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Abstract—In this paper, we propose a control architecture for a
single-area power system that integrates economic dispatch (ED)
and automatic generation control (AGC) through a continuous-
time feedback loop. The AGC state is incorporated into the
ED optimization problem as a proxy for real-time net load to
achieve economic efficiency and frequency regulation simulta-
neously. We put forth a continuous-time controller that solves
this integrated ED–AGC optimization problem in real-time, and
show that the equilibria of these dynamics satisfy the Karush-
Kuhn-Tucker (KKT) optimality conditions. We also establish
stability guarantees using the Lur’e system framework based on
linear matrix inequalities (LMIs). The efficacy of the proposed
control architecture is established through a 14-bus simulation
in MATLAB. Simulation results show that the system with the
proposed control architecture maintains economic optimality in
steady state while tracking real-time load changes.

Index Terms—Automatic generation control, constrained opti-
mization, economic dispatch, real-time optimization.

I. INTRODUCTION

Contemporary power grids face increasing uncertainty due
to high integration of renewable generation and the rapid
growth of dynamic loads such as data centers. These sources
and loads introduce variability in both power production and
demand. Grid control remains organized hierarchically across
different time scales: tertiary control (economic dispatch, ED)
updates generation setpoints every 5 minutes or more using
load forecasts to minimize operating costs, while secondary
control (automatic generation control, AGC) acts every few
seconds to maintain frequency stability [1]. Conventional AGC
schemes distribute regulation effort through fixed participation
factors that ignore real-time economic objectives. As a result,
forecast inaccuracies force AGC to make sizable corrective
actions, driving generators away from their economically op-
timal operating points. This leads to cost-inefficient operation
unless specific tuning guidelines are enforced [2], [3].

Several innovations have been proposed to the hierarchi-
cal control layers of the power-systems operational stack to
enhance dynamic and economic performance [4]. A short
survey of pertinent literature follows next. Dynamics cor-
responding to AGC have been incorporated as constraints
in the ED formulation to improve frequency regulation [5].
A continuous-time ED, intended for realization in near real
time, is put forth in [6]; the solution strategy yields con-
tinuous trajectories rather than discontinuous setpoints. Other

formulations introduce an explicit AGC state representing total
generation within each control area to economically allocate
AGC power among participating generators [7]. In a similar
vein, the unification of ED and AGC through optimization-
based decomposition, which co-optimizes economic efficiency
and frequency regulation, has been studied in [1] and [2].
Specifically, the unified ED–AGC optimal control problem is
decomposed into two coupled optimization problems: an ED
problem and an optimal AGC problem that utilizes the AGC
state and ED outputs to determine the real-time economic
allocation of AGC power [2].

In this paper, we present a single optimization problem
for frequency regulation and resource allocation that merges
the ED and AGC layers. Motivated by the approach in [2],
we formulate an optimal ED–AGC problem for a single-
area power system that incorporates the AGC state within
its constraints as a proxy for real-time load to achieve both
economic efficiency and frequency regulation simultaneously.
We propose continuous-time dynamics that accommodate var-
ious controllers incorporating integral and proportional actions
to solve the optimal ED–AGC problem in real-time. We
show that the equilibria of the dynamics satisfy the Karush-
Kuhn-Tucker (KKT) optimality conditions and analyze closed-
loop stability within the Lur’e system framework using linear
matrix inequality (LMI) criteria. Finally, numerical results for
a 14-bus system validate stability via LMI conditions and show
that the system achieves steady-state economic optimality and
frequency regulation through time-domain simulations.

II. POWER SYSTEM DYNAMICS

We consider an AC power network with buses indexed by
the set N = {1, . . . , N} under a hierarchical control archi-
tecture comprising primary, secondary, and tertiary control.
Each bus, k ∈ N , is associated with a phase angle relative
to the reference bus, θk, aggregate generation, pk, demand,
dk, and deviation from nominal frequency, denoted ωk. Let
p,d,ω ∈ RN and θ ∈ RN−1 denote the vectors stacking
these quantities. Pertinent dynamics at this primary-frequency
regulation level are given by:

θ̇ = T−1ω, (1a)
Mω̇ = p− d−Dω −BT0θ, (1b)

Γṗ = pref − p+Rω, (1c)
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where T−1 =
[
IN−1 −1N−1

]
and T0 =

[
IN−1 0

]⊤
.

