph
(N, E),withaset V= {1,...,n} of busesand aset & C N x
N of transmission lines connecting the buses. Here, each bus
may denote an aggregated bus or a control area. We make the
following assumptions:

 The lines (7, j) € £ are lossless and characterized by their
reactance ;.

* The voltage magnitudes |V;| of buses ¢ € A are constants.

* Reactive power injections at the buses and reactive power
flows on the lines are ignored.

We assume that (N, £) is connected and directed, with an arbi-
trary orientation such that if (¢, j) € &, then (j,7) ¢ £. We use
1:1— jand k : j — k, respectively, to denote the set of buses
i such that (¢, j) € £ and the set of buses j such that (j, k) € £.
We study generation control when there is a step change in net
loads from their nominal (operating) points, which may result
from a change in demand or in nondispatchable renewable
generation. To simplify the notation, all of the variables in
this paper represent deviations from their nominal (operating)
values. Note that in practice those nominal values are usually
determined by the last ED problem, which will be introduced
later.

Frequency Dynamics: For each bus j, let w; denote the
frequency, P be the mechanical power input, and P} as the
total load. For a link (¢, 7), let P;; denote the transmitted power
form bus 7 to bus j. The frequency dynamics at bus j is given
by the swing equation

wj:—% Djwj—PM+PF+ > Pp—=> Py (D)
J kij—k Qg
where M; is the generator inertia and D; is the damping
constant at bus j.
Branch Flow Dynamics: Assume that the frequency devia-
tion w; is small for each bus j € N. Then, the deviations Py
from the nominal branch flows follow the dynamics:

Pij = Bij(wi — wj) (2)
where

Bij = L/;HVH COSs (9? - 9?)

Tij

is a constant determined by the nominal bus voltages and the
line reactance. Here, 6 is the nominal voltage phase angle of
bus i € N. The detailed derivation is given in [4].
Turbine-Governor Control: For each generator, we consider
a governor-turbine control model, where a speed governor
senses a speed deviation and/or a power change command and
converts it into an appropriate valve action, and then a turbine
converts the change in the valve position into the change in me-
chanical power output. The governor-turbine control is usually
modeled as a two-state dynamic system. One state corresponds
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to the speed governor and the other state corresponds to the
turbine. Since the time constant of the governor is much smaller
than the turbine for most systems, we simplify the governor-
turbine control model from two states to a single state PJM

. 1 1
M M C
PM = -7 (Pj ~ PP+ —ijj) 3)

where ch is the power change command and 7 and R;
are costant parameters. See [2] for a detailed introduction of
governor-turbine control.

ACE-Based Control: In the conventional AGC, the power
change command ch is adjusted automatically by the tie-line
bias control which drives the area control errors (ACESs) to zero.
For a bus 7, the ACE is defined as

ACE; = Bjw;+ » Py — Y Py

kij—k irioj

The adjustment of power change command is given as follows:

ch = —Kj ij]‘ + Z ij — Z Pij “4)

k:j—k 1]

where B; and K are positive constant parameters. In this
paper, we also call this AGC the ACE-based AGC.

In summary, the dynamic model with power control over a
transmission network is given by (1)—(4). If the system is stable
given certain load changes, then by simple analysis, we can
show that the ACE-based AGC drives the system to a new
steady state where the load change in each control area is
absorbed within each area, that is, PjM = P]L forall j € AV, and
the frequency is returned to the nominal value, that is, w; = 0
for all j € \; as shown in Proposition 1 in Section III. Notice
that the ACE-based AGC has a decentralized structure, namely,
that it only uses local control signals, that is, deviations in fre-
quency and the net power interchanges with neighboring buses.

B. Economic Dispatch (ED)

Due to the proliferation of renewable energy resources, such
as solar and wind in the future power grid, the aggregate net
loads will fluctuate much faster and by large amounts. The
ACE-based AGC that requires each control area to absorb its
own load changes may be economically inefficient. Therefore,
we proposed to modify the ACE-based AGC to: 1) maintain the
nominal frequency and 2) drive the mechanical power output
PjM ,7 € N to the optimum of the following ED problem:

min Z C; (PjM) (5a)
JEN
st. > pPM=3"pf (5b)
JjeN JEN
over PjM ,JEN

where each generator at j incurs certain cost Cj(PjM ) when
its power generation is PJM 2 Equation (5b) imposes power
balanced within the global system. The cost function Cj(-) is
assumed to be continuous, differentiable, and convex. In the rest
of this paper, we call this modified AGC the economic AGC and
we will show how to reverse- and forward-engineer the ACE-
based AGC to design an economic AGC scheme.

Remark: In the conventional ACE-based AGC, if a control
area j has multiple generator units, the generation change ch in
(4) is allocated by a central regulator (e.g., the ISO) to individ-
ual generator units via participation factors. The participation
factors are inversely proportional to the units’ incremental cost
of production which are determined by the last ED performed.
See [24] for a detailed description. Thus, if the net loads fluctu-
ate fast and dramatically due to the large penetration of renew-
able energy, this centralized allocation plan by using constant
participation factors also becomes economically inefficient.
The results developed in this paper can also be applied to im-
prove the economic efficiency of the generation control for each
unit within one area and the allocation is performed in a dis-
tributed way as shown in Section V of the hybrid AGC. In fact,
a system operator can apply our results to the generation control
at different levels of the power system (e.g., different control
areas, different generators within one area, etc, according to
the practical requirements of the system). For the simplicity of
illustration, at the beginning, we do not specify the level of the
generation control that we study. We will focus on the abstract
model in (1)<4) and treat each bus j as a generator bus.

