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ABSTRACT. This paper presents a nonlinear state feedback control method designed to
stabilize a dual-excited and steam-valving system in synchronous generators. The pro-
posed approach integrates a dynamic surface asymptotic strategy with a gravitational
search algorithm to optimize control parameters, significantly improving transient stabil-
ity, enhancing system frequency regulation, and accelerating convergence. A key innova-
tion of this work is the automated parameter tuning via the gravitational search algorithm,
which reduces iteration times while ensuring optimal control performance. Numerical sim-
ulations validate the superiority of the proposed method over traditional techniques such
as backstepping and immersion-invariance control, demonstrating improved dynamic per-
formance, faster oscillation damping, and enhanced overall system stability.
Keywords: Dual excitation and steam-valving system, Transient stability enhance-
ment, Dynamic surface asymptotic control, Backstepping control, Gravitational search
algorithm

1. Introduction. Stabilizing Synchronous Generators (SGs) is a well-recognized chal-
lenge in power system stability and operations, primarily due to the frequent disturbances
encountered in power networks. As a result, designing nonlinear controllers to stabilize
the closed-loop dynamics of nonlinear power systems has become a significant area of
research. Two primary methods have been developed to address this challenge while si-
multaneously achieving control objectives: excitation control schemes [1, 2, 3, 4] and
steam-valving control schemes [5, 6, 7].

More recently, combining excitation control with steam-valving control has proven to be
a promising and effective solution for enhancing the stability of SGs while optimizing pow-
er system operations. This coordinated approach has attracted considerable attention in
the power engineering field [8, 9, 10, 11]. For example, a variable structure control strategy
that integrates single-excitation and steam-valving control was introduced in [8], utilizing
differential geometry and variable structure control theories to deliver robust performance
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and dynamic stability. Similarly, nonlinear single-excitation control combined with steam-
valving control has been developed using the Hamiltonian function methodology [9, 10],
enabling the system to attenuate disturbances and address unknown parameters. Build-
ing on these efforts, a robust adaptive single-excitation and steam-valving control strategy
[11] was proposed, offering additional flexibility to achieve improved control performance.
Most of these studies assume the d-axis field voltage remains constant while focusing on
controlling the g-axis field voltage to achieve the desired outcomes. However, using both
the d-axis and g-axis field voltages — a method referred to as dual-excitation — offers in-
creased flexibility. With dual-excitation, each field voltage can be independently adjusted,
resulting in enhanced stability and improved achievement of control objectives.

To further improve power system stability and transient response, both linear and non-
linear controllers for dual-excited synchronous generators have been developed [12, 13].
Despite this progress, the coordination of dual-excitation and steam-valving control has
received limited attention compared to single-excitation and steam-valving approaches.
In [14], a coordinated passivation technique was employed to enhance the stability of
Single-Machine Infinite Bus (SMIB) systems, demonstrating better dynamic performance
than feedback linearization methods. Sliding mode control techniques have also been uti-
lized to design dual-excited and steam-valving controllers for SGs under both matched
and mismatched perturbations [15, 16]. These controllers effectively managed mismatched
perturbations while improving certain aspects of power quality. Moreover, a nonlinear
control algorithm for power systems with dual-excitation and steam-valving control was
proposed using the Immersion and Invariance (I&I) strategy [17, 18]. This method sig-
nificantly enhanced system stability, voltage regulation, and transient behavior in SMIB
systems, ensuring power angle stability as well as frequency and voltage regulation. The
resulting closed-loop system exhibited transient and asymptotic stability. However, de-
spite its effectiveness, the 1&I-based approach has certain limitations that warrant further
investigation. A backstepping sliding mode controller [19] was proposed to improve dy-
namic performance and transient stability while being easier to implement compared to
other advanced nonlinear control strategies. A nonlinear disturbance observer-based back-
stepping control [20] was developed to offer significant improvements over conventional
techniques for stabilizing synchronous generators. The method effectively handles exter-
nal disturbances, improves transient dynamics, and ensures system stability. However,
these control laws have various limitations. Backstepping control suffers from a complex-
ity explosion due to repeated differentiation, making it computationally intensive, and
it requires precise parameter tuning while lacking robustness against large disturbances.
Immersion and Invariance (I&I) control, though effective, is complex to design, sensitive
to external disturbances, and may have slow transient responses. Sliding Mode Control
(SMC) is limited by chattering effects that can damage actuators, sensitivity to mis-
matched perturbations, and dependence on proper tuning of parameters. Feedback lin-
earization heavily relies on an accurate system model, making it less robust to uncertain-
ties, and becomes computationally challenging for higher-order systems.