With regard to notation, bold letters denote matrices and
vectors; I, 0, and 1 denote the identity matrix, the zero
matrix/vector, and the vector of ones. We omit matrix and
vector dimensions when they can be inferred from the context.
Matrices M,D,Γ, and R ∈ RN×N are diagonal matrices
of bus inertia, damping constants, governor time constants,
and frequency-power droop slopes, respectively; B ∈ RN×N

is the DC power-flow susceptance matrix, and pref ∈ RN

are commanded power references received from secondary
control [8].

At the secondary layer, AGC receives setpoints p⋆ ∈ RN

from tertiary control and generates power references pref ∈
RN as pref = p⋆ + α(z − 1⊤p⋆). Here, α ∈ RN contains
participation factors of resources under the control of AGC.
The variable z ∈ R is the AGC state that tracks the real-time
generation to meet net load, governed by the dynamics:

τzż = −z −ACE+ 1⊤p, (2)

where τz ∈ R is the AGC time constant. The term ACE ∈ R is
the Area Control Error that captures frequency error associated
with the area, given by ACE = −βωarea where β ∈ R<0 is
an area bias factor and ωarea = (1⊤/N)ω is the averaged
frequency of resources of the area [9].

The dynamics (1)–(2) can be expressed in state-space form:

ẋp = Apxp +Bpup, (3)

with xp =
[
θ⊤ ω⊤ p⊤ z

]⊤ ∈ R3N ,up =[
p⋆⊤ d⊤]⊤ ∈ R2N . Under the assumption that 1⊤α = 1,

the system dynamics (1)–(2) converge to the steady state: ω =
0,1⊤p = z = 1⊤d, i.e., the AGC state z tracks the total load
demand 1⊤d at steady state [10, Lem. 1]. This motivates the
integrated optimal ED–AGC formulation that follows.

III. CONTROL ARCHITECTURE

A. Conventional Economic Dispatch

The conventional hierarchical control architecture, shown
in Fig. 1(left), operates with unidirectional information flow
where ED provides setpoints to AGC based on load forecast, δ.
With complete information about the load available at hand,
it would be reasonable to set δ = 1⊤d, but this is not
generally feasible due to forecasting errors and the inability to
monitor load in real time. The conventional resource-allocation
problem for ED reads:

minimize
ρ∈RN

1
2ρ

⊤Qρ+ q⊤ρ (4a)

subject to 1⊤ρ = δ, ρmin ≤ ρ ≤ ρmax, (4b)

where (4b) ensures supply-demand balance and generation
capacity limits. Matrix Q is assumed to be positive definite
(Q ≻ 0), ensuring the cost (4a) is strongly convex [11,
Sec. 3.1.4].

Fig. 1: (Left) Conventional hierarchical architecture with unidirectional in-
formation flow (ED → AGC). (Right) Proposed integrated architecture with
feedback, where AGC state z provides real-time demand information to ED
(ED ↔ AGC).

B. Proposed Integrated Optimal ED–AGC

In contrast to the conventional approach, the proposed
architecture establishes feedback as depicted in Fig. 1(right),
with the AGC state z serving as an estimate for real-time
demand in the ED resource allocation problem. We create
this feedback interconnection by substituting δ = z in (4b)
as a suitable proxy for the net load 1⊤d. While d is an
exogenous disturbance that cannot be measured in real-time,
the steady-state value of z tracks it. With such an architecture,
the resource allocation problem reads:

minimize
ρ∈RN

1
2ρ

⊤Qρ+ q⊤ρ (5a)

subject to 1⊤ρ = z,

[
−I
I

]
ρ−

[
−ρmin

ρmax

]
≤ 0, (5b)

where z ∈ R is the AGC state variable, and the constraints
are rewritten to facilitate forthcoming developments. The in-
equality constraints can be expressed as Hρ− h ≤ 0, where
H ∈ R2N×N and h ∈ R2N . The Lagrangian L(ρ, ν,λ) :
RN × R × R2N → R for the above problem is given by