III. REVERSE ENGINEERING OF ACE-BASED AGC

In this section, we reverse-engineer the dynamic model with
the ACE-based AGC (1)+4). We show that the equilibrium
points of (1)<4) are the optima of a properly defined optimiza-
tion problem and furthermore the dynamics (1)<4) can be
interpreted as a partial primal-dual gradient algorithm to solve
this optimization problem. The reverse-engineering suggests a
way to modify the ACE-based AGC to incorporate ED into the
AGC scheme.

We first characterize the equilibrium points of the power sys-
tem dynamics with AGC (1)4). Letw = {w;,j € N}, PM =
{PM,jeN}, PC={PF,jeN}, and P={P, , (i,j)€E}.

Proposition 1: (w, PM PC, P) is an equilibrium point of
the system (1)—(4) if and only if w; = 0, P]C = PJM = PjL, and
Dinisj Pij = Dopejon Pix forall j € N

Proof: At a fixed point

Pij = Bij(wi — w]‘) =0.

Therefore, w; = w; forall ¢, j € N, given that the transmission
network is connected. Moreover

ACE; = Bjwj+ » P — Y Py;=0.

k:j—k 1:—]

2Since all variables denote the deviations in this paper, it may be not
straightforward to interpret this ED problem, for example, its connection with
the slower timescale ED problem which is defined on the absolute value of each
variable instead of the deviated value. In the appendix, we provide two interpre-
tations of the ED problem in (5).
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Thus, > ;v ACE; =3 iy Bjwj =w; ) i Bj =0, so

w; = 0 for all i € N The rest of the proof is straightforward.

We omit it due to space limitations. |
Consider the following optimization problem:

0OGC-1
min Y C; (PM) + Z D; |w;|? (6a)
JEN JEN
st. PM =P+ Djw;+ Z Py — Z Py
k:j—k i—]
pM = pt (6b)
over o.)j,P JPij, jeN, (i,j) € & (6¢)

where (6¢) requires that each control area absorbs its own load
changes. The following result is straightforward.

Lemma 2: (w*, PM", P*) is an optimum of OGC-1 if and only
ifw; =0, PM =Pland ), Pi=>,, ;B forall jeN.

Proof: First, the constraints (6b) and (6¢) imply that
Djwj + 3 ik Pk — 2y Pij = 0 for all j € . Then,
we can use contradiction to prove that w; = wj for all (i, j) €
£. By following similar arguments in Proposition 1, we can
prove the statement in the lemma. |

Note that problem OGC-1 appears simple, as we can easily
identify its optima if we know all of the information on the
objective function and the constraints. However, in practice,
this information is unknown. Moreover, even if we know an
optimum, we cannot just set the system to the optimum. Since
the power network is a physical system, we have to find a way
that respects the power system dynamics to steer the system
to the optimum. Though the cost function C} (PjM ) does not
play any role in determining the optimum of OGC-1, it will
become clear later that the choice of the cost function does have
an importantimplication to the algorithm design and the system
dynamics.

We now show that the dynamic system (1)<4) is actually a
partial primal-dual gradient algorithm for solving OGC-1 with
C;(PM) = (8;/2)(PM)* where §; > 0:

Introducing Lagrangian multipliers A; and u; for the
constraints in OGC-1, we obtain the following Lagrangian
function:

L= Zﬂ] P]W +Z j|wj|2

JeEN JEN

+Z>\ P]W wj—zpjk-l—zpij
JjeN k:j—k iri—j

+> 1 (P —=Pf). ™
JEN

Based on the above Lagrangian function, we can write
down a partial primal-dual subgradient algorithm of OGC-1 as
follows:

wj; = >‘j (83)

Pij=ep, (N —N\;) (8b)

PM = —ep, (8P} + A + 1)

wj — Z ij-i-zpij

k:j—k 1]

(8¢

Aj=e, | PM - PF -

(8d)

tij = €y, (PM = PJ) (8e)
where €p,, €p;, €, and €, are positive stepsizes. Note that
(8a) solves max,,, (D;/2)w} — \j D;w; rather than follows the
primal gradient algorithm with respect to w;; hence, the algo-
rithm (8) is called the “partial” primal-dual gradient algorithm.
See the Appendix for a description of the general form of the
partial primal-dual gradient algorithm and its convergence.

Let ), = 1/M; for all j € N. By applying linear transfor-
mation from (X, 11;) to (w;, P{)

on:Aj

1
C_K
=Rl <>\j_7 Mj%)

the partial primal-dual gradient algorithm (8) becomes

1
@j= =57 | Diws = PM+PI+ Y Pi= ) Py
J kij—k irij
(92)
Pij = Epi‘7 (wi — o.)j) (9b)
. 14¢€, M;
P]-M = —ep, 3] (ij HJB PC + %ij) (9¢)
] j J
ch = —Kj Djo.)j + Z ij — Z Pij (9d)
k:j—k =]
IfWGSCtGp“ :Bij,em :RjKj/( RKM) ]/

(1 — R;K;M;), and ep, = 1/B3;T}, then the partlal prlmal-
dual algorithm (9) is exactly the power system dynamics with
AGC (1)«4) if B; = D;, j € N. Note that the assumption of
B; = Dj looks restrictive. But since Bj is a design parameter,
we can set it to D;. However, in reality, D; is uncertain
and/or hard to measure because it does not only account for
damping of the generator but also contains a component due
to the frequency-dependent loads. In Section VI, the simulation
results demonstrate that even if B; # D, the algorithm still
converges to the same equilibrium point. It remains as one
of our future works to characterize the range of B;, which
guarantees the convergence of the algorithm. Nonetheless, the
algorithm in (9) provides a tractable and easy way to choose
parameters for the ACE-based AGC in order to guarantee its
convergence.

