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Abstract—This paper presents a robust linear-quadratic-
Gaussian/loop transfer recovery (LQG/LTR)-based coordinated
controller for excitation and turbine-governor control in a single-
machine infinite-bus (SMIB) system. The main goal of the
controller is to enhance the transient stability and robustness
of the SMIB system under large disturbances. The novelty
of the proposed approach lies in its systematic progression
from developing a physics-based, high-fidelity SMIB plant model
that incorporates a synchronous generator, transient and sub-
transient flux linkages, and turbine-governor dynamics for system
validation to designing a reduced-order control-design model of
the SMIB system for controller synthesis and stability analysis.
The LQG/LTR approach utilizes Jacobian linearization, optimal
control theory, and an enhanced Kalman filter, designed using the
LTR procedure and a detailed frequency-domain loop-shaping
analysis, alongside an iterative tuning and validation process
across reduced-order and high-fidelity models, to achieve a rea-
sonable balance between noise/disturbance rejection, robustness
recovery, nominal system performance, and stability margins
for the SMIB system. Rigorous simulations and comparative
studies of the LQG/LTR and three nonlinear controllers are
performed under different real-world operating scenarios, such
as a three-phase short-circuit fault at the generator terminal and
load variations. The simulation results for the high-fidelity SMIB
plant model show that the proposed LQG/LTR strategy exhibits
superior control performance compared to the three nonlinear
controllers in terms of transient stability, convergence rate, rotor
angle and frequency control, voltage regulation, and robustness
under process and measurement noises, model uncertainties,
severe faults, and load fluctuations.

Index Terms—High-fidelity plant model, Kalman filter,
LQG/LTR design, power system control, robust control, SMIB
system.

I. INTRODUCTION

HE modern power system, also known as the smart

grid, is a highly complex, widely interconnected, large-
scale nonlinear system. The stable and reliable operation of
power systems has become increasingly challenging with the
rapid integration of intermittent renewable energy sources like
solar panels and wind turbines, distributed generation, energy
storage systems, complex load profiles like plug-in electric
vehicles, and advanced communication technologies into the
smart grid. The overall stability of the power grid can be de-
composed into the following objectives: 1) automatic voltage
regulation (AVR) via excitation control; 2) rotor angle stability
and load frequency control (LFC) via turbine-governor control;
and 3) transient stability enhancement via coordinated control
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of the AVR and LFC loops in the event of severe faults,
external disturbances, and system overload. Addressing the
third objective through a coordinated control strategy that is
robust to uncertainties is the most challenging due to the
nonlinear and unmodeled dynamics, parametric variations, and
load fluctuations of large interconnected power systems. In
addition to multi-machine benchmark models like the IEEE
10-machine 39-bus New England test system [1], the single-
machine infinite-bus (SMIB) system is often used to develop
robust control strategies and conduct stability studies on the
power grid because it captures the essential dynamics of the
generator, turbine-governor system, and power network.

Many classical and advanced control strategies have been
developed so far for the effective control and stability en-
hancement of SMIB and multi-machine power systems. Power
system stabilizers have been widely used to enhance the power
system’s transient stability in response to minor disturbances
by adding damping via excitation control modulation [2].
Novel control approaches using sliding mode control (SMC)
[3]-[6] are used for the LFC design in power systems. The
control methods in [2]-[6] are based on reduced-order power
system models linearized around specific operating points.
Therefore, these linear control methods cannot provide ade-
quate damping and preserve transient stability over a wide
range of operating conditions, particularly when power sys-
tems experience severe disturbances like three-phase short-
circuit faults or sudden fluctuations in load demands. Also, the
control approaches in [2]-[6] are not validated on high-fidelity
plant models with uncertainties, which are closer reflections
of practical multi-machine power systems. Furthermore, the
control input chattering, saturation, and singularity problems
in SMC-based LFC approaches [3]-[6] make them unfeasible
for implementation on higher-order nonlinear power system
models.

Nonlinear controllers, conversely, are unaffected by op-
erating conditions and significantly enhance power system
stability and transient performance across a broad spectrum
of operating points, even amid severe disturbances or faults
[7]-[25]. The feedback linearization technique, which can be
broadly classified into three distinct forms, namely, direct
feedback linearization control (DFLC), partial feedback lin-
earization control (PFLC), and exact feedback linearization
control (EFLC), has been widely used to design excitation
controllers for SMIB and multi-machine power systems [7]-
[22]. The DFLC methods utilized in [7]-[11] require measur-
ing rotor angle, real and reactive power, real-time calculation
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of higher-order derivatives, and designing virtual control inputs
to cancel the system nonlinearities. This approach reduces
the controller’s robustness in the presence of measurement
noise and external perturbations. Several PFLC techniques for
SMIB and multi-machine power systems have been presented
to address the limitations of the DFLC [12]-[18]. In [12]-
[16], the synchronous generator’s speed is used for the PFLC
design, avoiding the challenges of rotor angle measurement
and differentiator design in the DFLC [7]-[11] and PFLC
procedures [17], [18]. The PFLC approach only partially
linearizes higher-order dynamics in detailed generator models
with many coupled differential equations. The remaining non-
linear dynamics, also known as the zero or internal dynamics,
are not asymptotically stable in higher-fidelity power system
models. Thus, employing the PFLC strategy to stabilize the
zero dynamics of SMIB and multi-machine power systems
with multiple interconnected generators is challenging due to
the increased complexity and interdependencies. The EFLC
method [19]-[22] minimizes the challenge of stabilizing the
unstable internal dynamics of SMIB and interconnected multi-
machine power systems, unlike PFLC-based approaches [12]-
[18]. However, the EFLC technique involves the measurement
of rotor angles of synchronous generators, which cannot be
directly measured using sensors. Furthermore, the DFLC,
PFLC, and EFLC schemes rely heavily on an accurate power
system model and a precise knowledge of system nonlinear-
ities. Consequently, these methods fail to achieve the desired
stability or transient response in the presence of parametric
variations in inertia, damping, transmission line reactance, and
transient characteristics under different operating conditions.
Additionally, they lack the robustness required to handle
unmodeled plant dynamics, severe faults, and uncertainties
effectively.

Adaptive and backstepping control techniques, including
robust adaptive backstepping [23], extended backstepping [24],
fractional-order SMC-based backstepping [25], and decen-
tralized adaptive optimal output regulation [26], have been
proposed to overcome the limitations of feedback lineariza-
tion techniques (DFLC, PFLC, and EFLC) and to stabilize
SMIB and multi-machine power systems. However, applying
advanced adaptive and backstepping control techniques to
power systems presents some challenges, such as parameter
estimation and identification problems under disturbances and
noise leading to incorrect adaptation and degraded control
performance and excitation of unmodeled dynamics or high-
frequency modes of the power system resulting in undesired
oscillations.

Motivated by the above discussion, this paper presents
a novel linear-quadratic-Gaussian/loop transfer recovery
(LQG/LTR) strategy for coordinated control of the SMIB
system’s AVR and LFC loops to improve the transient re-
sponse, stability, and robustness of the closed-loop system
under severe faults, load fluctuations, and uncertainties. The
proposed LQG/LTR technique achieves optimal control with
good post-fault voltage regulation, enhances the system’s
robustness and stability under model uncertainties and dis-
turbances, enables shaping of the loop transfer function for
improved control over the system’s frequency response, and

estimates the unmeasurable states of the SMIB system using an
enhanced Kalman filter. Ultimately, this study aims to develop
a systematic framework for robust linear controller design for
the SMIB system across diverse operating conditions that can
be adapted to different power system configurations, providing
greater control design flexibility.

Most controllers designed for SMIB and multi-machine
power systems either utilize the classical third-order one-axis
generator model for AVR via excitation control or simpli-
fied reduced-order power system models for LFC [2]-[13],
[15], [16], [19]-[21], [24]-[27]. Higher-order power system
models, including a two-axis fifth-order generator model in
[14], [23], [28], a sixth-order generator-turbine model in [17],
and a ninth-order SMIB system model with a seventh-order
generator and second-order hydraulic turbine in [18], are used
for controller design in some studies. We use first principles
to develop a high-fidelity ninth-order model of the SMIB
system, which comprises the synchronous generator, turbine,
governor, transient and sub-transient flux linkages, and exciter
system dynamics. This high-fidelity model serves as the plant
or validation model and is not used for the controller design.
We then present a fifth-order control-design model (CDM) of
the SMIB system, which comprises the third-order one-axis
generator model and a second-order turbine-governor model.
The reduced-order CDM captures the key aspects and essential
system dynamics of the high-fidelity plant model and is simple
enough for robust controller design and stability studies of the
SMIB system.

Next, to mitigate the drawbacks and enhance the robustness
of the proposed linear [2]-[6], [26] and nonlinear [7]-[25]
control strategies, we introduce a robust LQG/LTR control
technique [29] that has been employed to reduce inter-area
oscillations in multi-machine power systems [27], [28]. The
LQG/LTR method utilizes an enhanced Kalman filter to es-
timate the rotor angle, the g-axis voltage, and the remaining
unmeasurable states of the SMIB system. Since measuring the
rotor angle of the synchronous generator in an interconnected
multi-machine power system is challenging, we use the syn-
chronous generator’s speed, which can be directly measured
using speed sensors, along with the terminal generator voltage,
as outputs for the LQG/LTR controller design. Moreover, the
speed, which is directly related to the derivative of the rotor
angle, will provide more damping to the system when used
as output feedback, similar to PFLC-based approaches [12]-
[16]. The LQG/LTR technique employs covariance matrices
reflecting fictitious process and measurement noise intensities
as design parameters of the Kalman filter to account for
uncertainties, unmodeled dynamics, and external disturbances.
The Kalman filter gains are appropriately tuned using the
LTR procedure to recover the robustness features of the
full-state feedback linear quadratic regulator (LQR) at the
plant input while achieving a reasonable trade-off between
noise/disturbance rejection, closed-loop stability margin, and
nominal system performance. The LQG controller gains are
designed using optimal control theory to minimize the LQG
cost function and maintain the SMIB system’s closed-loop
stability. A rigorous frequency domain loop-shaping analysis
is used to fine-tune the gains of the proposed LQG/LTR
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controller, which employs the loop transfer functions of the
SMIB system’s fifth-order linear CDM.

Finally, the LQG/LTR controller is validated on the reduced-
order CDM and high-fidelity SMIB system plant models under
different operating conditions, including a three-phase short-
circuit fault at the generator terminal and variations in system
load. We perform a comprehensive comparative analysis of the
proposed LQG/LTR controller and three nonlinear controllers:
the EFLC [19]-[22], the integral-EFLC (IEFLC) [22], and
the PFLC [12]-[18], in terms of AVR, LFC, rotor angle
stability, transient response, steady-state error, and robustness
under various practical operating scenarios. We have chosen
the EFLC, IEFLC, and PFLC approaches for the comparative
study because they are the most widely used baseline nonlinear
controllers for SMIB and multi-machine power systems. The
extensive simulations and comparative studies demonstrate
that the proposed LQG/LTR controller outperforms the EFLC,
IEFLC, and PFLC approaches when validated on the high-
fidelity SMIB plant model under different operating condi-
tions. To the authors’ best knowledge, the control synthe-
sis methodology and comparative analysis of the proposed
LQG/LTR controller in this paper are yet to be presented for
the robust and optimal control of SMIB and multi-machine
power systems.