L(ρ, ν,λ) = C(ρ) + ν⊤(1⊤ρ− z) + λ⊤(Hρ− h), (6)

where ν ∈ R and λ ∈ R2N are the Lagrange multipliers.
We assume the feasible set Ω(z) :={
ρ ∈ RN | 1⊤ρ− z = 0,Hρ− h ≤ 0

}
is non-empty

for every z ∈ Z in a compact set Z ⊂ R. Under Linear
Independence Constraint Qualification (LICQ), the KKT
conditions are first-order necessary conditions for optimality
[12, Chap. 12]. The LICQ holds automatically for (5) since
the lower and upper bounds cannot be simultaneously active.
The KKT conditions for problem (5) at (ρ⋆, ν⋆,λ⋆) for each
z ∈ Z are:

Qρ⋆ + q+ 1ν⋆ +H⊤λ⋆ = 0, (7a)

1⊤ρ⋆ − z = 0 and Hρ⋆ − h ≤ 0, (7b)
λ⋆ ≥ 0, (7c)

λ⋆ ◦ (Hρ⋆ − h) = 0, (7d)

where ◦ denotes element-wise product. Given non-empty fea-
sibility and Q ≻ 0 assumptions, problem (5) admits a unique
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global minimizer ρ⋆ with unique optimal Lagrange multipliers
ν⋆ and λ⋆ [12, Sec. 12.3]. In this case, the KKT conditions (7)
are necessary and sufficient for optimality at (ρ⋆, ν⋆,λ⋆) [11,
Sec 5.5.3]. Since the constraints in (5) are linear, the assump-
tion of non-empty feasibility implies that the problem satisfies
Slater’s constraint qualification [11, Sec. 5.2.3]. Equivalently,
with Slater’s condition satisfied, (ρ⋆, ν⋆,λ⋆) corresponds to a
saddle point of the Lagrangian (6) [11, Sec. 5.4], satisfying

L(ρ⋆, ν,λ) ≤ L(ρ⋆, ν⋆,λ⋆) ≤ L(ρ, ν⋆,λ⋆). (8)

The KKT conditions in (7) motivate the continuous-time
dynamics formulation to solve the optimization problem (5).
We discuss this next.

C. Continuous-time Optimization Dynamics

We formulate continuous-time dynamics for the primal
variable ρ to solve (5) such that equilibria of the dynamics
satisfy the KKT stationarity condition (7a):

ρ̇ = −γρ

(
Qρ+ q+

[
1 H⊤] [ν

λ

])
, (9)

where γρ ∈ R>0. In what follows, we describe different
controllers to generate the dual variables ν and λ in (9), en-
suring the remaining KKT conditions—primal feasibility (7b),
dual feasibility (7c), and complementary slackness (7d)—are
satisfied at steady state. Consider C ∈ {ν,λ} as an index
representing either the ν-controller or the λ-controller. Then,
the controller dynamics associated with the dual variables ν
and λ are represented in state-space form as:

ẋC = ACxC +BC (uC +ΨC) , (10a)
yC = CCxC +DCuC , (10b)

where the controller’s input are uν = 1⊤ρ − z ∈ R
and uλ = Hρ − h ∈ R2N for the two cases, and anti-
windup term Ψν = 0 and Ψλ = µ(max(0, yλ) − yλ) with
µ ∈ R>0. Here max(0, ·) denotes element-wise maximum.
These primal-dual gradient-flow dynamics (9)–(10) seek the
saddle point characterized by (8) and asymptotically enforce

Fig. 2: Block diagram representation of the continuous-time dynamics (9)–
(10) to solve (5) with the linear controllers Kν and Kλ. In this instance, both
controllers are PI controllers. The nonlinearity Φ = ReLU(.) = max

(
0, ·),

along with the controller Kλ, enforces the inequality constraints. The anti-
windup mechanism is indicated by gray lines and parameterized by µ.

the generation limits ρmin and ρmax. Similar strategies have
been reported in previous studies [13]–[16].