Theorem 3: If 1 > R; K; M for all j € N, with the afore-
mentioned chosen e Aj> €pjs €Ps and ep;, the partial primal-
dual gradient algorlthm (9) (i.e., the system dynamics (1)—<4))
converges to a fixed point (w*, P*, PM*, P¢") where (w*, P*,
PM™) is an optimum of problem OGC-1 and P¢* = PM",

Proof: The proof is deferred in the Appendix. |
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Remark: We have made an equivalence transformation in
the above: from algorithm (8) to algorithm (9). The reason for
doing this transformation is to derive an algorithm that admits
physical interpretation and can thus be implemented as the
system dynamics. In particular, PjL is unknown and, hence,
1j cannot be directly observed or estimated, while ch can be
estimated/calculated based on the observable variables w; and
P;;. Since the control should be based on observable or es-
timable variables, the power system implements algorithm (9)
instead of (8) for the ACE-based AGC.

The aforementioned reverse-engineering, that is, the power
system dynamics with AGC as the partial primal-dual gradient
algorithm solving an optimization problem, provides a model-
ing framework and systematic approach to design new AGC
mechanisms that achieve different (and potentially improved)
objectives by engineering the associated optimization problem.
The new AGC mechanisms would also have different dynamic
properties (such as responsiveness) and incur different imple-
mentation complexity by choosing different optimizing algo-
rithms to solve the optimization problem. In the next section,
we will engineer problem OGC-1 to design an AGC scheme
that achieves economic efficiency.

IV. EcoNoMIC AGC BY FORWARD ENGINEERING

We have seen that the power system dynamics with the
ACE-based AGC (1)+4) is a partial primal-dual gradient
algorithm solving a cost minimization problem OGC-1 with a
“restrictive” constraint PjM = P]-L that requires supply-demand
balance within each control area. As mentioned before, this
constraint may render the system economically inefficient.
Based on the insight obtained from the reverse-engineering of
the conventional AGC, we relax this constraint and propose
an AGC scheme that: 1) keeps the frequency deviation to 0
(ie., w; =0 for all j N) and 2) achieves economic effi-
ciency, that is, the mechanical power generation solves the ED
problem (5).

Consider the following optimization problem:

0GC-2
no > G (PM)+ Z ] |w; | (10a)
JeEN JEN
S.t. PJM:P]L+Djwj+Zij_ZP'Lj
k:j—k i —]
(10b)
PM =P+ 3 k= D
kj—k i
over w_]7P P1377¢j7j€N7 (Zaj)eg (IOC)

where «y;; are auxiliary variables introduced to relax the restric-
tive constraint PjM = PjL, which allows different control areas
to change their power-flow interchanges in order to promote the
global system economic efficiency. Though OGC-2 looks much
more complicated than the simple ED problem (5), as shown
in Lemma 4, the optimal solution PjM* of OGC-2 is equal

to the optimal solution of ED (5) for which we call the AGC
derived in this section as economic AGC. As shown later, the
reason to focus on OGC-2 is to keep w; = 0 for all j € A and
to derive an implementable control algorithm which requires
minor modifications on the ACE-based AGC (3), (4).

Lemma 4: Let (w*, PM*, P* 4*) be an optimum of OGC-2,
then w;*- =0 forall j € NV, and PM* is the optimal solution of
the ED problem (5).

Proof: First, note that at the optimum, w; = w;f for all
(i,7) € N. Second, combining (10b) and (10c) gives

WJ"‘Z Z(Pij

k:j—k R

Pjte = jn) =) =0

for all j € NV. Following similar arguments as in Proposition 1,
we have w} = 0 for all i € N. Therefore, the constraint (10c) is
redundant and can be removed. So, problem OGC-2 reduces to
the ED problem (5). |
Following the same procedure as in Section III, we derive the
following partial prime-dual algorithm to solve OGC-2:

wj; = )‘j (11&)
P@j = 6Pij ()\1 - )\]) (llb)
B = —ep, (C (P) 4 Ay + 1) (it

Yij = €,y (s — 1) (11d)

Nj=ex, | PM=PF—Djw;— > Py+ > Py | (lle)

k:j—k i—j
by =y [P = PF = 30 v+ D v (116)
k:j—k =]
Letex; = 1/Mj, ep,; = Bij, €,; = R;jK;/(1 — R; K; M),

and ep, = (1 — R K;M;)/T;R; as in Section III. By using
linear transformatlon wj = A; and P]C KiM;(\ —(1/
€u;Mj);), the partial primal-dual gradient algonthm (11)
becomes

ol)j:—ﬁ Djon—PjAl‘f'PjL‘f'Z ij_zpij (12&)
J kij—k iisj
P,L] = Bij(wl - o.)j) (12b)
. R;K;M; 1
PM = (=0 (PM) - PCt —w; ) (12
] Tj( - (P1)=Pf g ) 20
ch =—Kj | Djw; + Z —Yjk) = Z (Pij —ij)

k:j—k ii—]

(12d)

pe Py
=, | (Miwim 2 Ve — (Myw;— =2 ey, | (126)
7] Yij ( K7’> Hi I Kj =
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Compared with algorithm (9) (i.e., the power system dy-
namics with the ACE-based AGC), the difference in algorithm
(12) is the new variables +y;; and the marginal cost C;() in
the generation control (12¢). Note that «y;; can be calculated
based on the observable/measurable variables. So the above
algorithm is implementable. However, it might not be practical
to add an additional variable ;; for each branch (i, j) € £. To
further facilitate the implementation, we can remove -y; ; by
introducing ; for each bus j and replace (12d) and (12¢) by
the following dynamics:

Pf=—K; | Djwj+ Y (Pj—+m) = D (Pj—i+7)
k:j—k

) P¢
Vi = €y ((Miwi - ?> €m>

which tells us that the power change command ch can be
controlled using local measurements w;, Pj, 7;, and lo-
cal communications on -y;, v with the neighbors i, k where
(¢,7), (4, k) € £. Here, +y; is a local auxiliary variable which is
updated using local information at each bus j € N.