This paper employs a Dynamic Surface Asymptotic Control (DSAC) approach [21] to
design the controller, eliminating the need for analytical differentiation of virtual con-
trol functions. A key challenge in DSAC lies in selecting appropriate control parameters
that stabilize the system while ensuring optimal dynamic performance. Traditional non-
linear control methods, such as backstepping, sliding mode control, and immersion and
invariance, face inefficiencies in handling nonlinear systems, including slow responses, sen-
sitivity to parameter tuning, and a lack of robustness and adaptability, particularly under
dynamic and steady-state conditions. To address these challenges, this study integrates
DSAC with the Gravitational Search Algorithm (GSA) [22, 23], which automates control
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parameter tuning to enhance stability and improve performance in nonlinear synchronous
generators. Unlike backstepping, which suffers from a complexity explosion due to re-
peated differentiation, DSAC manages nonlinear dynamics efficiently by incorporating a
low-pass filter for virtual control differentiation. However, traditional nonlinear controllers
still require manual parameter tuning, which can be inefficient and suboptimal. GSA over-
comes this limitation by optimizing control gains, improving stability, transient response,
and robustness while reducing overshoot and oscillations. Unlike gradient-based methods,
GSA does not require derivatives, making it well-suited for tuning DSAC parameters in
systems with complex or unknown mathematical models. This synergistic approach en-
hances trajectory tracking and dynamic adaptability, ensuring the system remains stable
under varying conditions. Beyond power systems, it has broader applications in power
electronics, robotics, and aerospace, where nonlinear dynamics and adaptive tuning are
crucial for maintaining stability and performance.

The objective of the proposed approach is to develop a stabilizing feedback controller
that enhances transient stability and regulates frequency in a Single-Machine Infinite Bus
(SMIB) power system model. This ensures satisfactory dynamic and steady-state per-
formance. Furthermore, the proposed method outperforms traditional approaches, such
as backstepping control and immersion and invariance control, by achieving asymptotic
tracking with zero error. Therefore, the primary contributions of this work lie in that (i)
This study presents a Gravitational Search Algorithm (GSA) optimization-based dynam-
ic surface asymptotic control method for transient stability enhancement and frequency
regulation in an SMIB power system. This approach addresses a problem that has not
been previously explored. (ii) Through Lyapunov theory, it is proven that all signals in
the closed-loop system remain bounded, and asymptotic tracking is achieved. (iii) The
proposed control design is both simple and highly effective, surpassing traditional meth-
ods such as backstepping and immersion and invariance control. It achieves improved
dynamic performance, including reduced overshoot and faster oscillation damping.

The remainder of this paper is organized as follows. Section 2 briefly presents the
dynamic model of a dual-excited and steam-valving system of synchronous generators,
along with key lemmas and the problem statement. In Section 3, the controller design
and stability analysis are developed. Section 4 provides a brief overview of the GSA
optimization process, while Section 5 presents the simulation results. Finally, Section 6
concludes the paper.

2. Power System Model Description and Preliminaries.

2.1. Power system models. In this subsection, a dynamic model of a synchronous
generator with dual-excited and steam-valving controller [17, 18, 19] can be obtained as
follows:
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where ¢ is the power angle of the generator, w denotes the relative speed of the generator,
D > 0 is a damping constant, £} and Ej are the g-axis and d-axis internal transient volt-
ages, respectively. Xj and X| are the d-axis and g-axis transient reactances, respectively.
ws is the synchronous machine speed, w, = 27 f, H represents the per unit inertial con-
stant, f is the system frequency and M = 2H /ws. Xy, = X+ X7+ X is the reactance
consisting of the direct axis transient reactance of SG, the reactance of the transformer,
and the reactance of the transmission line X . Similarly, Xy = X4+ X7+ X, is identical
to Xgy except that Xy denotes the direct axis reactance of SG. X5, and Xy denote
the g-axis reactances similar to d-axis reactance. Ty, and T}, are the d-axis and g-axis
transient open-circuit time constants. usq and uy, are the d-axis and g-axis field voltage
control inputs to be designed, respectively. P, is the initial value of mechanical pow-
er, and Cy is the assigned coefficient of high-pressure cylinder. Ty, is the equivalent
time constant of steam valve control systems. uqg is the steam-valving control input to

be designed. For convenience, let us define new state variables as follows: x; = § — 4.,
E! Voo sin(z1+3¢)— E, Vi sin 8¢ . .
Voo Sin(@1 x:; aeloe 0 | (sin(2(xy + 0,)) — sin 26,),