For the closed-loop system (9)–(10) with dual variables
ν = yν and λ = max(0,yλ), suppose Aν = 0,Aλ = 0,
and Bν , Bλ have full column rank. Then any equilibrium
point (ρ, ν,λ) satisfies the KKT conditions (7). To see this,
note that setting ẋν = 0 and ẋλ = 0 yields 1⊤ρ− z = 0 and
Hρ − h = −µ (max(0, yλ) − yλ) = µ min(0,yλ) ≤ 0
at equilibrium, satisfying primal feasibility (7b). Dual fea-
sibility (7c) follows directly from λ = max(0,yλ) ≥ 0.
Moreover, complementary slackness (7d) holds since λ ◦
(Hρ − h) = max(0,yλ) ◦ µ min(0,yλ) = 0. Finally, to
verify stationarity, the equilibria ρ obtained by substituting
ρ̇ = 0 in (9) satisfy stationarity (7a).

D. Representative Controller Structures

We present representative controllers for the dual dynam-
ics (10) that, alongside the primal dynamics (9), solve prob-
lem (5). These dynamics with the representative controller
structures presented below can be realized as analog circuits
for real-time implementation [17].

1) Integral Action-Based Controller: Consider
a Proportional-Integral (PI) controller defined by
AC = 0,BC = γCI,CC = I,DC = σCI, where γC , σC ∈ R>0

(see Fig. 2). The dynamics (9)–(10) with this controller
satisfy the KKT conditions (7). These primal-dual dynamics
are equivalent to the augmented Lagrangian method in [18]
when the anti-windup parameter µ = 1/σλ. In the limit
µ → +∞, these dynamics also approximate the projected
gradient-flow dynamics [19]. An integral controller (I) [20]
can be obtained as a special case by setting σC = 0.

2) Proportional Action-Based Controller: A propor-
tional (P) controller defined by AC = BC = CC =
0,DC = σCI yields dynamics (9)–(10) that do not satisfy
KKT conditions (7). However, these dynamics behave as a
penalty method, and as σC → +∞, the equilibrium point
(ρ, ν,λ) approaches an optimal solution that satisfies the KKT
conditions [12, Sec. 17.1]. Similarly, a Lead/Lag controller
with AC = −pCI,BC = I,CC = GC(zC − pC)I,DC = GCI,
where GC , zC , pC ∈ R>0, exhibits similar steady-state behavior
to the proportional controller with effective gain corresponding
to σC = (GC × zC)/pC [17]. Since neither proportional nor
lead/lag controllers involve integrator states, the anti-windup
mechanism is not necessary, i.e., µ = 0.

IV. STABILITY ANALYSIS

We analyze stability using tools from Lur’e systems; in fact,
the system dynamics consist of a linear time-invariant (LTI)
system interconnected in feedback with a sector-bounded
nonlinearity. Denote ξ = [x⊤

p ρ⊤ x⊤
ν x⊤

λ ]
⊤ and with the

change of coordinates ξ̃ = ξ−ξ, the dynamics take the form:

˙̃
ξ = Aξξ̃ +BuΦ̃(ỹ) +Bdd̃, (11a)

ỹ = Cξξ̃, z̃ = Cdξ̃. (11b)
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For any initial condition ξ̃(0), (11) is well-posed as the vec-
tor field is globally Lipschitz continuous [21, Thm. 3.2]. The
matrices Aξ, Bu, Bd, Cξ, and Cd are formed by combining
the plant dynamics (3) with p⋆ = ρ, primal dynamics (9),
and dual dynamics (10). Their dimensions are appropriately
defined based on the controller structures in Section III-D.
The input ũ = Φ̃(ỹ) ∈ R2N is injected in positive feedback
via modified nonlinearity Φ̃(ỹ) = Φ(ỹ+ yλ)−Φ(yλ), with
yλ denoting the equilibrium value of yλ, and d̃ ∈ RN is
the load disturbance. The nonlinearity Φ̃(ỹ) is element-wise
sector-bounded in [0, 1] with Φ̃(0) = 0.