The main contributions of this paper are as follows:

1) We provide a framework for developing a practical,
empirical, and robust LQG/LTR controller for the SMIB
system using a high-fidelity ninth-order physics-based plant
model for validation and a fifth-order CDM of the SMIB
system for controller synthesis. This controller is independent
of the nonlinearities and unmodeled plant dynamics and can
be adapted to develop control algorithms for multi-machine
power systems and complex smart grids.

2) A detailed frequency domain loop-shaping design anal-
ysis of the LQG/LTR procedure, along with an iterative
tuning and validation process across reduced-order and high-
fidelity models, is performed to fine-tune the controller gains
and obtain a reasonable balance between noise/disturbance
rejection, robustness recovery, and stability margins for the
SMIB system.

3) Extensive simulations compare the proposed LQG/LTR
controller with three nonlinear controllers (EFLC, IEFLC, and
PFLC) in terms of AVR, LFC, transient response, convergence
rate, steady-state error, and robustness under different real-
world operating scenarios such as severe power system faults
and load variations.

II. HIGH-FIDELITY MODEL OF THE SMIB SYSTEM

In an interconnected power system, where a synchronous
generator powered by a turbine-governor system is connected
to a power grid, there are two control loops: the automatic
voltage regulator (AVR) loop and the load frequency control
(LFC) loop. The controllers are set for a particular operating
condition and accommodate changes in the load demand to
maintain the frequency and voltage magnitude within the
specified limits. Small changes in real power depend on
changes in the rotor angle § and thus the frequency w. The
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Fig. 1. Schematic of a synchronous generator [30].

reactive power depends on the voltage magnitude, i.e., the
generator excitation. The synchronous generator consists of the
following components: a) a stator with three-phase armature
windings that supply power to the grid, b) a hydraulic turbine-
driven rotor with an excitation field winding wrapped around
it, and c) two short-circuit damper windings to dampen the
rotor’s mechanical oscillations.

A schematic of a synchronous generator with the reference
directions is shown in Fig. 1 [30]. The armature winding,
which carries the load current I; and supplies power to the
grid, is placed in equidistant slots on the inner surface of
the stator and consists of three identical phase windings,
namely, aa’, bb’, and cc’. The direct current (DC) excitation
winding represented by F'F’ is wrapped around the rotor. The
two short-circuit damper windings represented by DD’ and
QQ' help to dampen the rotor’s mechanical oscillations. We
define v = [vg, U, Ve, —0F, —Up, —vg] T as the voltage vector
consisting of the three-phase terminal voltages (vq, Up, Uc),
the field winding voltage (vg), and the voltages of the two
damper windings (vp, vg). The corresponding current vector
is defined as i = [iq, %, ic, ir,ip,igQ)"

A synchronous generator connected to an infinite bus
through a transmission line with resistance R, and inductance
L. is illustrated in [2], [7], [9], [15], [18], [21]. An infinite
bus is an approximation of a large-scale interconnected power
system where the action of a single generator will not affect
the operation of the power grid. Additionally, a single-machine
infinite-bus (SMIB) system, which is frequently employed for
stability studies of multi-machine power systems, qualitatively
manifests the principal features of a large interconnected
power grid composed of numerous synchronous machines.

The electrical dynamics of the synchronous generator are
obtained by using Park’s transformation to transform variables
from the static abc frame to a synchronously rotating dq frame.
The infinite bus constraints are as follows [31]:

- e i o [ e [

Vg iq iq iq cos (0 — )

)
in which « is the load angle, V. is the infinite bus voltage,
and vy and v, are the voltages along the synchronously
rotating direct d-axis and quadrature g-axis in the dg frame,



ROBUST LQG/LTR-BASED COORDINATED CONTROL FOR A HIGH-FIDELITY MODEL OF THE SINGLE-MACHINE INFINITE-BUS SYSTEM 4

respectively. Similarly, 74 and 4, are the d- and g-axis currents
in the dq frame. Using (1), the electrical dynamics of a
synchronous generator connected to an infinite bus can be
written as follows:

(Ly+ L. kMp kMp 0 0 iq
—kMp —Lrp —Mg 0 0 ir
—kMp —Mpr —Lp 0 0 ip| =
0 0 0 Lg+L. kMgl |i,
| 0 0 0 —kMq  —Lg] lig
[ —r—R. 0 0 —w(Lg+ L) —wkMg] [iq
0 rr 0 0 0 iF
0 0 TD 0 0 iD
w(Lg+ Le) wkMp wkMp —r—R, 0 iq
L 0 0 0 0 T‘Q iQ
0 —sin (6 — )
(%l 0
— 0| =3V 0 :
0 cos (0 — )
0 0
2

in which vp is the excitation field voltage, k = \/QW is the
flux linkage constant, M is the mutual inductance between
the dd’ and FF’ windings, Mp is the mutual inductance
between the dd’ and DD’ windings, Mg is the mutual
inductance between the ¢¢' and QQ’ windings, Mg is the
mutual inductance between the F'F’ and DD’ windings, and
Lq, Lr, Lp, Ly, and Lg are the self-inductances of the dd’,
FF', DD, q¢', and QQ’ windings, respectively. Moreover,
r is the resistance of each of the three-phase stator windings
(ad’, DY, and cc’), and rp, rp, and r¢ are the resistances of
the FF', DD’, and Q@' windings, respectively. Note that all
the equations used to derive the high-fidelity model are in the
per-unit (p.u.) system.

Next, the swing equation gives the mechanical dynamics of
the synchronous generator in the p.u. system as follows [31]:

B (Ldidiq + kMFiFiq + kMDiDiq — Lqidiq)
3Tj
kMoigi 1 1
yEMeltq 1 p 4 Lt 3)
37; Tj Tj
§=w-— 1,

in which D is the damping constant, 7, is the mechanical
torque of the turbine, 7; = 2Hwpg, where H is the inertia
constant, and wp is the base/reference angular velocity.

The dynamics of the turbine-governor system are given next
[7]. The dynamics of the turbine in the p.u. system are

. 1 K
T = ——Tm + —Gv, @)
T T

in which Gy is the gate opening of the turbine, 7 is the time
constant of the turbine, and K is the gain of the turbine. The
dynamics of the governor in the p.u. system are

. 1 K G w

GV:—GV+(UT_) ®)
T RT

in which up is the turbine valve control, 7¢ is the time

constant of the speed governor, K is the gain of the speed

governor, and R is the regulation constant.

By combining the electrical and mechanical dynamics of the
synchronous generator given in (2) and (3) with the turbine-
governor dynamics described in (4) and (5), we obtain the
ninth-order high-fidelity model of the SMIB system in the
nonlinear state-space form as follows:

Iy=Fy1Ig+ Fiolp + Fizlp 4 Fiylw + Fislgw
+ Figsin(d — a) + G11Vr,
Ip = Forly+ Faolp + Fozlp + Foyl,w + FosIow
+ Fygsin(d — ) + Go1Vp,
Ip = F311q+ Faolp + Fy3lp + Faylyw + Fsslgw
+ F6sin(d — ) + Ga1Vp,
I, = Fuljw + Fiolpw + Fy3Ipw + Ful, + Fislg
+ Fyg cos(6 — a), (6)
Ig = Fs1lyw + Fsalpw + FszIpw + Fsul, + Fss1g
+ Fs6cos(d — ),
w = Fa1lgly + Feolply + Fs3lply + Fealglg + Fesw
+ FogTm,
b=w— 1,
T = Fs1Ty, + Fsa2Gy,
Gy = Foiw + FoaGy + Goour,

in which Fyj; = —Ldl(r + Re), Fio = kEMpyrp, Fi3 =
kEMpirp, Fra = —(Lq + Le)Lar, Fis = —kMgLa,
Fi¢ = VooLar, Gi1 = —kMp1, Fo1r = EMpi(r + R.),

Fyy = —Lpirp, Fo3 = —Mpgirp, Foy = kMp1(Lg + Le),
Fos = K*Mp1 Mg, Fog = —VekMp1, Go1 = Lp1, F3 =
EMpy(r + Re), Fsp = —Mpirp, F33 = —Lpirp, F34 =
kMp1(Ly + L.), F35 = k*Mp1Mg, Fss = —VekMpn,
G31 = Mpi1, Fs1 = Ly1(La + Le), Fag = kMpLgi, Fy3 =

ICMDqu, F44 = 7Lq1(’l" + Re), F45 = kMQlT’Q, F46 =
—Vooqu, Fs = —kMQl(Ld + Le), Fso = —kQMQlMF,
Fs3 = —k2 MQlMD, Fyy = kMQl(T—i-R ) Fys = —LerQ,
F56 = V k‘MQl, F61 = —*(Ld — L ) F62 = —*k‘MF,
Fg3 = **kMD, Fey = *kMQ, Fgs = **D Fg1 = lT
F82—T F91——TR ,F92——TG ng—g,Ldl—
%(MR LDLF) Lp = (M2 k2 — LD(Ld+L )) Lp =
%(M2k2 LF(Ld+L )) Mg, = (MDMRfLDMF)
Mp, = (MFMR - LFMD) MRl = ((Ld + L)Mp —
MDMFk),L = Lo 1o = ﬂ Mg = Yo,

n= (Ld+Le)M2 LDLF(Ld+L )+k2(LDM2+LFM2

2MpMpMEg), and v = —I{:QMQ + Lo(Le + Ly). In (6), the
state variables 4, i, ip, tg, %@, and the control input vp
have been converted to the corresponding root mean square
(RMS) quantities I4, I, Ip, I, IQ, and Vg, by substituting
%:Id,%ZIF,jT—ID,T—I T_IQ,and
L\/% = Vp. Let z = [Id7IF,ID7Iq7IQ7w 6, Tm,Gv]T be the
vector of state variables, u = [V, ur]T the vector of control
inputs, and y = [V;,w]T the vector of outputs; then (6) can be

written in the usual state-space form as follows:

&= F(z)+ G(x)u, y= H(xz), in which
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F(r) =
[ Fiiz1 + Fiaze + Fizzs + Flazaze + Fisvsze |
+ Figsin(z7 — )

Fo121 4+ Fasxo + Fozxs + Foawaxe + FosxsTs
+ Fog sin(x7 — a)

F3121 + F3ox9 + F33x3 + F34w476 + F357576
—+ F36 Sin(l’7 — a)

Fpxiwe + Fagwowe + Fyzwsxe + Faaxs + Fusxs
+ Fyg cos(z7 — )

Fsix126 + Froxowe + Fs3xsxe + Frawy + Fs525
+ Figcos(zr — )

Fs111204 + Foowory + Fozx3wy + Foar125 @)
+ Fgsxe + Fosxs
Teg — 1
Fgiag + Fgaxg
Fyr26 + Foaxg