Similarly, we have the following result.

Theorem 5: The algorithm [(12a)—(12c), (13a), (13b)] con-
verges to a fixed point (w*, P*, PM* PC" ~4*), where (w*, P*,
PM* ~*) is an optimum of problem OGC-2, which is
also optimal to the ED problem in (5), and P]C* =((1-

i—j

(13a)

(13b)

R;K;M;)/R;)C(PMT).
Proof: Please see the Appendix for the convergence of
the partial primal-dual gradient algorithm. |

With Lemma 4 and Theorem 5, we can implement algorithm
[(12a)—(12c¢), (13a), (13b)] as an economic AGC for the power
system. By comparing with the ACE-based AGC in (1)<(4)
and the economic AGC in [(12a)—(12c), (13a), (13b)], we note
that economic AGC has only a slight modification to the ACE-
based AGC and keeps the decentralized structure of AGC. In
other words, adding local communication about the new local
auxiliary variable -y; based on (13a) and (13b) can improve the
economic efficiency of AGC.

Remark: We can actually derive a simpler and yet imple-
mentable algorithm without introducing variable v, ;, (¢,7) € £
(orv;, 1 € N). However, we choose to derive the algorithm (12)
and (13) in order to have minimal modification to the existing
conventional AGC and keep the resulting control decentralized,
where each control area updates its generation based on mea-
surements of local physical variables that are easy to measure
and information on local auxiliary variables that are easy to
compute and communicate with neighboring areas.

V. HYBRID OF ACE-BASED AGC AND EcoNoMIC AGC

In the ACE-based AGC, each control area absorbs its own en-
ergy fluctuation in order to prevent the disturbance propagation
which might lead to a system-wide blackout. In the economic
AGC, all of the control areas share the energy fluctuations in
order to improve the economic efficiency. The side effect is that

this sharing could propagate the disturbance and might lead to a
blackout due to the potential outage of some transmission lines.
Therefore, in this section, we propose a hybrid of ACE-based
AGC and economic AGC which takesthe safety and efficiency
into account. We call this AGC a hybrid AGC.

Given an interconnected power network N, which is divided
(/partitioned) into different areas, denoted by A = {A;, As,
R Am,}.3 Here, each A; C N is a control area. The objective
of the hybrid AGC is to: 1) maintain the nominal frequency
and 2) each area A; absorbs its own energy disturbance in an
economically efficient way such that {PjM }je A, is the optimum

to the following optimization problem: for each A; € A

i c; (PM 14
o, 2 G (142
st. Yy PM=>Y"P- (14b)

JeEA JeEA

Let &, be the subset of links that connect buses within a same
area. Now consider the following optimization problem:

.G (B +)] %MIQ

JEN JEN

(15a)

st. PM=Pl+Djwi+ > Pr— Y Pj (I5b)
(7,k)e€ (¢,7)€€

PJM:PJ'L+ Z ik — Z Vij
(4:k)€Ein (4,5)€Ein
over w;, PM Py yij, j €N, (i,5) € E. (15¢)

We have the following Lemma regarding the optimal solution
of OGC-3.

Lemma 6: Let (w*, PM", P*,~4*) be an optimum of OGC-3,
then 1) w;f =0 for all j € N and 2) for each area A,
{pM }jc 4, 18 the optimal solution to problem (14).

Proof: Note that A = {43, As,..., Ay, } forms a parti-
tion AV and the network (N, £) is connected. By using a similar
argument in the proof of Lemma 4, we can obtain the statement
in this Lemma. We omit the details here. |

Following the same procedure as in Section IV, we can derive
the following partial prime-dual algorithm to solve OGC-2,
which is the hybrid AGC we need to obtain:

(iJj = —M Djw]' — PJM—I—P]»L—I— Z ij— Z Pij
J (4, k)€€ (i,5)€€
(16)
PILJ = Bij(wz — w]') (16b)
. 1 (1-R;K;M, 1
M 7] J M C
PM = —T](Tcg(Pj ) — PS4 R—jwj> (16¢)

3We assume that A forms a partition of \V, that is, Ay, N Ay, =0 for any
i #lpand Uy . Al = N

.....
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Fig. 1. Four-area interconnected system.

TABLE 1
GENERATOR PARAMETERS
Area, j ]\/Ij Dj |VJ| TJ Rj Kj Bj
1 3 1 1.045 4 0.05 2 2
2 2.5 1.5 0.98 4 0.05 2 3
3 4 1.2 1.033 4 0.05 2 2
4 3.5 1.4 | 0.997 4 0.05 2 3

PjC:—Kj Djo.)j-i- Z ij— Z Pij

(3,k)e€ (i,5)€€
- Z (v; — ) + Z (vi —5)
(jvk)egin (ivj)egin
(16d)
PC
Vi = €y ((Miwi - Kz— ) 6m> . (16e)

Similarly, we can guarantee the stability of the hybrid AGC.
Theorem 7: The algorithm (16) converges to a fixed point
(w*, P*, PM* PC" ~4%), where (w*, P*, PM" ~4*) is an opti-
mum of problem OGC-3, which is given in Lemma 6.
Proof: Please see the Appendix for the convergence of
the partial primal-dual gradient algorithm. |
Compared with the economic AGC in [(12a)—(12c), (13a),
(13b)], the only difference of the hybrid AGC is that if bus ¢
and j are connected but do not belong to the same area, then
they do not communicate the auxiliary variable ~; and ~; with
each other. As a result, the hybrid AGC possesses all of the nice
properties of the economic AGC. It requires only local mea-
surement, local computation, and local communication. More-
over, the modification to the conventional ACE-based AGC is
moderate.