XdZ XqE
2X Xy
the state variables above we have the dynamlc model of the dual excitation and steam-
valving system of synchronous generators can be expressed as an affine nonlinear system
as follows:

x2:w—ws,x3:Pm—Pme,a}4:

E! Voo cos(x140e)—E/ Voo cos §
T5 = o (1X,) = ——= where m =

Subsequently, after differentiating
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where a = X%(d%’ @d = X)'<q§“' » by = (X;(Z';;%E)Voo, by = %V The region of

operation is deﬁned in the set D {re SXRxRxRxR|0 <z <F}. The open loop
operating equilibrium is denoted by z. = [0, 0, 0, 0, 0]7.
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For the sake of simplicity, the power system considering (2)-(3) can be expressed as
follows:

( j',l = T2,
. 1
To = M(Ig — DIQ — Ty — 1’5),
o = foa) + g (0) £, "
1= fala) + gualw) 71"
do
T5 = f5(x) + 953($)U—Z~
\ q

The following assumption and lemmas are established in order to satisfy these required
objectives above.

Assumption 2.1. All state variables x1,xo, x3, T4, x5 € R, are assumed to be measurable.

Lemma 2.1. [24] If the constants p > 1 and ¢ > 1 are such that (p —1)(q¢ — 1) =1, then
for all e > 0 and all (x,y) € R? we have

vy < Clap + L jyp. (5)
Tp qed

If choosing p = q = 2 and € = 2k, the inequality above becomes ry < ka? + Ly?.

Lemma 2.2. [25] The following inequality holds for any € > 0 and for any z € R
0<|] s (6)
2l — ——=<e
=T VAT e
Problem statement: This paper focuses on solving the stabilization problem for the
system (4). The primary goal is to design a state feedback controller, u(z), utilizing a
dynamic surface asymptotic control approach combined with a gravitational search al-
gorithm. The proposed controller aims to improve transient stability, regulate frequency,
and ensure that the overall closed-loop system (4) is asymptotically stable, with all sig-
nals in the closed-loop dynamics remaining bounded. In the following section, a design
procedure is presented that combines the dynamic surface asymptotic strategy with the
gravitational search algorithm to develop the desired nonlinear controller.

3. Controller Design and Stability Analysis. This section derives the control laws
required to stabilize the dual-excitation and steam-valving system of synchronous genera-
tors. The design process is structured into two subsections. The first subsection presents
the development of a dynamic surface asymptotic control law, which eliminates the need
for differentiating virtual control functions at each design step, simplifying implementa-
tion. The second subsection analyzes the closed-loop system’s behavior using Lyapunov
stability arguments, demonstrating that the proposed controller ensures both system sta-
bility and desired performance specifications.

3.1. Dynamic surface asymptotic control design. Following the idea reported in
[21], the proposed control procedure is developed step by step as follows.

Step 1: First, let us define the first error surface S; = x, the time derivative of S is
defined as

Sy = iy = o, (7)
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and then a Lyapunov function candidate is chosen as V; = %Sf Then the time derivative
of V; along the first subsystem in (2)-(3) becomes

“/1 = 51S1 = 51(1’2 — Xog + Tog — Q1 + 041) = 51(52 + e9 + Oél) (8)

where Sy = x5 —1x94 denotes the error surface and e; = 95—y is the boundary layer error.
In addition, let us introduce a state variable xo4 and let o pass through a first-order filter
with time constant 7 to obtain sy

(. o M2e
ToZoq + Taqg = Qg — 2 22 2 — 151, 224(0) = aq(0),
\/(MQGQ) + 02(t>
» o)
g = —= — 22 — 51,
To ~ 2
\/<M2€2> + 0'2(t)

where Mg denotes the estimation of My, which will be mentioned in the next subsection.
Additionally, o(t) is a positive, uniform continuous, and bounded function that satisfies
two conditions: limy_, fot o(r)dr < 01 < 400 and |6(t)] < 09 < 400 where gy and o9
are positive constants. We assume that «; is a virtual control variable corresponding to
the first subsystem of (2) to drive S; to zero:

ap = —c15%, (10)

where ¢; is a positive design constant.
Step 2: Let us consider the second surface as follows:

Sg = T9 — Toq- (11)

We choose the Lyapunov function candidate as Vo = %S% By calculating the derivative
of V5, we have

Vy = 5,5
_g [($3_$3d+$3d_a2+a2)_D$2_($4_$4d+$4d_a3+a3)
= 2
M
_($5—%d—i‘%d—044+044)_:l.7
Y 2d
:Sg {534—634—042—DSL’Q—(S4]—&€4—|—043)—(S5+€5—|—Oé4)_i,2d ’ (12>

where S; = x; — x4, j = 3,4,5 denote the error surfaces and e; = ;4 — a;_; are the
boundary layer errors. We choose the virtual control variables «;_; to drive S; — 0 as
follows:
M ) M ) Dxy
Qg = ?(_0252 + x2d), 3 = 0y = _?(_CQSQ + xgd) — T, (13)
where c; is a positive constant. Once again, let us consider a state variable x;4; therefore,
we pass «;_; through the first-order filters, with time constants 7; to obtain x;4.

G — €3 Mgeg Sg
3d — T — — —
T (e +o2) M
M? S
g = =2 — ECk 2 k=45, (14)

T\ (e + 020 M
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where Mj denotes the estimation of M;, which will be mentioned in the next subsection.
Step 3: Let us define the third, fourth, and fifth surface errors as S; = x; — xjq. Then,

the Lyapunov function candidate is chosen as V3 = 3 Z i3 ] The time derivative of V3
along the system trajectories turns into

Vs = S3(t5 — @3q) + Su(ds — T4q) + S5(T5 — T54)

=53 (f3(93) + 931(17)%%6 - i"sd) + S4 <f4(517) + gao(z );—Z - 954d)
55 (o) + ) 2 ). (15)

T
Thus, a suitable control law u(z) = [TCH TG, ;{d, ;’fq] is selected as follows:

C 1 M2 S.

il uGg = 353 f3($) - 368 -2 ) (16)
Thy 931( ) 73 ~ M

(M363> + 0'2(t)

U 1 e M2e S.
T_{d - —caSs — fa(z) — —— — +37 | (17)

do ga2() T4 - 2 ) M

(M4€4> +o0 (t)

U 1 e M2e S.
- — 585 — flz) — =2 - i 200 1m)
qu 953@)

where g31(z) # 0, gaa() # 0, gs3(x) # 0, c3, ¢4 and c5 are positive design parameters.

3.2. Stability analysis. In this subsection, the stability analysis for the presented sche-
me is investigated. The objective of this part is to indicate that all signals of the closed-
loop system are bounded. First, consider the time derivative of the surface errors S; and
the boundary layer errors e; as follows:

¢ . . 1 Ss — 84— S 1
51:—0151+52+62, SQZM (—0252+#+M(63_64—65)) s
53 = —c353, 54 = —454, 55 = —555,

Mz
é2:—%— 222 —S1—|—Bg(51),
2 ~
\/(M2€2> + 02(t>
. e M2e S,
632——3— 323 —M2+Bs <527€27M27 (t),o (t)> )
s \/(M3€3> + 02(t>
M?2 S A
ék:—j_—k— kzk "‘Mk"‘Bk <52,€2,M27U(t)75(t)> , k=45,
\ k \/(Mkek> —|—O'2<t)

(19)
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where Bs(-), Bs(+), B4(+), and Bs(+) are continuous functions defined as follows:

8061

By(-) = =iy = oz ¥ Ty
i)
. Oy . Oy . Oy » Oy,  Ooy_q,
Bi() = —cu_y = — _ _ Ny, =34
19 - 0rq . 0z 2 OM, 2 ey €2~ Jo(t) o (t), 34,5

(20)
Therefore, the main result of this work can be summarized in the following theorem.