Gx)=1] 0

o O oo oo

0 G92

In (7), z € R%, u € R?, and y € R2. Also, F(x): D — RY,
G(z) : D — R%*2 and H(x) : D — R%%? are sufficiently
smooth on a domain D C R®. Thus, the SMIB is a multiple-
input and multiple-output (MIMO) system with two inputs: the
excitation field voltage V7 and the turbine valve control ur,
ie., u = [ug,us]T = [V, ur]T, and two regulated outputs: the
generator terminal voltage V; and the angular frequency w, i.e.,

y = [y1,y2]T = [V, w]T. The generator terminal voltage V; is
computed as V; = /VZ + V:f, in which the RMS quantities
Vg and V, are

Va = y1uda + y12lr + y130p + y1alqw + y1slqw
+ y168in(d — ) + 411 Vr,

Vi = y21law + y22lpw + y23lpw + y2uly + y251g
+ y26 cos(d — @),

®)

where y11 = Re + LeFi1, y12 = LeFha, Y13 = LeF13, Y14 =
LeFia+ Le, y15 = LeFis, Y16 = LeFie — Vo, 111 = LG,
Y21 = LeFy1 — Le, Y22 = LeFug, Yoz = LeFys, yosa = Re +
LeFyy, yos5 = LeFys, and yog = Le Fyg 4+ Voo

The AVR control loop consists of the excitation field voltage
Vr as the control input to regulate the generator terminal
voltage V. Furthermore, the turbine valve control u; and
the turbine gate opening Gy work together to control the
mechanical power output P,, of the turbine-governor system
by modulating the fluid flow or gas intake via the regulated
opening of the turbine-governor system’s valves and gates.
Consequently, the LFC loop consists of the turbine-governor
control system to modulate the mechanical power output P,
and, thus, the frequency w of the shaft that drives the rotor of
the synchronous generator.

III. CONTROL-DESIGN MODEL OF THE SMIB SYSTEM

The high-fidelity model of the SMIB system considers the
load constraints, the excitation system, the mechanical torque

of the turbine-speed governor system, and various effects
introduced by the different rotor circuits, i.e., both field and
damper-winding effects in the system model. Thus, the com-
plete mathematical description of a large-scale multi-machine
power system, which consists of numerous synchronous gener-
ators connected to the grid, is exceedingly complex and chal-
lenging to model. Simplifications are used to derive a reduced-
order control-design model (CDM) of the SMIB system [30],
which is then used to build robust controllers and conduct
power grid stability studies. We now present a fifth-order CDM
of the SMIB system, which consists of the classical third-order
one-axis E(’J model of the synchronous generator [30], [31]
and a second-order turbine-governor model [7]. The classical
one-axis model of the generator ignores the damper winding
effects, the d- and g-axis sub-transient flux linkages, and the
d-axis transient flux linkage effects. This reduced-order CDM
captures the salient features and characteristics of the complex
high-fidelity SMIB system model while neglecting the less
significant effects. At the same time, the CDM is simple
enough for robust controller design and stability analysis of
multi-machine power systems. The system equations for the
nonlinear CDM are as follows:

E(’J = fllE(’J + fiacos(d — a) + fizsin(d — a)
+ 911 EFp,

W= fuE? + fooEjcos(6 — a) + fosE, sin(6 — )
+ faasin(d — @) cos(§ — ) + fas cos*(d — @)

9
+ fagsin® (8 — @) + forw + fosTim, ®
b=w-— 1,
T = fu1Tom + f12Gy,
Gv = fsiw + f52Gv + gssur,
in which
—(1+ &f) LoL1 Vi LoRy Vi
fii=——F—"—, fo=——, fiz=—7—,
Tdo M7y, M7y,
1
g = Ly=Lgy+Le, Ly=Lqg— L)), Ly =L+ L,
do
Ly=1L4— :iv Ml:(T+Re)2+( :1+Le)(Lq+L6)a
Lrp Ry L,L1Rq
Ry = Rea o= — = - )
LR T =g S <M17j MiT; )
R1 2L4L1R1 KG
= V007 =T 75
f22 <M1Tj Mlsz ) f51 TgRT
Ls  L,L,Ls L4R§) 1
= - - Vooa = T
f23 (Ml’l'j M%Tj M12Tj f52 TG
LyR}  LyLiL3\ 9 K¢
= _ _ v _ G
f24 <M127_j MIQTJ 0’ 955 o )
Fos = — LyLi R V2 Fos = LyL3R V2
25 — M127'] 9 26 — 1\4127_-7 )
D 1 1 K
for=—=, fas ==, fu=——, fia= —.
Tj Tj T TT

and E(’] is the g-axis voltage behind the transient reactance

L/, where L, = Ly — % The g-axis voltage F; cannot
be physically measured in a practical system. Let us define
the state variables as = = [Ej,w,d, T, Gv]T, and the two
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control inputs as u = [u1, us]T = [Erp,ur]T. Thus, (9) can
be written in the usual state-space form as follows:
= f(z)+ g(x)u, y=h(x), in which
f(z) =
[ f11.231 + f12 COS(Jfg — Oé) + f13 Sin(l‘g — Oé)
[f2127 + faowy cos(z3 — @) + fozzy sin(zz — a)
+fogsin(zz — ) cos(x3 — a) + fa5 cos? (w3 — )
+ fog sin®(z3 — @) + for@a + fosza]
T — 1
fawa + faows
fs172 + fs2ms5

(10)

gi1

g(x) =

o O oo

0
0
0
0 gs5

In (10), z € R®, u € R?, and Yy € R2. Thus, the reduced-
order CDM of the SMIB is a MIMO system with two inputs:
the excitation field electromagnetic force (EMF) Erp and
the turbine valve control ur, and two outputs: the generator
terminal voltage V; and the angular frequency w. The generator

terminal voltage V; is computed as V; = |/ V2 + V.2, in which
Va and V;, are computed as follows:
Vi = Va1 E, + Vgz cos(d — a) + Vag sin(d — ),
Vo =V E, + Vg cos(d — a) + Vygsin(d — a) + EY,
in which
Vi — L,(r+ R.)
A RP A (Lt L) (L + L)
Vi — VooLg(r + Re)
©T 4 R+ (L + L)Ly + L)
VooLg(LY + Le)
Vd3 = — 7 )
(r+Re)?+ (L) + Le)(Lg + Le) an
V- L)) (Ly+ L)
4T (r+ R <L’+L>< Lc)’
v Vi Ly(Ly + Le)
q27(T+R)2 (L/+L (Lq+Le)
Ve — Voo L (r + R.)
PP R? (L + Le)(Ly + Le)

IV. RoBUST LQG/LTR CONTROL

The DFLC [7]-[11], EFLC [19]-[22], and PFLC [17],
[18] methods require the measurement of rotor angles § of
synchronous generators, along with other measurable and
quantifiable variables for controller design. However, rotor
angles of synchronous generators cannot be directly measured,
and sensor-based techniques often introduce noise and inac-
curacies. Additionally, sensors are expensive and difficult to
operate, making real-time rotor angle measurement impractical
in multi-machine power systems. To overcome the above
problem, we use the synchronous generator’s speed or angular
velocity w, which can be directly measured using speed
sensors, as the system output for the controller design [12]-
[16]. Also, the angular velocity, which is directly related to

the derivative of the rotor angle, will provide more damping
to the system when used as output feedback. To accomplish
this goal, we propose a robust LQG/LTR control technique that
uses an enhanced Kalman filter to estimate the rotor angle and
the remaining unmeasurable states of the SMIB system. The
LQG/LTR is a robust linear control approach developed by
Doyle [29] that uses an appropriately designed Kalman filter
to recover the robustness features of the full-state feedback
LQR at the plant input. We now present the LQG/LTR design
strategy for the SMIB system.

+ Framework for robust LQG/LTR controller design

The flowchart in Fig. 2 illustrates a step-by-step iterative
process for developing and validating a robust LQG/LTR
controller for a detailed model of the SMIB system, while
Fig. 3 displays its block diagram. The novelty of the proposed
LQG/LTR strategy lies in its systematic approach to designing
and validating a robust controller for a complex power system,
moving from a detailed model to a simplified one and then
back to the detailed model for final validation. The SMIB
system (plant) includes the governor, turbine, synchronous
generator, and power grid or infinite bus. The LTR/LQG
controller uses a Kalman filter to estimate unmeasurable states
in conjunction with LQR control, resulting in optimal per-
formance. Additionally, the LTR technique improves robust-
ness by shaping the controller’s frequency response, ensuring
the controller maintains stability margins under process and
measurement noises, uncertainties, model mismatches, and
disturbances. The framework systematically progresses from
developing a high-fidelity nonlinear model to designing a
reduced-order CDM, allowing for practical controller synthesis
while capturing essential system dynamics and ensuring the
controller is robust and computationally efficient.

Furthermore, the gain scheduling strategy automatically
adjusts controller gains based on varying operating conditions
and can enhance the controller’s effective range, thereby
improving adaptability to real-world power system variations.
This study does not consider enhancing the LQG/LTR method
using the gain scheduling mechanism. The iterative tuning
and validation process across reduced-order and high-fidelity
models ensures optimal performance by balancing robustness,
disturbance rejection, and system stability. As illustrated in
the step-by-step flowchart in Fig. 2 and the detailed block
diagram in Fig. 3, this integrated approach provides a compre-
hensive framework for designing high-performance, resilient
controllers for SMIB and multi-machine power systems.

o Step 1: Linearization of the SMIB system model

The SMIB system’s reduced-order CDM (10) is linearized
around a nominal operating point (xg, ug) via the Jacobian
linearization approach. The operating condition, which is a
steady-state equilibrium of the system, is attained by the
system after all the transients die out or decay to zero.
The equilibrium point (zg, up) is computed by solving the
differential equation & = f(x0) 4+ g(xo)ug = 0. The reduced-
order linearized model of the SMIB system can be written as

follows:
T = Ax + Bu + dy + vq,

(12)
y=Cx+ Du+ds + vo,
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r\

SMIB system model that includes the synchronous

Step 7: Re-tune and validate the LQG/LTR

Step 1: Apply the first principles to develop a high-fidelity<

generator, turbine, governor, transient and sub-transient
flux linkages, and exciter system dynamics.

Step 2: Develop a simplified CDM of the SMIB

controller on the high-fidelity SMIB system model.

V]

system that captures the main features of the
high-fidelity model and is simple enough for

Step 6: Tune and validate the LQG/LTR
controller on the reduced-order SMIB CDM.

robust controller design and stability studies.

Step 3a: Linearize the SMIB CDM around
the nominal operating condition using the
Jacobian linearization approach.

)
it

Step 5: Analyze and tune the LQG/LTR controller through a detailed frequency
domain analysis using the transfer functions of the plant and controller. The
stability margins of the closed-loop system are computed for different control
parameter values, and the controller is fine-tuned to obtain a reasonable trade-
off between noise/disturbance rejection and robustness recovery.

in

<

Step 3b: The SMIB CDM can be linearized
around some key operating power system
conditions to obtain multiple linear SMIB CDMs.

)

Step 4: Design the Kalman filter and LQG controller using the loop transfer
recovery procedure for the SMIB CDM. The gain scheduling approach can be used
to boost the LQG/LTR controller's operating range and robustness by automatically
adjusting the controller gains under various SMIB system operating conditions.