VI. CASE STUDY

For illustrative purpose, we consider a simple interconnected
system with four buses, as shown in Fig. 1. The values of
the generator and transmission-line parameters are shown in
Tables I and II. Notice though that our theoretical results require
that B; = D; for each j, here we choose B; differently from
D; since Dj is usually uncertain in reality. To make it easy to
compare the simulation results, we choose a same cost function
for each area, where C;(Pyy,) = aP]%/L,. Therefore, we know
that the optimal dispatch is to equally share the load.

TABLE II
LINE PARAMETERS
line 1-2 2-3 3-4 4-1
r 0.004 0.005 0.006 0.0028
T 0.0386 | 0.0294 | 0.0596 | 0.0474
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Fig. 2. ACE-based AGC.

In the model used for simulation, we relax some of the as-
sumptions made in the previous analysis. For each transmission
line, we consider nonzero line resistance and do not assume
small differences between phase-angle deviations, which means
that the power-flow model is in the form of

Pij= % (xij (sin 0;; —sin 9%) —Tij (cos ;5 —cos 9% )) .

Simulation results show that our proposed AGC scheme
works well even in these nonideal, practical systems.

Attime ¢t = 10 s, a step change of load occurs at bus 4 where
P4L =1 p.u. In the simulation, to be consistent with the real
practice in the conventional AGC, the signal for the AGC is
only reset at every 15 s. Fig. 2 shows the dynamics of the fre-
quencies and mechanical power outputs for the four buses using
ACE-based AGC (1)—(4), which indicates that bus 4 absorbs all
of the disturbance eventually. Fig. 3 shows the dynamics of the
frequencies and mechanical power outputs for the four buses
using the economic AGC [(12a)—(12c), (13a), (13b)], which
tells that all of the buses share the disturbance equally and, thus,
optimally. Fig. 4 shows the dynamics of the frequencies and
mechanical power outputs for the four buses using the hybrid
AGC where buses 1 and 4 form one control area and buses 2
and 3 form another control area. Gradually buses 1 and 4 share
the disturbance equally and buses 2 and 3 are not affected
by the disturbance. Fig. 5 compares the total generation costs
using the ACE-based AGC, the economic AGC, and the hybrid
AGC with the minimal generation cost of the ED problem (5).
We see that the economic AGC tracks the optimal value of the
ED problem and the hybrid AGC dispatches the power gen-
eration optimally within each area. An interesting observation
is that the frequency dynamics are very similar. One possible
explanation is the fast frequency synchronization. Since the
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Fig. 5. Generation cost.

AGC control signal is reset every 15 s, before the AGC takes
action, the frequency has been synchronized within the first
15 s, when the frequency has the most dramatic transient
dynamics.

VII. CONCLUSION

We reverse-engineer the conventional AGC, and based on
the insight obtained from the reverse engineering, we design
a decentralized generation control scheme that integrates the
ED into the AGC and achieves economic efficiency. Combined

with the previous work [4] on distributed load control, this
work lends the promise of developing a modeling framework
and solution approach for systematic design of distributed, low-
complexity generation and load control to achieve system-wide
efficiency and robustness.

APPENDIX
A. Interpretation of the ED in (5)

Here, we provide two ways of constructing(/interpreting)
the cost functions in (5). Now let PjM denote the nominal
value of the mechanical power generation and APjM denote the
deviation from the nominal value. One type of cost C) (APjM )

is the cost on the deviation, for example, |APJM |2. This means
that as long as there is a deviation from the nominal value
PjM , there is a cost incurred. The second one is more directly
related to generation cost which is used at the slow time-scale
ED problem. At the slow time-scale ED problem, PjM is de-
termined by minimizing the generation cost cj(PjM ) such
that 3~ PM =37 Pf. When there is a deviation AP}, the
new generation cost is c; (PjM + APJM ). This gives a natural
way to construct the cost function of C;(AP}M), which is that
Cj(APjM) = cj(PjM + AP]M).

B. Proof of Convergence

The primal-dual gradient flow (also called saddle point flow)
method for optimization problems has been studied and applied
in different literature, for example, [25]-{29]. The proof tech-
niques used in this literature can be applied to our problem with
a minor modification via using the properties of the optimiza-
tion problems. Instead of only proving Theorems 3, 5, and 7,
we provide a partial primal-dual gradient algorithm for a gen-
eral convex optimization problem and show that the algorithm
converges to the optimal primal-dual point if the optimiza-
tion problem satisfies certain conditions. Then, we will prove
Theorems 3, 5, and 7. Focusing on the general optimization
problem first allows us to illustrate the main ideas behind the
detailed algorithms used in the paper, and the results have more
general applications than the AGC itself.

1) Partial Primal-Dual Gradient Algorithm: Consider the
following optimization problem:

min - f(2) +g(y)

st. Ar+By=C (17

where f(x) is a strict convex and twice differentiable function
of x, g(y) is a convex and differentiable function of y. Notice
that g(y) can be a constant function.

The Lagrangian function of this optimization problem is
given by

L(z,y,a) = f(z) + g(y) + o' (Az + By — C).

Assume that the constraint is feasible and an optimal solution
exists, then the strong duality holds. Moreover, the primal-dual
optimal solution (z*, y*, a*) is a saddle point of L(x, y, &) and
vice-versa.
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The partial primal-dual gradient algorithm is given by
Algorithm-1

x(t) = argm;gn {L(z,y,a)} = argmin {f(z)+a" Az}

) _ OL(z,y,« — (0g(y
e HE) o (30, e,

. - OL(z,y,« _
&= :a(% =Z,(Az+ By - C)
where =, = diag(e,,) and =, = diag(en;). In the following
we will study the convergence of this algorithm.
Define

q(e) 2 n;in {f(z)+a" Az}

L(y,a) 2 T(By - C).