Theorem 3.1. Under Assumption 2.1, we consider the closed-loop dynamics consisting of
the SMIB power system model (2)-(3), the control laws (16)-(18), and filters (9) and (14).
If there exists a set of suitable design parameters ¢; and 7; (i = 1,2,3,4,5, j = 2,3,4,5)
satisfymgélzcl—%>0, 62202—%—%>0, 63203—ﬁ>0, 64204—ﬁ>0,
Cs = C5 — ﬁ > 0, % > 0 such that all trajectories of the overall closed-loop dynamics are
bounded, and the surface error S; converges to zero asymptotically.

Proof: Let us define the following compact set: Q = {V(¢) < p} and o(t) and (t) are
bounded. Additionally, there exist positive constants M; such that |B;(-)| < M; on Q. It
is observed from (20) that the explicit values of M; are unknown, which can be estimated

by Mj, 7 =2,3,4,5. Let us define the Lynapunov function as

5 5 ~ro
:%<ng+z(eg+%>>, @1
i=1 j=2 J

where M; = M; — M;. The time derivative of V along trajectories (19) is as follows:

V= })ww§:G@ M?)

= Sl(—clSl + 52 —+ 62) — 0353 — 0452 — 05552

Sy — Sy — S 1
+ 59 <—C2S2+ * + M(es —64—65))

M2
ter| -2 - 2 — 81+ By()
? \/<M262) +O’2(t)
M3 S
teg | -2~ - — 22 4 By()

_€k . M,?ek SQ . Mij
+Zek p - > +M+Bk() Ziﬁj . (22)
k=4 \/(Mkek) —|—O'2(t) i=2

Fori=1,2,3,4,5,j =2,3,4,5and p > 0, the set Q := >7_ 1V+Z] 22<€?+A§_;)§p

is the compact set. According to the property of continuous function, we know that B;(-)
has a bound on €, such that |B;(-)| < M;, j = 2,3,4,5. Based on Lemma 2.1, we have
the following inequalities:
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Sz S2 1 S2 S2 1 S2 S2
SHET S eSS ortar TP S o Tar
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3755 S 93 * iy )

From the mequahtles above, one has
. 1 1 3 1 1
VS—<Cl—§>5%—<02—§—m)522—<03—m)532—<C4—m>5§

5 2 2.2 o
1 e’ Mze M. M.
—<Cs——)5§—z f— = + Mjlej| = ——| . (24)
J=2 ! \/(Mjej) +U2(t)
According to Lemma 2.2, it is straightforward to compute

r2 2
Mjej

N2
\/(Mjej) + 02(t>
Subsequently, one obtains V < — 37 5237 9y L\, (Mj — /8j|6j|) +4o(t).

j27—] j2ﬁ
2
J

After designing the update laws for M, as Mj = Bilej], we get V. < — 370 5% — Z] - ij

M;jlej| = Mjle;| + Mjle;| < +o(t) + Mjlej). (25)

+40(t). By integrating the expression above over [0, ], we have

V() < V(0 / (Z GS? + Z ) / o(t)dr < V(0) + 4o;. (26)

From (26), it implies that S;, e; and Mj are bounded. This means that by definition
i, 1 =1,2,3,4,5, aj_1, 7 = 2,3,4,5, and u are all bounded. This completes the proof.

It can be observed that the developed controller u(x) is a nonlinear function that is af-
fected by the choice of the control parameters: y = [c1, ¢2, €3, C4, C5, T2, T3, T4, T5, P2, B3,
B4, Bs]. The setting of these control parameters or gains is the topic of the next section.

Remark 3.1. The proposed control law avoids analytical differentiators, relying on gain
control, filter parameters, and nonlinear adaptive terms to reduce complexity. Key differ-
ences include (i) it is based on nonlinear control theory, independent of operating points,
and (i1) it mitigates complexity better than backstepping or immersion methods. Control
parameters are determined using the gravitational search algorithm, as detailed next.

4. Gravitational Search Algorithm (GSA) Optimization. The Gravitational Sear-
ch Algorithm (GSA) [22, 23] is an optimization method inspired by Newtonian gravity,
where agents represent solutions and interact as masses under gravitational forces. Heav-
ier masses, representing better solutions, attract lighter ones, guiding the search process
toward optimal solutions. The algorithm effectively balances exploration and exploitation
through a decaying gravitational constant and reduced agent interactions over time. GSA
consistently outperforms methods like Particle Swarm Optimization (PSO), Real Genetic
Algorithm (RGA), and Central Force Optimization (CFO) in various scenarios, demon-
strating faster convergence and superior results. Its simplicity and adaptability make it
particularly effective for solving complex, high-dimensional optimization problems. By
modeling optimization as a system where particles interact via gravitational forces, GSA
simulates the natural process of objects moving toward each other under gravity to identify
optimal solutions. In the power systems, the control parameters y must be simultaneously
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selected to ensure the closed-loop system achieves asymptotic stability and the all signals
remain bounded. The goal is to minimize a performance index, or objective function .J,
such as the Integral of Time-weighted Absolute Error (ITAE), by adjusting the control
gains. The problem is formulated as