A. LMI-Based Stability and Performance Criteria

We now present stability criteria for the Lur’e system (11).
We assume that Aξ is Hurwitz, which is verified numerically
in Section V. Given the feasibility assumption (that Ω(z)
is non-empty) and that Q ≻ 0, if there exists a radially
unbounded quadratic Lyapunov function V (ξ̃) = ξ̃

⊤
Pξ̃,

where P = P⊤ ≻ 0 satisfies the LMI:[
PAξ +A⊤

ξ P PBu

B⊤
uP 0

]
+

[
C⊤

ξ 0

0 I

]
Π

[
Cξ 0
0 I

]
≺ 0,

(12)

where Π =

[
0 I
I −2I

]
is the multiplier for sector-bounded

nonlinearities in [0, 1], then, the system (11) is: (i) globally
asymptotically stable if (12) holds, and globally exponentially
stable with rate κ if (12) holds with Aξ replaced by Aξ + κI
for some κ ∈ R>0 [22, Thm. 3]; (ii) Lyapunov stable if (12)
holds with non-strict inequality (⪯ 0) [22, Thm. 1].

We next establish a bound on the induced L2 gain γ from
the load disturbance d̃ to the AGC state z̃, selected as the
performance output, such that ∥z̃∥L2

≤ γ∥d̃∥L2
. Consider the

system (11) with sector-bounded nonlinearity Φ̃(ỹ) ∈ [0, 1]. If
there exists a matrix P = P⊤ ≻ 0, and η ∈ R≥0 and γ ∈ R>0

such that the following LMI holds:A⊤
ξ P+PAξ +C⊤

dCd PBu PBd

B⊤
uP 0 0

B⊤
dP 0 −γ2I


+ η

[
C⊤

ξ 0 0

0 I 0

]
Π

[
Cξ 0 0
0 I 0

]
≺ 0, (13)

then, the system (11) has an induced L2 gain less than or
equal to γ [23, Thm. 4]. Note that the feasibility of (13) also
implies global asymptotic stability of (11).

B. Stability and Performance for Representative Controllers

For proportional-action-based controllers, (12) is feasible
(which implies V̇ (ξ̃) < 0 for all ξ̃ ̸= 0), ensuring global
asymptotic and exponential stability. Consequently, (13) is also
feasible, providing an induced L2 gain bound γ.

For controllers with integral-action, (12) is non-strictly fea-
sible, yielding stability in the sense of Lyapunov, while (13) is
infeasible. This result follows from analyzing the closed-loop
system (11) in two scenarios. First, when the nonlinearity oper-
ates as ũ = Φ̃(ỹ) = ỹ, giving closed-loop dynamics ˙̃

ξ = Aclξ̃

with Acl = Aξ+BuCξ. If the controller for the dual variable
λ has the structure Aλ = 0 as described in Section III-C for
equilibria to satisfy KKT conditions, then Acl is necessarily
singular. To verify this, let ξ̃ =

[
0⊤ 0⊤ 0⊤ w⊤

λ

]⊤
, with

wλ ̸= 0. Then Aclξ̃ =
[
0⊤ ζ (H⊤wλ)

⊤ 0⊤ 0⊤]⊤
where ζ ∈ R. Since H is not full row rank, its null space
satisfies ker(H⊤) ̸= {0}; thus there exists wλ ∈ ker(H⊤)
with wλ ̸= 0 such that H⊤wλ = 0. Therefore, Aclξ̃ = 0 for
some ξ̃ ̸= 0, which implies that Acl is singular. Second, when
the nonlinearity operates as ũ = 0, we have ˙̃