The following proposition demonstrates some properties of
a(a) and Ly, a).

Proposition 8: ¢(«) is a concave function and its gradient
is given as 9q(a)/0a = Az. If ker(AT) = 0, then ¢(a) is a
strictly concave function. As a consequence, f/(y, @) is strictly
concave on «.

Proof: Since f(x) is a strictly convex function of z, we can
directly apply in [30, Proposition 6.1.1] to conclude that ¢(«)
is a concave function of a and O0¢/0a = Azx. Let H :=
V2 f(x), which is a positive definite matrix. From [30, (6.9)],
we have V2¢(a) = —AH ' AT. Therefore, we know that if
ker(AT) = 0, V2q is a negative definite matrix, implying that
g(«) is a strictly concave function. The rest of the proposition
follows directly. u

Moreover, we have the following connections between
L(z,y,«) and ﬁ(y, ).

Proposition 9: If (z*,y*, ") is a saddle point of L, then
(y*,o*) is a saddle point of L and z* = argmin, {f(z) +
()" Az}. Moreover, if (y*,a*) is a saddle point of L,
then (z*,y*,«*) is a saddle point of L where z* =
argmin, { f(z) + ()" Az}

Proof: The proof is straightforward by comparing the
first-order conditions of saddles points for L and L. Note that
the convexity of f, g, and concavity of ¢ imply that those first-
order conditions are necessary and sufficient conditions for

q(a) +g(y) + «

saddle points. |
We also have the following properties of the saddle
points of L,

Proposition 10: Assume ker(AT) = 0. leen any two

(?leaz) L(yzaal)

(y5, o) are two saddle points
< L(yi,a) < L(y,a})
(yQa 042) < L (ya 062)

for any (y, ). Thus, we have L(yt, o) < Ly, aj) < Ly
aj) < L(yz, a5) <L(yi, o), which implies that Lyt o)
L(yi,a3) = L(ys, i) = Lys, a3) =L(y7, 3). Because L is
strictly concave in o, we have o = aj. ]

1
L(yl,al) ( Yo, Oy
Proof: If (yi, o),

)
Lyt o)
(yQa )

*
Y2,

Using the new Lagrangian function L, Algorithm-1 can be
written as follows:

oL
j = —E, (—g; ‘”) (18)
.- (9L, @)
aua< 4 ) (19)

Let (y*,a*) be a saddle point of L(y, ). Adopting the
Lyapunov function

n

Uly0) =D 5— (i =91’ + 35— (@i —a))’ 20)

following the methods in [25]-{29], and using the properties of
L introduced in Proposition 8 and 10, we know that algorithm
(18), (19) converges to the saddle point of L if ker(AT) = 0.
Consequently, we know that Algorithm-1 converges to the
saddle point of L, which is an optimal point of (17).

2) Proof of Theorem 3, Theorem 5, and Theorem 7: Though
the previous analysis for the general optimization problem
could not be directly applied to prove Theorems 3, 5, and 7,* the
ideas used in the proof are easily extended to prove those theo-
rems. Since the proofs of the three theorems are very similar,
here we only provide the detailed proof for Theorem 3.

Denote the Lagrangian function in (7) as L(P™,w, P, \, ),
where PM:= {PJM}jeN’ wi={w;} e P={Pij}; jyee- A=

{)\é»” }jeN’ o= {p; }jef\/' Algorithm in (8) can be written as

w(t) = argmin {L(PM,W7 P )} =\

P =, OL(PM w, P\, 1)
opP
pM _ = OL(PM w, P\, 1)
R opPM
h=x, OL(PM w, P\ 1)
oA
R OL(PM w, P\, 1)
H==u En

where Zp, Epu, 2y, £, are diagonal matrices standing for the
stepsizes. Let L(PM, P\, 1) := L(PM,w = A, \, ). Given
the structure of OGC-1, we can obtain the following proposition
about L.

Proposition 11: L is strictly convex on PM, strictly concave
on A, and linear on P and p.

Moreover, we have the following Lemma about the saddle
points of L.

Proposition 12: Let (PM*, w*) be the unique optimal point
of OGC-1. Then, (PM P\ 1) is a saddle point of L if
and only it PM =pPMe X\ =uw, p;= BJPM* — w?, and

]?
- M+ _ pL
Zk:j—>k Em—g P = Pj Pj D]wj

4This is because the corresponding As in optimization problems OGC-1 (6),
0OGC-2 (10), and OGC-3 (15) do not satisfy ker(AT) =
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Proof: Since OGC-1 is strong convex on (P w), the
optimal solution is unique. Then, by using the strong duality
of OGC-1, it is straightforward to show the statement of the
lemma. We omit the details here. |

Now we are ready to proof Theorem 3. First, note that the
algorithm in (8) is equivalent to the following algorithm:

_ oL ., . 0L
Pf—.:Pa—P, P :—\:PMW
oL,

1)

Let (PM* P* \*, u*) be a saddle point of L. Define a non-
negative function as

UPM* JPE A [L*(PM}P, Avu)

2(PM PM*) ~—4PM(PJW P]W*)

1 * —_— *
+5(P=P)TER (P - PY)

1 *\rm— *

+5A=A)E =X

1 *\—=—1 *
+ 5= n)E (e =) (22)

Taking the derivative along the dynamics (21), we can show

ou

—— < L(PM* p* ) u) —
82(:— ( ) 7)/”’)

LPM* P* X )
+IA/(PM*7P*a>‘*7M*) -
<0.