Fig. 2. Framework for robust LQG/LTR controller design for a detailed model of the SMIB system.

in which z € R® = [AE], Aw, Ad, AT,,, AGy]", the control
input u € R? [AEpp, Aug]t, the output y € R? =
[AV;, Aw]T, the system matrices A € R5*®, B € R®%2,
C € R?%5 and D € R?2%2, where A is the deviation from the
nominal operating condition, i.e., AE,’J = Eg — [10, Aw =
w —wop, Ab = (5—50, ATm = Tm —Tmo, AGV = GV —Gvo,
AEFD = EFD _EFDO! and AUT = utT —UuUTQ- MOI‘COVCI‘, dl
and ds represent power system faults, external disturbances,
and sudden load fluctuations. Furthermore, v; and v, are
fictitious process and sensor noise inputs employed as design
parameters to improve the LQG/LTR controller’s robustness
in the presence of external disturbances, uncertainties, and
plant/model mismatch. In Section V, a three-phase short-
circuit fault at the generator terminal, changes in mechanical
power input to the generator, and an increase in the machine
loading are some of the case studies used to validate the
robustness of the LQG/LTR controller in the presence of severe
power system faults and disturbances represented by d; and
ds. In (12), the system matrices (A, B, C, D) around the
operating point (zg, ug) are

fir O g—ﬁ 0 0]
S far B ps 0 g 0
0 0
A=lo0o 1 0o 0 0|, B=|0 0/,
0 0
0 0 0 f41 f42 0 955
L0 fs1 O 0 frol
0o T, 00 |00
¢= 01 0 O O] » D= {O 0} ’
) (13)
in which gf: > g—ﬁ, and % are computed at the operating

point x, where
fi(z) = fiiz1 + fizcos(zs — a) + fizsin(zs — a),

fa(x) = far2] + faow1 cos(z3 — a) + fass
+ foszysin(xs — a) + fogsin(zs — ) cos(xzs — @)

+ fas cos® (x5 — @) + fagsin® (w3 — @) + farwz,

Vao Vao Vo
Ty = (1L, + 2Oy, 4 L0
! <Vto d1+‘/§eo q1+V20 ’
V, V.,
T = <dOVd3 cos(do — @) — Dy, sin(do — @)
Vio Vio
Va0 . Va0
— —V,9sin(d, — —V, 3(0 — ) |.
Vi sin( a) + Vo a3 cos( a)

o Step 2: Kalman filter and LQG controller design using
loop transfer recovery

Intensive simulations revealed the incapability of the Luen-
berger observer and the LQG controller to reliably estimate
the states of the SMIB system’s reduced-order CDM. Also,
the Luenberger observer-based LQR and LQG controllers are
not robust to variations in the operating conditions, unmod-
eled internal dynamics, uncertainties, and mismatch between
the reduced-order CDM and the high-fidelity model of the
SMIB system. To address this issue and boost the observer’s
robustness, we developed a robust LQG controller in which the
Kalman filter gains are tuned using the loop transfer recovery
(LTR) procedure. A gain adjustment design procedure in the
time domain, analogous to loop shaping in the frequency
domain, is used to adjust the gains of the Kalman filter [27],
[29]. This gain adjustment procedure asymptotically achieves
the same loop transfer function as a full-state feedback LQR
controller while improving the observer’s robustness. The
Kalman filter is configured to restore the full-state feedback
LQR robustness features at the plant input. The Kalman filter
provides estimates of the rotor angle ¢ and the g-axis voltage
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Power System Faults, Sudden Load
Fluctuations, and External Disturbances

(dy, dz)l

1
: SMiB (Plant) Generator State Variables |
| 1
" ﬂ)Gain : VF )S h (IdrIF: ID: Iq:IQ» w, 6)) i
[}
Ug N B G JTurbine Tm énecner?;[gt:s »|Power Grid orM@
! Infinite Bus | | Measured
' Turbine-Governor State Variables (T, Gy) 1 Outputs
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i x| Desired state variable LTR/LQG Controller vy, vz)l :
! values for the SMIB CDM :
1 Y :
. u_ [ LQR |_(E'¢®8,TwGy) |Kalman Filter with| (V,w) | Processand Sensor |
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:Clontrol Control State variable Loop Shaping with Noises Model Mismatch :
i Input estimation for the + ;
! SMIB CDM u .
1
1

Fig. 3. Schematic of the proposed LTR/LQG control scheme for a detailed model of the SMIB system.

E«; of the SMIB system that cannot be easily measured using
sensors. The Kalman filter that produces an estimate of the
state, Z, is of the form

=A%+ Bu+ H(y — 9),
j=Cz, H(q)=¥(q)CTVy !,

in which H(q) is the Kalman filter gain parameterized as

a function of a scalar variable ¢, and ¥(q) is the unique

symmetric positive semi-definite solution of the following
algebraic matrix Riccati equation

AW (q) + W (q) AT + Vi(q) — ¥ (q)CTVy ' CW(q) = 0. (15)

The covariance matrices Vi(q) € R®>*5 and Vo € R?*2,
which represent the process and measurement noise intensities
associated with the signals v, and v9, respectively, are regarded
as design parameters of the Kalman filter. The fictitious noise
signals v; and vy are introduced to take into account the
uncertainties, unmodeled dynamics, and differences between
the reduced-order CDM and the actual plant of the SMIB
system. We select V3 (q) = Vil (q) > 0and Vo = V5L > 0 with

(A, V2 (q)) being stabilizable and (C, A) being observable.
The design parameter V;(q) is chosen as follows:

Vi(q) = Vio + ¢*BV BT, (16)

in which Vi € R®*®. The diagonal matrices V1o and V5
represent noise intensities appropriate for the nominal high-
fidelity SMIB plant model (7), and V € R?*2 is a positive
definite symmetric matrix. The observer gain for ¢ 0
corresponds to the nominal Kalman filter gain H(0). By
substituting (16) into (15) and dividing (15) by g%, we get

q

(14)

4
@AT

4 Y(q
W (q)CTV; IO q(z)

4+ BVBT
(17)

=0.

We know that ( ) 5 0as q — oo whenever the transfer func-
tion C(sI — A)~! B has no right half-plane zeros. Therefore,
as ¢ — oo, the gains are seen from (17) to satisfy

( )CT‘/Q lc ( )
(18)
ie., ()‘;22() — BVBT.

H(q)

Solutions of (18) are of the form — BV%(VQ%)’l, in
wkiich V3 is the square root of V, i.e., (V%)TV% =V, and
V,? is the square root of V. The above solution is a special
case of the ideal Kalman filter gain selection Ha) _, BN
as ¢ — oo for any non-singular matrix N. For the ideal
Kalman filter gain scenario, the loop transfer functions for
the LQG/LTR and full-state feedback controllers are identi-
cal if the Kalman filter dynamics satisfy H(q)[I + C(sI —
A)"1H(q)]7! = B[C(sI — A)~1B]~! for all values of the
complex variable s [29].

After designing the Kalman filter with the LTR approach,
the LQG controller u [AErp, Aur|t is designed next
with optimal control theory using the LQR technique. The
separation principle allows us to design the LQG controller
gain K independent of the Kalman filter formulation H(q).
The LQG problem is to obtain an optimal control law w(t)
that minimizes the following cost function:

{/OT(:L'T(t)Q:L'(t) +ul
(19)

in which Q@ = Q7 € R%*5 > 0 is a symmetric positive semi-
definite weighting matrix, and R = RT € R?>*? > (0 is a
symmetric positive definite weighting matrix. The matrices @
and R are diagonal matrices with weights appropriately chosen

1
— lim =
J 1mT

— 0

(t)Ru(t))dt
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for all the state variables and control inputs to obtain the
desired system response. The LQG control law is u = —KZ,
in which K = R~'BT P, where P is the unique symmetric
positive semi-definite solution of the algebraic matrix Riccati
equation ATP + PA— PBR™'BTP + Q = 0, with (A, B)
being controllable and (@, A) being observable.

o Step 3: Closed-loop stability

Augmenting the SMIB system model (12) with the Kalman
filter dynamics (14), and substituting u = — K& in equations
(12) and (14), we can write the closed-loop dynamics of the
SMIB system as follows:

z| A —BK x U1
M - [H(q)C A- BKH(q)C’] M + {H(q)m]
(20)

The LQG/LTR controller with ©« = — K & and the Kalman filter
gain H(q) designed using the LTR procedure asymptotically
stabilizes the SMIB system model (12) if the closed-loop sys-
tem dynamics matrix in (20) is Hurwitz, i.e., the eigenvalues of
the control (A — BK) and observer (A — H(q)C) matrices are
in the left half s-plane. Since the pair (A, B) is controllable
and the pair (C, A) is observable, stability of the closed-loop
dynamics (20) can be ensured by appropriately designing the
control (A — BK) and observer (A — H(q)C) matrices.

To maintain the system’s closed-loop stability at every
point of the LTR-based Kalman filter adjustment trajectory
H(q) with limiting characteristics corresponding to the ideal
Kalman filter gain @ — BN, extra care should be taken
while formulating a stable (A — H(q)C) observer dynamics
to recover the required robustness at the plant input. The
LQG/LTR is a virtual design procedure that uses fictitious
noise inputs to represent uncertainties and unmodeled plant
dynamics to recover the full-state robustness of minimum
phase systems asymptotically at the plant input. At ¢ = 0,
the Kalman filter will be optimal for the nominally linearized
SMIB system (12) with the system noise signals v; and vy
known and modeled precisely. Theoretically, as the value of ¢
increases, the noise rejection ability of the filter decreases, but
the closed-loop stability margin of the system increases [29],
reaching its maximum at ¢ = oo. Nevertheless, simulations
confirm that, for large values of ¢, the LQG/LTR controller
application to the high-fidelity SMIB plant model (7) leads to
instability, as a practical implementation only achieves partial
recovery. A full recovery at high values of ¢ will deteriorate
the nominal performance of the system and render the system
unstable. Thus, the choice of ¢ is critical, and it cannot be
arbitrarily selected to a large value when applying this design
adjustment procedure to the actual plant. Furthermore, the
LQG/LTR design technique is appropriate for robust SMIB
system control since the open-loop SMIB system is square,
minimum phase, controllable, and observable. To achieve a
reasonable trade-off between the noise/disturbance rejection,
closed-loop stability margin, and nominal performance of the
system, the scalar ¢ is appropriately tuned by a detailed
frequency domain analysis presented next.

o Step 4: Frequency response analysis

The LQG/LTR controller design is analyzed through fre-
quency domain analysis using the linearized MIMO SMIB

system model (12). The transfer function of the plant or the
SMIB system (12) between the control inputs [AErp, Aur|t
and outputs [AV;, Aw]T is

Nii(s) Nia(s
Np(s) = {ngs; szgsg

In (21), N11 (S), N12 (8), N21 (S), and N22 (8) are the individual
5 -order transfer functions between the two control inputs and

two outputs, respectively, and take the following polynomial
form:

] =C(sI - A)7'B. (1)

N18* 4+ 1283 + 1382 +mus 415

Nu(s) = 85 + 18t + 7283 + 7352 + Y45+ 95
Nya(s) = 015 — 0 ’
8% + y18% + Y283 + 9382 + Y48 + 5
Nou(s) = —(A18% 4+ Xas? + A3s)
8% + y15% + Y983 + 382 + Y45 + 5
Nao(s) = Gt G

s5 + 718t + 7283 + 9382 + a5 + 5
in which 91, 72, 93, N4s N5, Y15 V25 Y3 Y2 V5s 015 b2, Ar,
A2, A3, (3, and (o are positive coefficients dependent on the
operating conditions of the SMIB system.