T
J:/ 1216 — 0| + |w — wy|)dt, (27)
0

where T denotes the final simulation time. The ITAE is commonly used to evaluate control
systems, with a lower value indicating better performance (i.e., faster error reduction and
better system stability). The steps of the GSA algorithm are as follows.

1) Initialization: Define the optimization problem: Minimize the objective function J =
f(y)in (27), where y € R!3. Set parameters: number of agents N, maximum iterations
T, and gravitational constant G (initialized with a high value) and decay rate «.
Initialize agents: randomly generate N agents’ positions y; in the search space, and
initialize agents’ velocities v; = 0.

2) Fitness Calculation: Evaluate the fitness J = f(y;) for each agent i. Compute the

mass M; of each agent: M, = % where fhest and fyorst are the best and worst
M;

fitness values in the current population. Then, normalize the masses: m; = =x T

3) Gravitational Force Calculation: Compute the gravitational force Fj; exejrted on

agent i by agent j: Fj; = G - 7;’]27:2 (y; —yi), where R;; = ||y; — yil is the Euclidean

distance. € is a small constant to avoid division by zero. Compute the total force F;

acting on agent ¢ in all dimensions: F; = Z;VZI i Fij-

4) Acceleration and Velocity Update: Calculate the acceleration a; of each agent:
a; = f;— Update the velocity v; of each agent: v; = r - v; + a;, where r is a random
number in [0, 1]. Update the position y; of each agent: y; =y; + v;.

5) Gravitational Constant Update: Decrease the gravitational constant G over time:
G = Gy - e YT where Gy is the initial gravitational constant, « is a user-defined
decay rate, t is the current iteration, and 7T is the maximum number of iterations.

6) Termination: Repeat steps 2) to 5) until the maximum number of iterations 7" is
reached, or a stopping criterion is met (e.g., convergence). Return the best solution
Ybest and its fitness J = f(ypest)-

7) Conclusion: The GSA algorithm iteratively searches for the optimal values of the
thirteen controller parameters, enhancing the performance of the power system based
on the objective function defined at the beginning.

Remark 4.1. To configure the Gravitational Search Algorithm (GSA) (22, 23], start with
a high Gy for exploration, decreasing it exponentially to focus on exploitation. Use a
higher decay rate o for faster exploitation. Set N based on problem complexity — larger
N increases exploration but costs more, while smaller N risks premature convergence.
Randomly initialize positions y; and small or zero velocities v;. Use a small € to avoid
division by zero and normalize masses to prevent dominance. Add a randomness factor
r for exploration, and define stopping criteria (e.g., max iterations or fitness) while fine-
tuning parameters if needed.

Remark 4.2. As mentioned eariler in the Introduction section, traditional excitation
and steam-valving controls enhance transient stability but rely on single-excitation, limit-
ing flexibility and robustness. While combined excitation-steam-valving methods improve
stability using nonlinear techniques, they remain complex and focus on single-excitation
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approaches. Dual-excitation control offers greater flexibility, yet its integration with steam-
valving is underexplored, and existing nonlinear methods like sliding mode and 161 con-
trol suffer from complexity and sensitivity to parameter tuning. To address these gaps,
this study proposes a dual-excitation and steam-valving control strategy that independently
requlates d-axis and q-azis field voltages for improved stability. By integrating Dynam-
ic Surface Asymptotic Control (DSAC) with the Gravitational Search Algorithm (GSA),
the approach eliminates complexity explosion and enables automatic parameter tuning.
This enhances adaptability, reduces overshoot, dampens oscillations, and ensures robust-
ness against disturbances and parameter uncertainties more effectively than conventional
methods.