L(PM, P, X", ")
(23)

For simplicity, we will denote (P™, P, \, 1) as z.
Lemma 13: 90U (z)/0t < 0 for all z, and

{

—O}CZ

1>

 PM = pMr N = N\ L(PM Pt )

N>

= L(PM" P’ 1) = L(PMP* )}

Proof: Reference (23) has shown that OU(z)/0t < 0.
To ensure OU(2)/0t = 0, we need that L(PM* P p) =
L(PM* P N, ") and L(PM*, P* X, ") — L(PM, Py,
w). Because of the strictly convexity of L on PM  strictly con-
cavity of L on ), and the separable structure of L on (PM | P),
and (A, ), respectively, PM — pMx N\ — \* Then, we can
conclude the statement of this lemma. ]
Using Proposition 12, Lemma 13, and the Lyapunov conver-
gence theorem, we have the following convergence result:
Lemma 14: Any solution (PM(t), P(t), A(t), u(t)) of (21)
for ¢ > 0 asympotically approaches a nonempty, compact sub-
set of the set of saddle points.
Proof: Equation (22) tells that U(z) > 0 for any z, and
(23) tells that U (z(t)) is decreasing with time ¢t and U (z(t)) <
U(#(0)) for any t > 0. Because of the structure of U (z) in (22),

z(t) is bounded for ¢ > 0. By Lyapunov convergence theory
[31], we know that z(t) = (PM(t), P(t), \(t), u(t)) converges
to a nonempty invariant compact subset of Z (defined in
Lemma 13). To ensure the subset is invariant we have PM =
._pM(aL( )/OPM) =0 and A= EA (0 ( )/OPM) =0,

implying that fi=—3;PM* —w’ and > kjosk Pik —
>iisg Pij = PM* — P} — Djw?. Therefore, we know £ is a
saddle point of L according to Proposition 12. |

Now we are ready to conclude the convergence of the
algorithm (21).

Theorem 15: Any solution (PM (t), P(t), A(t), u(t)) of (21)
for t > 0 asympotically converges to a saddle point (P*,
P*\*, u*). The saddle point (PM* P* \*| 11*) may depend on
the initial point (P (0), P(0), A(0), (0)).

Proof: The proof of Lemma 14 shows that {z(t)}:>¢ is a
bounded sequences; therefore, we know that there exists a sub-
sequence {z(t;) = (PM(t;), P(t;),A(t;), u(t;))} that con-
verges to a point 2 = (PM P, A, liso). This implies that

Jlim U (2(t;)) = 0. (24)

As shown in Lemma 14, z*° is a saddle point of L. Therefore,
Lemma 13, Lemma 14, and their proof tell that

tlim U, (2(t)=u (25)

for some constant u. Since {z(¢;)} is a subsequence of {z(¢)},
(24) tells that u = 0. Therefore, we can conclude that z(¢
converges to zo. |

The rest of the proof follows the exact same argument of the
analysis for the general optimization problem. Thus, we omit
the details here to avoid duplication.

ACKNOWLEDGMENT

The authors would like to thank Dr. S. Low of the California
Institute of Technology for the helpful and constructive
discussions.

REFERENCES

[1] N. Li, C. Zhao, L. Chen, and S. Low, “Connecting automatic generation
control and economic dispatch from an optimization view,” in Proc. Amer.
Control Conf., 2014, pp. 735-740.

[2] A.Bergen and V. Vittal, Power Systems Analysis, 2nd ed.
River, NJ, USA: Prentice-Hall, 1999.

[3] P. Kumar et al., “Recent philosophies of automatic generation control
strategies in power systems,” IEEE Trans. Power Syst., vol. 20, no. 1,
pp. 346-357, Feb. 2005.

[4] C. Zhao, U. Topcu, N. Li, and S. Low, “Design and stability of load-
side primary frequency control in power systems,” IEEE Trans. Autom.
Control, vol. 59, no. 5, pp. 1177-1189, May 2014.

[5] J. Nanda and B. Kaul, “Automatic generation control of an intercon-
nected power system,” in Proc. Inst. Elect. Eng., 1978, vol. 125, no. 5,
pp- 385-390.

[6] O. 1. Elgerd and C. Fosha, “The megawatt frequency control problem: A
new approach via optimal control theory,” IEEE Trans. Power App. Syst.,
vol. PAS-89, no. 4, pp. 563-577, Apr. 1970.

[71 M. Aldeen and H. Trinh, “Load-frequency control of interconnected
power systems via constrained feedback control schemes,” Comput. Elect.
Eng., vol. 20, no. 1, pp. 71-88, 1994.

[8] C.-T. Pan and C.-M. Liaw, “An adaptive controller for power system
load-frequency control,” IEEE Trans. Power Syst., vol. 4, no. 1, pp. 122—
128, Feb. 1989.

Upper Saddle



264 IEEE TRANSACTIONS ON CONTROL OF NETWORK SYSTEMS, VOL. 3, NO. 3, SEPTEMBER 2016

[9]1 M. S. Calovié, “Automatic generation control: Decentralized area-wise
optimal solution,” Elect. Power Syst. Res., vol. 7, no. 2, pp. 115-139,
1984.

[10] M. Zribi, M. Al-Rashed, and M. Alrifai, “Adaptive decentralized load
frequency control of multi-area power systems,” Int. J. Elect. Power
Energy Syst., vol. 27, no. 8, pp. 575-583, 2005.

[11] N. Bengiamin and W. Chan, “Multilevel load-frequency control of in-
terconnected power systems,” Proc. Inst. Elect. Eng., vol. 125, no. 6,
pp- 521-526, 1978.

[12] U. Ozguner, “Near-optimal control of composite systems: The multi
time-scale approach,” IEEE Trans. Autom. Control, vol. AC-24, no. 4,
pp. 652-655, Aug. 1979.