Similarly, the LQG/LTR controller gain for the MIMO
system can be written in the transfer function form as follows:

Kii(s) Kia(s
Ke(s) = {KMQ K2255§:|

= K(sI — A+ BK + H(q)C)"'H(q).

In (22), K11(s), K12(s), Ka1(s), and Kaa(s) are the 5!"-order
LQG/LTR controller transfer functions and take the following
polynomial form:

(22)

I€184 + /@253 + 5352 + K48 + K5

Ki(s) = 85+ 18t 46983 4 €352 + 45+ €5
Koals) = ;(ms‘* - P25 - ¢35 + da5 + 95)
§2 4 €18+ €98° +€358° + €45+ €5
Ko (s) = ;%84 - o5 -3“/}3822+¢48 + 5 ’
82 + £18% +€98° +€38° + €48+ €5
Ko(s) = £15% + €083 4 €352 + &45 + &5

85 e84 46983 4 €352 + 45 + €5

in which K1, K2, K3, K4, K5, €1, €2, €3, &4, €5, d)l, ¢2, ¢3,
Gas P55 U1, Y2, VY3, Ya, V5, €15 §2, &3, &4, and &5 are positive
coefficients dependent on the gains of the LQG/LTR controller
with ¢ = 9.0005 finely tuned for the reduced-order CDM of
the SMIB system (10).

The resulting loop transfer function (LTF) of the feedback
system is

Hire(s) = Ke(Nets) = [fn) )]
in which
Hiy(s) = K11(s)N11(s) + K12(s)Nai (s),
Hia(s) = K11(s)Ni2(s) + Ki2(s) Naa(s), 24)
Ha1(s) = K21(s)N11(s) + Ka2(s)Na1(s),
Haz(s) = Ka1(8)N12(s) + Ka2(s)Naa(s),
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(01818 + 0957 + 03510 + 04515 + 058 + 06513 + 07512 + g5t + 0950 + 7908”

Hyi(s) =

+0118% + 01287 + 01385 + 0148° + 0158 + 0165% + 71752 + 0185 + 019)

(S2O+p1819 +p2818+p3817+p4816+p5815+p6814+p7813+p8812 +p9811 +p10$10

; (25)

+p1187 + p128° + p13s” + p14s® + p158° + p1est + 175> + p1ss® + pros + P20)
— (0180 + 99515 + 9381 + 04813 + 95512 + st + 97510 4 ¥gs? + g8

+0108" + 9118% 4+ V128° + V138t + 9148% + V1582 + Y165 + V17)

ng(S) =

(520 1 1519 + past® + p3s'7 + pasi® + pssi® + pesit + prstS + pgsi2 + posil + piosi?

; (26)

+p118” + p128° + p13s” + p1as® + p15s® + p1ss* + p175° + p1ss? + pros + pao)
(15" o174 03510 4 04815+ psst b 653+ prs'? - pgst! b g5+ p10s?

+0118% + 01287 + 0138% + 0148° + Y155* + 165° + Y175% — Y185 — P19)

H21(S) =

(520+p1819 +p2818+p3817+p4816+p5815+p6814+p7513+p8812 +p9511 +,010810

; 27)

+p1187 + p128° + p13sT + p1a4s® + p158° + p1est + p178° + p1ss? + p19s + p2o)
(B15'6 + Bas'® + B3st + 848" + B5st? + Bes't + Brs'V + Bss® + Bys®

Haa(s) =

+B108" + B115% + B125° + Brzs? + Bras® + Biss® + Pies — Pir)

(820+p1819 +p2818+p3817+p4816+p5815+p6814+p7813+p8812 +p9811 +p10$10

; (28)

+,01189 + P1288 + ,01387 + P1486 + /)1585 + P1684 + P1783 + P1852 + p19S + p20)

are 20*"-order individual LTFs of the MIMO system as given

in equations (25), (26), (27), and (28) in the standard poly-
nomial form. The coefficients (o1,---,019), (P1,-* , P20)s
(1, -+ ,Y17), (@1, ,19), and (B1,- -+, B17) in equations
(29), (26), (27), and (28) are positive constants mathematically
computed using the relations given in equation (24). Con-
versely, the LQG/LTR controller design based on the linearized
version of the high-fidelity SMIB system model (7) will
result in 9*"-order LQG/LTR controller transfer functions and
exponentially higher-order LTFs, which will further increase
the complexity of the closed-loop system. The problem is
even more challenging when multiple LQG/LTR controllers
are designed for interconnected multi-machine power sys-
tems. Thus, the LQG/LTR design based on the reduced-order
linearized CDM (12) of the SMIB system is justified. For
maximum robustness recovery of the system at the plant
input, the Kalman filter gain H(q) should be designed such
that Hyrr(s) satisfies qin;c Kc(s)Np(s) = K(sI — A)~'B,
which corlresponds to the ideal Kalman filter gain H(q) =
gBVE (V)"

Figs. 4 and 5 show Bode and Nyquist diagrams of the LTFs
H11(s) and Hao(s) for g =0, 9.0005, 100, and the ideal Kalman
filter gain H(q) using the LQR/LTR design procedure. The
tuning parameters of the Kalman filter are chosen as Vig =
Isxs5, V = Izx9, and Vo = I545. The LQG controller gain
K is designed using the LQR technique (19) such that the
closed-loop system dynamics matrix in (20) is Hurwitz. Table
I documents the gain margins (GMs) (dB) and phase margins
(PMs) (deg) of the LTFs Hii(s) and Hso(s) for various g
parameter values depicted in the respective Bode and Nyquist
diagrams. Figures 4, 5, and Table I demonstrate that for the
LTF Hi:(s), the GMs are infinite for the ideal H(q), ¢ = 0,
and 9.0005; the GM is very low (0.0684 dB) for ¢ = 100;
and the PMs range from 69 — 78 degrees. Also, for the LTF
Hjs(s), the GM of 45.195 dB for ¢ = 9.0005 is significantly
higher than the GMs for other ¢ values, and the PMs are

infinite for ¢ = 0 and 9.0005. We choose ¢ = 9.0005 for the
LQG/LTR controller built for the reduced-order CDM (10)
to obtain a reasonable compromise between noise/disturbance
rejection and robustness recovery within the frequency range
of interest. Also, from the Bode plots in Fig. 4, we can see
that at higher frequencies, the plots for ¢ = 9.0005 and the
ideal H(q) converge or move at similar roll-off rates. The
Nyquist diagrams of the LTFs Hy1(s) (top), Has(s) (middle),
and Hoo(s) zoomed version (bottom) in Fig. 5 show that the
Nyquist contours for ¢ = 0, 9.0005, and the ideal H(q) do
not encircle the —1 4 50 point. However, the Nyquist contours
for ¢ = 100 encircle the —1 + j0 point once. Since the open-
loop SMIB system (12) is stable, from the Nyquist stability
criteria, we can conclude that the closed-loop SMIB system
corresponding to the LTFs H;1(s) and Hs(s) is unstable for
q = 100. Thus, we can reaffirm that the closed-loop SMIB
system becomes unstable, and the margins approach zero for
large values of q. The frequency response analyses of the LTFs
Hi5(s) and Ho(s) are excluded for brevity.

TABLE 1
FREQUENCY DOMAIN ANALYSIS FOR VARIOUS ¢ PARAMETER VALUES.

LQG/LTR GM PM GM PM

Design (dB) (deg) (dB) (deg)
Hu(s) Hll(s) H22(8) HQQ(S)

q=20 o0 75.616 8.347 o0

q = 9.0005 00 71.793 45.195 )

q =100 0.0684 77.533 0.4622 69.475

Ideal H(q) o0 69.501 3.561 36.046

o Step 5: The correlation between the field voltage Vi
and excitation field EMF Erp control inputs

We now provide a mechanism for applying the proposed

LQG/LTR controller, designed based on the reduced-order

CDM of the SMIB system (10), to the high-fidelity model (7)

of the SMIB system. We thus establish the interconnection

between the control inputs Vr and Erp for the high-fidelity
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Fig. 4. Bode plots (magnitude and phase responses) of the transfer functions
H11(s) (top) and Ha2(s) (bottom) for various g parameter values.

model and the reduced-order CDM, respectively. One of the
distinguishing features of the proposed controller includes the
correlation between the control inputs for the two models
and its practicality on SMIB models of varying complexities.
For the reduced-order CDM (10), the two control inputs are
u = [Epp,ur]t, whereas for the high-fidelity model (7),
u = [Vp,ur|T is the vector of control inputs. Thus, the
proposed LQG/LTR controller cannot be directly applied to
the high-fidelity model since the control inputs Vy and Erp
are distinct. The field voltage, V, is related to the excitation
field EMF, Erp, by the following expression:

TF
Vi = ——— | Erp.
F (kaMF> FD

V. SIMULATION AND COMPARISON

(29)

To evaluate the performance of the proposed LQG/LTR
control approach, we first consider the following case study:
e Case 1: A three-phase short-circuit fault at the generator
terminal for the reduced-order SMIB CDM (10)
Next, the performance of the LQG/LTR controller is compared
with three nonlinear controllers: the exact feedback lineariza-
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Fig. 5. Nyquist diagrams of the transfer functions H11(s) (top), Ha22(s)
(middle), and Ha2(s) zoomed version (bottom) for various ¢ parameter values.

tion control (EFLC) [19]-[22], the integral exact feedback
linearization control (IEFLC) [22], and the partial feedback
linearization control (PFLC) [12]-[18], on the reduced-order
CDM of the SMIB system (10) under different scenarios
through the following two case studies:

o Case 2: Nominal operating condition (Operating Point I)
for the SMIB CDM

o Case 3: Changes in mechanical power input to the gen-
erator for the SMIB CDM

The EFLC technique used for the comparison in this
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manuscript employs the rotor angle § and the turbine torque
T, as the system outputs. In [21], an observer-based EFLC
approach is presented for excitation controller design in an
interconnected power system. The IEFLC method [22] en-
hances the EFLC strategy with integral action on the generator
and turbine-governor subsystems to reduce the steady-state
error. The PFLC approach used for the comparison in this
article utilizes the speed w and the turbine torque 7, as the
system outputs. The PFLC method is employed as the baseline
controller in several SMIB and multi-machine power system
studies [12]-[18]. It is important to note that the EFLC [19]-
[21] and PFLC [12]-[17] approaches reported in the literature
do not use the turbine torque 7T}, as the second output since
they do not consider the turbine-governor dynamics.