Remark 4.3. Control parameters are selected based on stability, performance, and ro-
bustness considerations. Gains are chosen to satisfy Lyapunov stability conditions, en-
suring global asymptotic stability, while ITAE minimization optimizes dynamic perfor-
mance by reducing overshoot, settling time, and steady-state error. To enhance robustness
against disturbances, gains are systematically tuned using the Gravitational Search Algo-
rithm (GSA), which automates selection for efficiency. The chosen gains impact system
behavior by ensuring global stability, balancing response speed to prevent excessive over-
shoot, and maintaining robust performance under varying conditions.

5. Simulation Results. In this section, simulation results are given to indicate the ef-
fectiveness of the developed strategy. The proposed controller is evaluated via simulations
of a Single-Machine Infinite Bus (SMIB) power system consisting of dual-excited and
steam-valving control as shown in Figure 1 [17]. The performance of the proposed control
scheme is evaluated and verified in computer simulation.

EZS X, Voo 20
JXT L Y7
J2Xp,
L YYD

G i

FIGURE 1. A single-line diagram of the SMIB model

The physical parameters (pu.) and initial conditions used for this power system model
are the same as those used in [17] as follows: (a) The parameters of dual-excitation and
steam-valving system and transmission line: wy = 2rf rad/s, D =5, H =5, f = 60 Hz,
Thy =10, Thy = 4, Vi = 1£0°, X, = 1.6, X!, = 0.38, Xy = 1.6, X}, = 0.23, Ty, = 0.4,
Xr = 0.13, X;, = 0.17, (b) Initial conditions 6, = 0.3445 rad, w = ws, Pp. = 1.2749,
E,. =1.0703, £, = 0.522.

Based on the guidelines in [22, 23] for GSA parameter selection, the search space consists
of 13 dimensions, with 30 agents (N) employed. The decay rate of the gravitational
constant («) is set to 20, while the initial gravitational constant (Gj) is initialized at
100. The optimization process is constrained to a maximum of 100 iterations (7"). The
admissible ranges for each controller gain are defined as follows: 10 < ¢; < 200, i =
1,2,3,4,5, 0.0001 < 7; < 0.01, and 0.01 < B; < 1000, j = 2,3,4,5. To minimize
the impact of random variations, multiple independent trials were conducted. The final
optimized controller values are determined as ¢; = 143.98, ¢co = 171.4172, c3 = 61.45,
¢y = 55.89, c5 = 113.66, 7o = 0.0021, 73 = 0.0068, 74 = 0.0080, 75 = 0.0039, [y = 562.45,
B3 = 147.96, B4 = 685.18, B5 = 629.51, o(t) = 0.1e7 %% and J = 0.0039.

This study investigates a symmetrical three-phase short circuit occurring at point P
on one of the two transmission lines, as depicted in Figure 1. The analysis is organized
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into the following stages: (i) the system operates in a steady state before the fault, (ii) a
symmetrical three-phase short circuit occurs at ¢t = 0.5 seconds, (iii) the fault is cleared
by opening the breaker on the affected line at ¢ = 1.0 seconds, (iv) the transmission line
is fully restored and fault-free at t = 1.5 seconds, and (v) the system reaches a steady
post-fault state.

The time domain simulations are carried out to investigate the system stability enhance-
ment and the dynamic performance of the designed controller, as given in (16)-(18), in the
system in the presence of external disturbances. The control performance of the proposed
controller is compared with that of the nonlinear controllers: backstepping controller [24]
and immersion and invariance controller [19].

The simulation results are presented and analyzed as follows. Time trajectories of the
power angle 9, frequency w, mechanical power P,,, and the d-axis and ¢-axis transient
internal voltages under the proposed controller and the other controllers are shown in Fig-
ures 2 and 3, respectively. Addltlonally, Figure 4 displays the time histories of the adaptive
parameters M2, M3, M4, and M. From these figures, it is evident that the proposed con-
troller successfully achieves the control objectives, even in the presence of a three-phase
fault. The results clearly demonstrate that the proposed controller outperforms the other
methods by demonstrating superior stability, quicker recovery, and minimal oscillations.
In contrast, backstepping and I&I controls exhibit significant oscillations and slower con-
vergence, with I&I performing the weakest overall. This highlights the robustness and
efficiency of the proposed control approach. Finally, Figure 4 highlights the time histories
of the adaptive parameters, further validating the controller’s effectiveness.
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FIGURE 2. Time responses of power angle (§) (rad), frequency (w — wy)
rad/s and mechanical input (P,,) (pu.)