ξ = Aclξ̃ with
closed-loop matrix Acl = Aξ. Since Aξ is Hurwitz, Aclξ̃ = 0

only when ξ̃ = 0.
Given that the non-strict LMI (12) ensures V̇ (ξ̃) ≤ 0

globally with V̇ (ξ̃) = 0 (for ξ̃ ̸= 0) when ˙̃
ξ = 0

holds for both scenarios above, trajectories converge to the
largest invariant set contained in S := {ξ̃ | V̇ (ξ̃) =

0,
[
ỹ⊤ ũ⊤]⊤ Π

[
ỹ⊤ ũ⊤] = 0} via LaSalle’s Invariance

Principle [21, Thm. 4.4]. This set corresponds to the manifold
associated with the singular closed-loop dynamics Aclξ̃ = 0.
The non-strict (⪯ 0) feasibility of LMIs in optimization
problems where the number of constraints exceeds the number
of optimization variables has been previously discussed in [24,
Sec. 5.6.3] and [25, cf. after Rem. 2].

V. SIMULATION RESULTS

The proposed control architecture is validated on a single-
area 14-bus power system with a ring topology (edge weight
6) and four additional edges (edge weight 1) between buses
(1, 5), (3, 8), (6, 12), and (9, 14). The system parameters
are Mi ∈ [7, 13], Di ∈ [1.7, 2.3],Γi ∈ [0.35, 0.65],Ri ∈
[−0.065,−0.035]. The AGC time constant is τz = 1 s,
αi = 1/14, ∀ i ∈ N , and β = −1. The primal-dual
dynamics with PI controllers (Section III-D) use parameters
γρ = γν = γλ = 0.1, σν = σλ = 5, and µ = 0.19. We set
Q = 0.01I and q = 0.

The LMI-based conditions (12)–(13) are analyzed using
YALMIP with the MOSEK solver in MATLAB. For the above
parameters, we verify that Aξ is Hurwitz, confirming the
assumption in Section IV-A. Figure 3 shows time-domain
simulation results obtained using the ode45 solver in MAT-
LAB to simulate the plant (1)–(2) and the controller (9)–
(10). Bus 5 experiences a load increase of 0.1 pu at time
t = 5 s. We compare the conventional ED with load-
forecast δ = 1⊤d + 0.3 sin(2t), representing persistent fore-
cast errors, to the proposed architecture with AGC state
feedback for real-time load estimation. The area frequency
decreases following the load increase until AGC restores
frequency in both architectures, as seen in Figs. 3(a) and 3(b).
This result illustrates a similar transient response for τz = 1 s,
primarily governed by the plant dynamics (1)–(2). Figures 3(c)
and 3(d) show steady-state tracking error quantifying deviation
from economic optimality. Due to persistent load forecast-
ing errors, the conventional architecture exhibits deviation
from the optimal steady state (Fig. 3(c)). In contrast, the
proposed architecture is independent of load forecast errors
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Fig. 3: Comparison of conventional (left) and proposed (right) architec-
tures. (a),(b) Area frequency response under load transient. (c),(d) Steady-
state tracking error.

and achieves economic optimality with near-zero steady-state
error (Fig. 3(d)); both τz = 1 s and τz = 0.1 s converge
to the same KKT equilibria (7). Consequently, as evident
from Figs. 3(b) and 3(d), the proposed architecture provides
the additional benefit of enabling faster AGC response (e.g.,
τz = 0.1 s; this small value, while not typical in practice,
is selected for illustration), achieving economic optimality at
steady state without compromising stability.

VI. CONCLUSIONS AND FUTURE WORK

We propose a control architecture for continuous-time ED
and AGC that uses the AGC state as a proxy for real-time load
demand. The continuous-time dynamics solve the integrated
ED–AGC optimization problem in real-time, with equilibria
shown to satisfy KKT optimality conditions. Stability guar-
antees are established via LMI-based conditions. Simulations
on a 14-bus power system in MATLAB demonstrate that
the control architecture maintains economic optimality at
steady state while regulating frequency under load changes.
Limitations include transient violations of generation capacity
constraints and the lack of asymptotic or exponential stability
for controller realizations that incorporate integral action.
Future work includes extending the control architecture to a
multi-area power system and high-fidelity EMS simulations.
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