Finally, the following two operating scenarios are used
to assess the effectiveness of the suggested LQG/LTR and
nonlinear controllers on the high-fidelity model of the SMIB
system (7), which is regarded as the plant model:

o Case 4: Nominal operating condition (Operating Point I)
for the high-fidelity SMIB plant model

o Case 5: Increase in the machine loading (Operating Point
II) for the high-fidelity SMIB plant model

The ratings and parameters of the synchronous generator
used in this study are given in Example 4.1 of [31]. The
parameters of the high-fidelity SMIB power system model in
the p.u. system are: Ly = 1.70, Lr = 1.65, Lp = 1.605,
L, = 164, Lo = 1526, kMpr = 155, kMp = 1.55,
Mp = 1.55, kMg = 1.49, r = 0.001096, rr = 0.000742,
rp = 0.0131, rqo = 0.0540, H = 2.37 s, R. = 0.02,
L. =04, D =0, wg = 37699 rad, K =1, Kg = 1,
7 = 05, 7¢ = 0.2, Ry = 20, k = \/3/2, L, = 0.245,
Tho = 5.9, 7, = 4.74, Voo = 1, and « = 3.5598°. Similarly,
the parameters of the reduced-order SMIB system model in
the p.u. system are: Vy; = —0.0249, Vo = 0.0249, Vi3 =
—0.8037, V1 = —0.3797, Vg = 0.3797, Viz = 0.0037,
f11 = —0.5517, f12 = 0.3822, f13 = 0.0037, fo1 = —0.0101,
fa2 = 0.0171, fo3 = —0.3269, fou = 0.2235, fo5 = —0.0069,
fae = 0.0022, for = 0, fag = 0.2110, fy1 = —2, fao = 2,
fs1 = —0.2500, fs2 = =5, gi1 = 0.1695, and gs55 = 5.
To ensure realistic control inputs for a practical SMIB power
system, the physical limits of the excitation field voltage of
the generator are Erppmax = 5 p.u. and Eppmin = —5 p.u.,
which match the physical limits of the IEEE Type II and IEEE
Type AC4A excitation systems [14], [23]. Also, the physical
limits of the turbine valve gate opening are Gy max = 1.2 p.u.
and Gymin = 0 p.u.

The steady-state operating conditions of the SMIB sys-
tem depend on the parameters of the synchronous genera-
tor, turbine-governor system, transmission line, and machine
loading. The two different operating conditions at which the
controllers are validated on the high-fidelity SMIB plant model
for case studies 4 and 5 are given in Table II [31]. At
these operating conditions, the EFLC, IEFLC, PFLC, and
LQG/LTR control methods are thoroughly compared in terms
of performance. The nonlinear and LQG/LTR controllers are
constructed using the reduced-order nonlinear CDM (10) and
the linear CDM (12) linearized about the nominal operating

TABLE 11
OPERATING POINTS OF THE SMIB SYSTEM

Variables ~ Nominal Operating Increase in the
(p-u.) Condition Machine Loading
(Operating Point I)  (Operating Point II)
Tao -0.9185 -1.4281
Iro 1.6315 2.37786
Ipo —4.6204 x 10~ 0
Iq0 0.4047 0.37472
Igo 5.9539 x 107° 0
wo 1.0 1.0
do 1.0 0.88676
Tmo 1.0012 1.34899
Gvo 1.0012 1.34899
Va0 0.9670 1.2575
Vo -0.6628 -0.6130
Vio 1.17233 1.39899
Ia0 1.0037 1.4764
Voo 1.0 1.0
o 3.5598° 3.5598°
E(’IO 1.1925 1.6078
Tho 5.90 5.90
P 1.0 1.3466
cos ¢ 0.85 0.652

condition (Operating Point I), respectively. At Operating Point
I, the machine loading or the real power P generated by the
synchronous generator is 1.0 p.u. at 0.85 lagging power factor
(cos ¢) conditions. The real power P = V1, cos ¢ produced
by the synchronous generator increases to 1.3466 p.u. as the
power factor (cos ¢) decreases to 0.652 with an increase in the
machine loading at Operating Point II. Furthermore, the stator
current I,o = 1.0037 p.u. of the synchronous generator at
Operating Point I increases to 1.4764 p.u. at Operating Point II
when the load on the synchronous generator is increased. Thus,
the operating conditions are varied by varying the machine
loading, i.e., by increasing or decreasing the load on the
generator.

o Case 1: A three-phase short-circuit fault at the gen-
erator terminal for the SMIB CDM

In this case study, the most severe fault in power systems
is considered, i.e., a three-phase short-circuit fault is applied
at the terminal of the synchronous generator. The following
fault sequence is considered to evaluate the performance of
the proposed LQG/LTR controller:

o The three-phase short-circuit fault occurs at ¢ = 50 s.
o The fault is cleared at ¢ = 50.2 s.

Figs. 6 and 7 show the system response plots for this case
study. During the faulted period from ¢ = 50 s to ¢ = 50.2
s, the generator does not supply any power, and thus, the
terminal voltage V, is zero, as seen in Fig. 6 (top). For the
LQG/LTR controller, the terminal voltage V; returns to its pre-
fault steady-state value after the fault clears at ¢ = 50.2 s.
The synchronous generator operates at a synchronous speed
or angular velocity w of 1 p.u. during the pre-fault normal
operating condition, i.e., until ¢ = 50 s, as seen in Fig. 6
(middle). However, the speed exhibits some undershoots and
overshoots for the LQG/LTR controller when the fault occurs
at t = 50 s and after it clears at ¢ = 50.2 s. The rotor
angle ¢ displays similar characteristics, as shown in Fig. 6
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Fig. 6. Terminal voltage V; (top), speed w (middle), and rotor angle &
(bottom) response plots for the LQG/LTR controller applied to the reduced-
order SMIB CDM when a three-phase short-circuit fault is applied at the
generator terminal.

(bottom). For better resolution of the impact of the fault on
V4, it is not on the same time scale as w and ¢ in Fig. 6.
Fig. 7 shows magnified plots of the excitation field EMF
Erp (top) and turbine valve control ur (bottom) for the
LQG/LTR controller. When the fault occurs at ¢ = 50 s, the
LQG/LTR controller reaches the maximum physical limit (£5
p.u.) of the generator’s excitation field EMF Erp and then
returns to its pre-fault steady-state value. Also, the turbine
valve control ur exhibits high-frequency oscillations for the
LQG/LTR technique around the time intervals when the fault
is initiated and cleared.

The LQG/LTR technique stabilizes the SMIB system in the
presence of a three-phase short-circuit fault at the generator
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Fig. 7. Excitation field EMF Erp (top) and turbine valve control up

(bottom) magnified response plots for the LQG/LTR controller applied to the
reduced-order SMIB CDM when a three-phase short-circuit fault is applied
at the generator terminal.

terminal, with oscillations in the terminal voltage V;, speed w,
and rotor angle § responses before they settle to their post-
fault steady-state values, respectively. Utilizing the speed w
as the system output for the Kalman filter and LQG/LTR
controller design provides more damping into the system
compared to the DFLC [7]-[11], EFLC [19]-[22], and IEFLC
[22] nonlinear strategies. Therefore, the LQG/LTR controller
can ensure transient stability of the speed w and rotor angle §
and attain post-fault steady-state terminal voltage V; within a
few seconds of the faults. The simulation findings for Case
1 demonstrate that the LQG/LTR method can achieve and
maintain the transient stability of the system during a severe
power system fault.

o Case 2: Nominal operating condition (Operating Point
I) for the SMIB CDM

The LQG/LTR, EFLC, IEFLC, and PFLC control tech-
niques are next validated on the reduced-order SMIB CDM
(10) at the nominal operating condition. Fig. 8 shows the sys-
tem response plots for the controllers applied to the reduced-
order SMIB CDM at Operating Point I. The simulation results
show that for the LQG/LTR, EFLC, and IEFLC controllers,
the outputs V4, w, d, and T, achieve their desired steady-
state values of 1.17233, 1.0, 1.0, and 1.0012 p.u., respec-
tively. Whereas, for the PFLC strategy, which only partially
linearizes the reduced-order SMIB CDM, a steady-state error
is observed in the terminal voltage V; and rotor angle 9, while
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Fig. 8. System response plots (Vz, w, 6, Ty, Erp, ur) for the EFLC, IEFLC, PFLC, and LQG/LTR controllers applied to the reduced-order SMIB CDM

at Operating Point 1.

the speed w and turbine torque T,, settle to their desired
steady-state values. The steady-state equilibrium of the control
inputs, Frp(ss) and up(ss), can be calculated analytically by
substituting the steady-state equilibrium values of the state
variables x at Operating Point I in the differential equation,
& = f(x) + g(x)u = 0, and solving for the control inputs. A
closer inspection of Fig. 8 indicates that the control inputs,
Erp and ur, settle to their desired steady-state values of
2.529 p.u. and 1.0512 p.u., respectively, which conforms with
the analytical results. The EFLC and PFLC approaches yield
fewer oscillations and smaller peak overshoots of the outputs
Vi, w, 6, and T, compared to the IEFLC and LQG/LTR
controllers. The EFLC outperforms the other controllers in this
case study as it precisely linearizes the reduced-order SMIB
CDM using the rotor angle § as the system output for the
nonlinear coordinate transformation. Furthermore, the EFLC,
IEFLC, and PFLC controllers hit the maximum physical limit
(£5 p.u.) of the generator’s excitation field EMF Erp. In
contrast, the LQG/LTR excitation field EMF Erp remains
well within the physical limits.

o Case 3: Changes in mechanical power input to the
generator for the SMIB CDM

The generator’s output power varies with the system load,
which in turn affects the mechanical power input to the
generator through the turbine governor action, adjusting the
power output to match the load precisely. The mechanical
power input to the generator P,,, which is the turbine’s output,

is numerically equal to the mechanical torque output of the
turbine 7, in the p.u. system. In this case study, P, is held
constant at a value of 1 p.u., which is close to the nominal
operating condition (Operating Point 1), till ¢ = 25 s. The
mechanical power input to the generator P, is increased by
10 percent from 1 p.u. to 1.1 p.u. for 25 s, i.e., from ¢ = 25
s to t = 50 s. Next, P, is lowered back to 1 p.u. for 25 s,
i.e., from ¢t = 50 s to t = 75 s. Finally, P,, is reduced by 10
percent from 1 p.u. to 0.9 p.u. for 25 s, i.e., from ¢t =75 s to
t = 100 s. This case study can be summarized as follows in
the p.u. system:

1, 0s<t<25s,

1.1, 25s<t<50s,
1, 50 s <t <75 s,
0.9, 75s<t<100s.