Table 1 evaluates the performance of different control strategies using the ITAE (In-
tegral of Time-weighted Absolute Error) criterion. While the I&I control strategy shows
good performance, its ITAE value is higher than those of both the backstepping method
and the proposed approach. The proposed method outperforms the others in minimizing
the time-weighted error, highlighting its superior effectiveness in enhancing control system
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performance based on this metric. Additionally, Table 2 summarizes the performance of
different controllers under a three-phase short circuit disturbance.

3 T T
== Proposed control
— = .Backstepping control| |
--------- I&I control
05 L 1 1 1 1
0 0.5 1 15 2 25 3
2
A
15 P B
—~ Ha
=
Q, 1 i ,
S~—" s
= E \ ---------------------
K s _i i
0 1 1 1 1 1
0 0.5 1 1.5 2 25 3

Time [s]

FIGURE 3. Time responses of the g-axis transient internal voltage ()
(pu.) and the d-axis transient internal voltage (E;) (pu.)

%10

1 T T T
ol r_r_r ]
=
0 1 1 1 1
0 05 1 15 2 25 3
0.02- ! T T -
[l [ -
- N r__{_r
0 1 1 1 1
0 05 1 15 2 25 3
0.03 T T T
0.02f 4
‘E 0.01 ~
0 1 1 1 1
0 05 1 15 2 25 3
x10%
sF T T T T =
04 ]
(E 2k _
0 1 1 1 1
0 05 1 15 2 25 3
Time [s]

FIGURE 4. Time responses of adaptive parameters Mj, 71=2,3,4,5

TABLE 1. Performance criterion corresponding to the proposed method,
backstepping method, and immersion and invariance method

| Proposed control | Backstepping control | I&I control
ITAE | 0.0039 | 0.0064 | 0.0073
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TABLE 2. Comparison of power angle response characteristics for different
controllers under the three-phase short circuit disturbance

Control method | Peak overshoot (%) | Settling time (s)
Backstepping control 1.45 2.30
I&1 control 0.82 2.55
Proposed DSAC + GSA 0.28 1.52

From Table 2, it is evident that the proposed DSAC 4+ GSA approach significantly
reduces settling time while minimizing peak overshoot, indicating superior stability and
rapid oscillation attenuation.

In practical applications, achieving a perfectly accurate dynamic model of a system is
unattainable. Therefore, it is crucial to evaluate the robustness of the proposed controller
against variations in system parameters. One key parameter to consider is the inertia con-
stant H, which is inherently uncertain and difficult to determine precisely. To assess the
controller’s robustness, the inertia constant H was intentionally varied by £30% from its
nominal value. As illustrated in Figure 5, the proposed scheme continues to deliver stable
control performance despite these variations. This indicates that the designed controller
remains effective and reliable, demonstrating strong robustness to parameter uncertainty
in the system.
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FIGURE 5. Time responses of power angle (§) (rad), frequency (w — w;)
rad/s under parameter variations of the inertia constant H

The simulation results demonstrate that the proposed dynamic surface asymptotic con-
trol method, optimized with the Gravitational Search Algorithm (GSA), offers significant
advantages over backstepping and immersion and invariance methods in the SMIB power
system. (i) The control law effectively stabilizes the system under disturbances without
requiring analytical differentiation, unlike backstepping and immersion and invariance
methods. (ii) The proposed strategy ensures faster convergence of the closed-loop dy-
namics to the desired equilibrium point while exhibiting superior transient performance
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by rapidly suppressing oscillations across all time trajectories, even in the presence of
substantial disturbances.

6. Conclusion. This paper presents a dynamic surface asymptotic control strategy inte-
grated with Gravitational Search Algorithm (GSA) optimization for a dual excitation and
steam-valving system of synchronous generators. The proposed method aims to achieve
superior dynamic performance, enhance transient stability, and ensure effective frequency
regulation. To verify its effectiveness, simulations are conducted using a dynamic model of
the dual-excited and steam-valving system. The results reveal that the proposed control
approach significantly improves transient performance and surpasses backstepping and
immersion and invariance controllers. Comparative analyses highlight the controller’s ca-
pability to rapidly dampen system oscillations and stabilize the closed-loop dynamics.
Future research will focus on extending this approach to robust adaptive control designs
capable of handling disturbances.
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