[13] D. B. Eidson and M. D. Ilic, “Advanced generation control with eco-
nomic dispatch,” in Proc. 34th IEEE Conf. Dec. Control, 1995, vol. 4,
pp. 3450-3458.

[14] M. Ilic and C.-N. Yu, “Minimal system regulation and its value in
a changing industry,” in Proc. IEEE Int. Conf. Control Appl., 1996,
pp. 442-449.

[15] X. Zhang and A. Papachristodoulou, “A real-time control framework for
smart power networks with star topology,” in Proc. IEEE Amer. Control
Conf., 2013, pp. 5062-5067.

[16] F. Dérfler, J. Simpson-Porco, and F. Bullo, “Breaking the hierarchy:
Distributed control and economic optimality in microgrids,” IEEE Trans.
Control Netw., to be published.

[17] M. Andreasson, D. V. Dimarogonas, H. Sandberg, and K. H. Johansson,
“Distributed pi-control with applications to power systems frequency
control,” in Proc. IEEE Amer. Control Conf., 2014, pp. 3183-3188.

[18] M. Andreasson, D. V. Dimarogonas, K. H. Johansson, and H. Sandberg,
“Distributed vs. centralized power systems frequency control,” in Proc.
IEEE Eur. Control Conf., 2013, pp. 3524-3529.

[19] E. Mallada and S. H. Low, “Distributed frequency-preserving optimal
load control,” presented at the IFAC World Congr., Cape Town, South
Africa, 2014.

[20] M. Biirger, C. De Persis, and S. Trip, “An internal model approach to
(optimal) frequency regulation in power grids,” in Proc. 21st Int. Symp.
Math. Theory Netw. Syst., 2014, pp. 577-583.

[21] E. Mojica-Nava, C. A. Macana, and N. Quijano, “Dynamic population
games for optimal dispatch on hierarchical microgrid control,” IEEE
Trans. Syst., Man, Cybern.: Syst., vol. 44, no. 3, pp. 306-317, Mar. 2014.

[22] R. Mudumbai, S. Dasgupta, and B. B. Cho, “Distributed control for opti-
mal economic dispatch of a network of heterogeneous power generators,”
IEEE Trans. Power Syst., vol. 27, no. 4, pp. 1750-1760, Nov. 2012.

[23] S. T. Cady and A. Dominguez-Garcia, “Distributed generation control of
small-footprint power systems,” in Proc. IEEE North Amer. Power Symp.,
2012, pp. 1-6.

[24] P. Kundur, Power System Stability and Control.
McGraw-Hill Education, 1994.

[25] K.J. Arrow, L. Hurwicz, and H. Uzawa, Studies in Linear and Non-Linear
Programming.  Stanford, CA, USA: Stanford Univ. Press, 1958.

[26] J. T. Wen and M. Arcak, “A unifying passivity framework for network
flow control,” IEEE Trans. Autom. Control, vol. 49, no. 2, pp. 162-174,
Feb. 2004.

[27] A. Nedi¢ and A. Ozdaglar, “Subgradient methods for saddle-point prob-
lems,” J. Optimiz. Theory Appl., vol. 142, no. 1, pp. 205-228, 2009.

[28] D. Feijer and F. Paganini, “Stability of primal-dual gradient dynamics
and applications to network optimization,” Automatica, vol. 46, no. 12,
pp. 1974-1981, 2010.

New York, NY, USA:

[29] S. You and L. Chen, “Reverse and forward engineering of frequency
control in power networks,” presented at the IEEE Conf. Dec. Control,
Los Angeles, CA, USA, Los Angeles, CA, USA, 2014.

[30] D. Bertsekas, Nonlinear Programming, 2nd ed. Belmont, MA, USA:
Athena Scientific, 2008.

[31] H. K. Khalil, Ed., Nonlinear Systems, 3rd ed. Englewood Cliffs, NJ,
USA: Prentice-Hall, 2002.

Na Li (M’09) received the B.S. degree in mathemat-
ics and applied mathematics from Zhejiang Univer-
sity, Zhejiang, China, and the Ph.D. degree in control
and dynamical systems from the California Institute
of Technology, Pasadena, CA, USA, in 2013.

Currently, she is an Assistant Professor in the
School of Engineering and Applied Sciences at
Harvard University, Cambridge, MA, USA. She was
a Postdoctoral Associate with the Laboratory for
Information and Decision Systems at Massachusetts
Institute of Technology, Cambridge. Her research
lies in the design, analysis, optimization, and control of distributed network sys-
tems, with particular applications toward power networks and systems biology/
physiology.

Prof. Li entered the Best Student Paper Award Finalist at the 2011 IEEE
Conference on Decision and Control.

Changhong Zhao (M’15) received the B.Eng.
degree in automation from Tsinghua University,
Beijing, China, in 2010, and is currently pursuing
the Ph.D. degree in electrical engineering at the
California Institute of Technology, Pasadena, CA,
USA.

His research is on control and optimization of
power systems, with a particular focus on power
system dynamics and stability, frequency and voltage
regulation, and distributed load-side control.

Lijun Chen (M’05) received the Ph.D. degree from
the California Institute of Technology, Pasadena,
CA, USA, in 2007.

Currently, he is an Assistant Professor of Com-
puter Science and Telecommunications at the Uni-
versity of Colorado at Boulder. His current research
interests are in optimization and control of net-
worked systems, distributed optimization and con-
trol, convex relaxation and parsimonious solutions,
as well as game theory and its engineering applica-
tions.

Dr. Chen was a co-recipient of the Best Paper Award at the IEEE Inter-
national Conference on Mobile Ad-hoc and Sensor Systems in 2007. He is
currently an editor of IEEE TRANSACTIONS ON COMMUNICATIONS.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