(30)

Figs. 9 and 10 show the system response plots for this case
study. Fig. 9 (top) shows the terminal voltage V; response
to variations in the mechanical power input P,, for the
LQG/LTR, EFLC, IEFLC, and PFLC controllers. The plots
show that the EFLC, IEFLC, and PFLC controllers undergo
step changes in the terminal voltage V; and settle to new
operating points when the mechanical power input P, is
increased (t = 25 s to t = 50 s) or decreased (t = 75 s
to t = 100 s) from its nominal operating value of 1 p.u.
Moreover, the PFLC technique exhibits a steady-state error
or an offset in the terminal voltage V;. However, the terminal
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Fig. 9. Terminal voltage V; (top), speed w (middle), and rotor angle
& (bottom) response plots for the EFLC, IEFLC, PFLC, and LQG/LTR
controllers applied to the reduced-order SMIB CDM when the mechanical
power input to the generator is changed.

voltage V; for the LQG/LTR approach remains stable after a
brief transient period in response to changes in P,,. It settles
back near its nominal steady-state operating point. The speed
w response plots in Fig. 9 (middle) for the four controllers
reveal that the speed exhibits more undershoots and overshoots
before settling to its nominal operating value of 1 p.u. for
the LQG/LTR controller than the EFLC, IEFLC, and PFLC
methods when P,, is changed from its nominal operating
value. Fig. 9 (bottom) shows that the rotor angle ¢ for the
LQG/LTR strategy experiences step changes and settles to
new operating points when the mechanical power input P,,
is varied from its nominal operating value. However, the rotor
angle § remains stable at its original steady-state equilibrium
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Fig. 10. Excitation field EMF Erp (top) and turbine valve control up (bot-
tom) response plots for the EFLC, IEFLC, PFLC, and LQG/LTR controllers
applied to the reduced-order SMIB CDM when the mechanical power input
to the generator is changed.

point for the EFLC and IEFLC techniques. Moreover, the
PFLC technique exhibits a steady-state error in the rotor angle
J.

The three controllers’ distinct system outputs can explain
the step deviations in terminal voltage V; for the EFLC,
IEFLC, and PFLC techniques and the step changes in rotor
angle 6 for the LQG/LTR approach. The LQG/LTR method-
ology utilizes V; and w as the outputs and their associated
reference values. In contrast, the EFLC and IEFLC techniques
use § and 75, and the PFLC approach uses w and 7T}, as the
outputs and their corresponding reference values, respectively.
Furthermore, the generator’s output power will increase or
decrease as P, rises or falls for the LQG/LTR method. As
the load remains constant, the surplus or deficiency between
the power generated and the load will be satisfied by increasing
or reducing the speed of the rotating mass of the generator,
resulting in the rotor angle § stepping up or down and settling
to a higher or lower equilibrium point for the LQG/LTR
approach. The step changes in terminal voltage V; to new
operating points as P, increases or decreases for the EFLC,
IEFLC, and PFLC can be explained similarly.

Fig. 10 shows plots of the excitation field EMF Erp (top)
and turbine valve control ur (bottom) for the four controllers
when the mechanical power input to the generator is changed.
These figures illustrate that the IEFLC technique exhibits the
largest step changes and deviations from the nominal operating
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Fig. 11. System response plots (V4, w, 6, Tyn, Vr, ur) for the EFLC, IEFLC, PFLC, and LQG/LTR controllers applied to the high-fidelity SMIB power

system plant model at Operating Point I.

condition for the control inputs in response to changes in
the mechanical power input, followed by the PFLC and
EFLC approaches and finally, the LQG/LTR strategy in the
decreasing order of fluctuations.

o Case 4: Nominal operating condition (Operating Point
I) for the high-fidelity SMIB plant model

o Case 5: Increase in the machine loading (Operating
Point II) for the high-fidelity SMIB plant model

The four controllers’ performances are validated and
compared on a high-fidelity SMIB power system plant
model at Operating Points I and II in case studies 4 and 5,
respectively. The gains of the suggested controllers tuned for
the reduced-order CDM are re-tuned for optimal performance
on the high-fidelity plant model. Moreover, the respective
controller gains are unchanged for both Operating Points I
and II, except for the PFLC controller. The PFLC gains tuned
for Operating Point I had to be re-tuned for Operating Point
II to avoid loss of stability and increase the robustness of the
PFLC. The LQG/LTR controller gains for the high-fidelity
plant model are selected as follows: ¢ = 5.25, Vig = I5xs,

V = Isx9, Vo = 0.651542, and the controller gain matrix K =
87.3944 —216.768 —60.795 —13.435 —0.0618

—1.8244  98.065 17.7303 42.1399 85.8027 |
Next, after exact linearization of the SMIB CDM, the EFLC

controller gains are designed using the LQR technique
to obtain Kg [0.09129 0.42015 0.92121] and
Kr [0.09129 0.43693}, in which Ks and Kp are
the controller gains for the decoupled generator and

turbine-governor  subsystems, respectively. Furthermore,
after integral augmentation of the decoupled generator
and turbine-governor subsystems, the IEFLC controller
gains derived using the LQR technique are as follows:
Kg [0.00733 0.06795 0.36864 0.00039J and
Kr [0.01077 0.14674 0.00039], in which K¢ and
Kr are the controller gains for the augmented generator
and turbine-governor subsystems, respectively. Finally, after
partial linearization of the SMIB CDM, the PFLC controller
gain matrix is designed using the LQR technique to obtain

K _ [B00 59161 0.00 0007 o Lo
= 10.00 000 500 59161 perating
0.006455 0.1138 ~ 0.00 0.00

I and K 0.00

0.006455 0.1138} At
Operating Point II.

0.00

Figs. 11 and 12 show the system response plots for the
EFLC, IEFLC, PFLC, and LQG/LTR controllers applied to
the high-fidelity SMIB power system plant model at Operat-
ing Points I and II, respectively. Also, Table III shows the
qualitative and quantitative comparison of the transient and
steady-state responses of the control strategies at Operating
Points I and II. Figs. 11 and 12 show that V;, w, J, and
T, oscillate about their respective steady-state values at the
two operating conditions for the four controllers, in which the
oscillations decay with time. A closer examination of Fig. 11
shows that the generator terminal voltage V; oscillates about
a steady-state value of 1.17113, 1.17, 1.17328, and 1.17246
p-u. for the EFLC, IEFLC, PFLC, and LQG/LTR controllers,
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Fig. 12. System response plots (V4, w, 6, Tyn, Vr, ur) for the EFLC, IEFLC, PFLC, and LQG/LTR controllers applied to the high-fidelity SMIB power

system plant model at Operating Point II.

TABLE 11
TRANSIENT AND STEADY-STATE RESPONSE OF DIFFERENT CONTROLLERS AT OPERATING POINTS (OP) I AND II

Control Transient Convergence Steady-State Error Steady-State Error
Strategy Response Rate at Operating Point I at Operating Point II
Terminal Rotor Terminal Rotor
Voltage Vi  Angle §  Voltage Vi  Angle §
EFLC Good Medium 0.00120 ~0 0.00129 0.00076
IEFLC Fair Slow 0.00233 ~0 0.00194 0.00684
PFLC Better (OP I) Fast 0.00095 0 0.00513 0.01708
Fair (OP 1I) Slowest
LQG/LTR Best Fastest 0.00013 0 0.00401 0.00854

respectively, which deviates from the desired steady-state value
of 1.17233 p.u. at Operating Point I. Similarly, a closer
view of Fig. 12 depicts that the generator terminal voltage
V; oscillates about a steady-state value of 1.3977, 1.39705,
1.40412, and 1.403 p.u. for the EFLC, IEFLC, PFLC, and
LQG/LTR controllers, respectively, which deviates from the
desired steady-state value of 1.39899 p.u. at Operating Point II.
The angular velocity w attains its desired steady-state value of
1.0 p.u. at both operating points for the LQG/LTR controller.
Moreover, the rotor angle ¢ settles to its desired steady-state
value of 1.0 p.u. at Operating Point I for the LQG/LTR and
PFLC controllers. However, oscillations in w and ¢ about 1.0
p-u. at Operating Point I are seen for the EFLC and IEFLC
controllers. Increasing the load on the synchronous generator
to 1.3466 p.u. at Operating Point II results in a steady-state
error in the rotor angle § for all four controllers, as shown
in Table III. A closer look at Fig. 12 reveals that the rotor

angle 0 oscillates about a steady-state value of 0.886, 0.8936,
0.86968, and 0.8953 p.u. for the EFLC, IEFLC, PFLC, and
LQG/LTR controllers, respectively, which deviates from the
desired steady-state value of 0.88676 p.u. at Operating Point II.
The generator excitation voltage Vr settles to its steady-state
values of 0.00121 p.u. and 0.00176 p.u. at Operating Points
I and II, respectively, for the LQG/LTR controller. However,
oscillations in V are observed at Operating Points I and II
for the EFLC, IEFLC, and PFLC controllers. The mechanical
torque T, and the turbine valve control up settle to their
steady-state values of 1.0012 p.u. and 1.0512 p.u., respectively,
at Operating Point I for the four controllers, whereas small
oscillations about the steady-state values are observed for all
four controllers as the machine loading increases at Operating
Point II. The IEFLC exhibits the highest overshoots and
undershoots in 7, and ur at both operating conditions.

The simulation results for case studies 4 and 5 reveal that
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the LQG/LTR controller exhibits substantially less oscillatory
behavior and faster convergence rates than the EFLC, IEFLC,
and PFLC control approaches, in which the oscillations persist
for longer periods with higher amplitudes. For the PFLC tech-
nique, the oscillations at Operating Point II are significantly
higher than those at Operating Point I, even though the con-
troller is re-tuned at Operating Point II for better performance
and stability. We also verified through simulations that the
PFLC goes unstable at Operating Point II if the gains of
Operating Point I are used without fine-tuning. The validation
results highlight the limitations of the PFLC methods [12]—
[18] in terms of robustness and transient stability enhancement
under different operating scenarios and load variations. The
IEFLC controller exhibits the highest oscillatory behavior,
followed by the EFLC and PFLC approaches in descending
order at Operating Point I. Moreover, the PFLC controller
manifests the highest oscillations, followed by the IEFLC
and EFLC strategies in decreasing order at Operating Point
II. Furthermore, the generator terminal voltage V; exhibits
fewer oscillations than the angular velocity w and rotor angle
0, as depicted in Figs. 11 and 12. The LQG/LTR technique
outperforms the EFLC [19]-[22], IEFLC [22], and PFLC [12]-
[18] strategies in stabilizing the angular velocity w and rotor
angle § under different operating conditions.

The qualitative comparative analysis of the controllers’ tran-
sient responses is summarized in Table III, based on the find-
ings of case studies 4 and 5. Furthermore, Table III indicates
that the steady-state error of the terminal voltage V; is lowest
for the LQG/LTR controller, followed by the PFLC and EFLC
in ascending order, and highest for the IEFLC at Operating
Point I. However, the steady-state errors of the terminal voltage
V; and rotor angle ¢ are highest for the PFLC controller, fol-
lowed by the LQG/LTR and IEFLC in descending order, and
lowest for the EFLC method at Operating Point II. The EFLC,
IEFLC, and PFLC controllers perform less effectively when
applied to the high-fidelity plant model since the nonlinear
control techniques are model-based and necessitate accurate
knowledge of system nonlinearities while also being sensitive
to noise and disturbances. Additionally, the plant model differs
from the reduced-order CDM utilized for the controller design.
Consequently, the EFLC, IEFLC, and PFLC controllers do
not effectively negate the nonlinearities and coupling between
the electrical and mechanical dynamics in the SMIB plant
model. In contrast, the LQG/LTR technique demonstrates su-
perior robustness over various operating conditions, including
severe power system faults and load fluctuations. Moreover,
the LQG/LTR approach remains unaffected by the mismatch
between the reduced-order CDM and the high-fidelity plant
model. Overall, the performance of the LQG/LTR controller is
comparable to that of the full-state LQR under various SMIB
system operating conditions, achieving sufficient robustness
recovery at the plant input as the LQG/LTR controller’s loop
transfer function converges towards the full-state LQR loop
transfer function. The parameter ¢, Kalman filter gain H(q),
and covariance matrices of the LQG/LTR controller can be
finely tuned to balance robustness and closed-loop stability
margins effectively.

VI. CONCLUSION

This study presents a systematic framework for designing
and validating a robust LQG/LTR controller for an SMIB
system by utilizing a high-fidelity plant model for valida-
tion and a reduced-order CDM for controller synthesis. The
LQG/LTR controller employs an enhanced Kalman filter with
loop shaping to estimate the rotor angle, g-axis voltage,
and other unmeasurable SMIB system states alongside LQR
control for optimal closed-loop performance. The Kalman
filter gains are tuned using the LTR procedure combined
with a comprehensive frequency domain analysis to recover
the robustness features of the full-state feedback LQR at the
plant input while achieving a reasonable balance between
noise/disturbance rejection, closed-loop stability margin, and
nominal system performance. Finally, the LQG/LTR controller
is validated against the reduced-order CDM and high-fidelity
SMIB system plant models under various operating conditions,
including a three-phase short-circuit fault at the generator
terminal and variations in system load. A thorough compara-
tive analysis of the proposed LQG/LTR controller and three
nonlinear controllers, EFLC, IEFLC, and PFLC, is conducted
regarding stability, transient response, steady-state error, and
robustness across different practical operating scenarios.

The simulation findings demonstrate that the proposed
LQG/LTR controller provides superior transient response,
faster convergence rates, and better control of rotor angle and
speed than the EFLC, IEFLC, and PFLC control approaches.
Additionally, the LQG/LTR technique enhances robustness
by shaping the controller’s frequency response, ensuring im-
proved transient stability with guaranteed stability margins
under process and measurement noises, severe faults, model
mismatches, disturbances, and system overload while remain-
ing simple and computationally efficient. The gain scheduling
approach can expand the LQG/LTR controller’s operating
range and robustness by automatically adjusting the controller
gains under different SMIB system operating scenarios. Future
work will apply the LQG/LTR controller, enhanced by the
gain scheduling mechanism, to multi-machine power systems,
such as the IEEE benchmark 10-machine 39-bus New England
test system, under severe faults, including a three-phase short-
circuit fault at the generator terminal and the tripping of one
of the multi-machine power system’s transmission lines.

REFERENCES

[1] C. Canizares et al., “Benchmark models for the analysis and control of
small-signal oscillatory dynamics in power systems,” IEEE Transactions
on Power Systems, vol. 32, no. 1, pp. 715-722, Jan. 2017.

[2] G. Gurrala and I. Sen, “Power system stabilizers design for interconnected
power systems,” IEEE Transactions on Power Systems, vol. 25, no. 2, pp.
1042-1051, May 2010.

[3] Z. Deng and C. Xu, “Frequency regulation of power systems with a wind
farm by sliding-mode-based design,” IEEE/CAA Journal of Automatica
Sinica, vol. 9, no. 11, pp. 1980-1989, Nov. 2022.

[4] K. Liao and Y. Xu, “A robust load frequency control scheme for power
systems based on second-order sliding mode and extended disturbance
observer,” IEEE Transactions on Industrial Informatics, vol. 14, no. 7,
pp. 3076-3086, Jul. 2018.

[5S] Y. Mi, Y. Fu, C. Wang, and P. Wang, “Decentralized sliding mode load
frequency control for multi-area power systems,” IEEE Transactions on
Power Systems, vol. 28, no. 4, pp. 4301-4309, Nov. 2013.



ROBUST LQG/LTR-BASED COORDINATED CONTROL FOR A HIGH-FIDELITY MODEL OF THE SINGLE-MACHINE INFINITE-BUS SYSTEM 19

[6] Y. Sun, Y. Wang, Z. Wei, G. Sun, and X. Wu, “Robust H, load frequency
control of multi-area power system with time delay: a sliding mode
control approach,” IEEE/CAA Journal of Automatica Sinica, vol. 5, no.
2, pp. 610-617, Mar. 2018.

[7]1 Y. Wang, D. J. Hill, R. H. Middleton, and L. Gao, “Transient stability en-
hancement and voltage regulation of power systems,” IEEE Transactions
on Power Systems, vol. 8, no. 2, pp. 620-627, May 1993.

[8] Y. Guo, D. J. Hill, and Y. Wang, “Nonlinear decentralized control of
large-scale power systems,” Automatica, vol. 36, no. 9, pp. 1275-1289,
Sep. 2000.

[9] G. Guo, D. J. Hill, and Y.Wang, “Global transient stability and voltage
regulation for power systems,” IEEE Transactions on Power Systems, vol.
16, no. 4, pp. 678-688, Nov. 2001.

[10] L. Gao, L. Chen, Y. Fan, and H. Ma, “A nonlinear control design for
power systems,” Automatica, vol. 28, no. 5, pp. 975-979, Sep. 1992.
[11] Y. Zou, Y. Wang, J. Chen, W. Hu, Y. Zheng, W. Sun, and Z. Xiao,
“Optimal Nonlinear Robust Sliding Mode Control of an Excitation
System Based on Mixed H2/H oo Linear Matrix Inequalities,” Protection
and Control of Modern Power Systems, vol. 9, no. 4, pp. 1-22, Jul. 2024.

[12] M. A. Mahmud, H. R. Pota, M. Aldeen, and M. J. Hossain, ‘“Partial
feedback linearizing excitation controller for multimachine power systems
to improve transient stability,” IEEE Transactions on Power Systems, vol.
29, no. 2, pp. 561-571, Mar. 2014.

[13] M.A. Mahmud, “An alternative LQR-based excitation controller design
for power systems to enhance small-signal stability,” International Jour-
nal of Electrical Power and Energy Systems, vol. 63, pp. 1-7, Dec. 2014.

[14] M. A. Mahmud, M. J. Hossain, H. R. Pota, and A. M. T. Oo, “Robust
partial feedback linearizing excitation controller design for multimachine
power systems,” IEEE Transactions on Power Systems, vol. 32, no. 1, pp.
3-16, Jan. 2017.

[15] T. K. Roy, M. A. Mahmud, W. X. Shen, and A. M. T. Oo, “An adaptive
partial feedback linearizing control scheme: An application to a single
machine infinite bus system,” IEEE Transactions on Circuits and Systems
II: Express Briefs, vol. 67, no. 11, pp. 2557-2561, Nov. 2020.

[16] T. Mishra, D. Kalke, G. Gurrala, and R. Padhi, “Synchronous
Generator Emulation Using Output Matching Control Through Feed-
back Linearization,” IEEE Transactions on Energy Conversion, doi:
10.1109/TEC.2025.3536167, Jan. 2025.

[17] Y. Wan and B. Jiang, “Practical nonlinear excitation control for a
single-machine infinite-bus power system based on a detailed model,”
Automatica, vol. 62, pp. 18-25, Dec. 2015.

[18] O. Akhrif, E-A. Okou, L.-A. Dessaint, and R. Champagne, “Application
of a multivariable feedback linearization scheme for rotor angle stability
and voltage regulation of power systems,” IEEE Transactions on Power
Systems, vol. 14, no. 2, pp. 620-628, May 1999.

[19] J. W. Chapman, M. D. Ilic, C. A. King, L. Eng, and H. Kaufman,
“Stabilizing a multimachine power system via decentralized feedback
linearizing excitation control,” IEEE Transactions on Power Systems, vol.
8, no. 3, pp. 830-839, Jun. 2024.

[20] Q. Lu, Y. Sun, Z. Xu, and T. Mochizuki, “Decentralized nonlinear
optimal excitation control,” IEEE Transactions on Power Systems, vol.
11, no. 4, pp. 1957-1962, Nov. 1996.

[21] M. A. Mahmud, H. R. Pota, and M. J. Hossain, “Full-order nonlinear
observer-based excitation controller design for interconnected power sys-
tems via exact linearization approach,” International Journal of Electrical
Power and Energy Systems, vol. 41, no. 1, pp. 54-62, Oct. 2012.

[22] P. Vernekar, “Nonlinear feedback linearization and LQG/LTR con-
trol: a comparative study for a single-machine infinite-bus system,”
https://doi.org/10.48550/arXiv.2502.10889, Feb. 2025.

[23] T. K. Roy, M. A. Mahmud, and A. M. T. Oo, “Robust adaptive backstep-
ping excitation controller design for higher-order models of synchronous
generators in multimachine power systems,” IEEE Transactions on Power
Systems, vol. 34, no. 1, pp. 40-51, Jan. 2019.

[24] Y. Wan and J. Zhao, “Extended backstepping method for single-machine
infinite-bus power systems with SMES,” IEEE Transactions on Control
Systems Technology, vol. 21, no. 3, pp. 915-923, May 2013.

[25] S. Huang et al., “Fixed-time backstepping fractional-order sliding mode
excitation control for performance improvement of power system,” IEEE
Transactions on Circuits and Systems I: Regular Papers, vol. 69, no. 2,
pp. 956-969, Feb. 2022.

[26] J.Zhao, C. Yang, W. Gao, L. Zhou, and X. Liu, “Adaptive optimal output
regulation of interconnected singularly perturbed systems with application
to power systems,” IEEE/CAA Journal of Automatica Sinica, vol. 11, no.
3, pp. 595-607, Mar. 2024.

[27] A. C. Zolotas, B. Chaudhuri, I. M. Jaimoukha and P. Korba, “A study on
LQGT/LTR control for damping inter-area oscillations in power systems,”

IEEE Transactions on Control Systems Technology, vol. 15, no. 1, pp.
151-160, Jan. 2007.

[28] K. M. Son and J. K. Park, “On the robust LQG control of TCSC
for damping power system oscillations,” IEEE Transactions on Power
Systems, vol. 15, no. 4, pp. 1306-1312, Nov. 2000.

[29] J. Doyle and G. Stein, “Robustness with observers,” IEEE Transactions
on Automatic Control, vol. 24, no. 4, pp. 607-611, Aug. 1979.

[30] P. Vernekar, Z. Wang, A. Serrani, and K. Passino, “Feed-
back control methods for a single machine infinite bus system,”
https://doi.org/10.48550/arXiv.2009.05689, Sep. 2020.

[31] P. M. Anderson and A. A. Fouad, Power System Control and Stability.
(Second Edition), Hoboken, NJ, USA: Wiley, 2003.



	Introduction
	High-Fidelity Model of the SMIB System
	Control-Design Model of the SMIB System
	Robust LQG/LTR Control
	Simulation and Comparison
	Conclusion
	References

