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Nonlinear Feedback Linearization and LQG/LTR
Control: A Comparative Study for a Single-Machine
Infinite-Bus System

Pratik Vernekar

General Motors, Milford, MI 48380, USA; pratik.vernekar@gmail.com

Abstract: This paper presents a comparative study of three advanced control strategies for a single-
machine infinite-bus (SMIB) system: the nonlinear feedback linearizing controller (NFLC), the integral-
NFLC (INFLC), and the linear-quadratic-Gaussian/loop transfer recovery (LQG/LTR) control. The
NFLC and INFLC techniques use exact feedback linearization to precisely cancel the SMIB system
nonlinearities, enabling the use of decentralized, linear, and optimal controllers for the decoupled
generator and turbine-governor systems while remaining unaffected by the SMIB system’s internal
dynamics and operating conditions. In contrast, the LQG/LTR approach employs an enhanced Kalman
filter, designed using the LTR procedure and a detailed frequency-domain loop-shaping analysis, to
achieve a reasonable trade-off between optimal performance, noise/disturbance rejection, robustness
recovery, and stability margins for the SMIB system. We provide a control synthesis framework for
constructing practical, verifiable, scalable, and resilient linear and nonlinear controllers for SMIB
and multi-machine power systems by utilizing a high-fidelity plant model for validation, a reduced-
order control-design model, and the correlations between the two models’ control inputs. Rigorous
simulations and comparative analysis of the proposed controllers and a full-state linear-quadratic
regulator show the benefits, constraints, and trade-offs of each controller in terms of transient response,
steady-state error, robustness, rotor angle stability, frequency control, and voltage regulation under
different operating conditions. Ultimately, this study aims to guide the selection of appropriate
control strategies for large-scale power systems, enhancing the overall resilience and reliability of the
electric grid.

Keywords: feedback linearization; high-fidelity plant model; Kalman filter; LOG/LTR design;
nonlinear control; optimal control; power system control; robust control; SMIB system

1. Introduction

The modern power system, also known as the smart grid, is a highly complex, widely intercon-
nected, 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 decomposed into the following objectives: a) automatic
voltage regulation via excitation control; b) rotor angle stability and load frequency control (LFC) via
turbine-governor control; and c) transient stability enhancement via coordinated control in the event
of severe faults, external disturbances, and system overload. 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 enhancement of SMIB and multi-machine power systems. Power system stabilizers have

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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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 techniques cannot provide adequate damping and preserve transient stability over a wide range
of operating conditions, particularly when power systems 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 operating conditions and significantly en-
hance power system stability and transient performance across a broad spectrum of operating points,
even amid severe disturbances or faults [7-22]. The feedback linearization technique, which can
be broadly classified into three distinct forms, namely, direct feedback linearization (DFL), partial
feedback linearization (PFL), and exact feedback linearization (EFL), has been widely used to design
excitation controllers for SMIB and multi-machine power systems [7-18]. The DFL methods proposed
in [7-10] necessitate the measurement of rotor angle, real and reactive power, real-time calculation of
higher-order derivatives, and virtual control input design to cancel the system nonlinearities, which
reduces the controller’s robustness in the presence of measurement noise and external perturbations.
Several PFL techniques for SMIB and multi-machine power systems have been presented to address
the DFL limitations [13-18]. In [13-16], the synchronous generator’s speed is used for the PFL design,
avoiding the challenges of rotor angle measurement and differentiator design in the DFL [7-10] and
PFL procedures [17,18]. The PFL approach only partially linearizes higher-order dynamics in detailed
generator models with many coupled differential equations. The remaining nonlinear dynamics, also
known as the zero or internal dynamics, are not asymptotically stable in higher-fidelity power system
models. Thus, employing the PFL controller 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 PFL control schemes, which rely heavily on an accurate power system
model, 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 and lack the robustness required to handle variations, severe faults, and uncertainties
effectively. Adaptive and backstepping control techniques, such as robust adaptive backstepping
[19], extended backstepping [20], and fractional-order SMC-based backstepping [21], have been pro-
posed to mitigate the drawbacks of DFL and PFL techniques and 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 excita-
tion of unmodeled dynamics or high-frequency modes of the power system resulting in undesired
oscillations.

Motivated by the above discussion, this paper presents two nonlinear feedback linearizing control
(NFLC) techniques and the linear-quadratic-Gaussian/loop transfer recovery (LQG/LTR) control
strategy to enhance the transient response, stability, and robustness of the SMIB system. The NFLC
methods effectively address the nonlinear and internal dynamics of the SMIB system, improve transient
stability and performance during severe faults or load changes, and provide good post-fault voltage
regulation. The LQG/LTR technique achieves optimal control, enhances the system’s robustness under
model uncertainties and disturbances, enables loop shaping of the transfer function for improved
control over the system’s frequency response and stability, and estimates the unmeasurable states
of the SMIB system using a Kalman filter. This study aims to develop robust linear and nonlinear
control strategies for the SMIB system across diverse operating conditions and disturbances that can


https://doi.org/10.20944/preprints202502.1357.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 February 2025 d0i:10.20944/preprints202502.1357.v1

30f 35

be adapted to different power system configurations, providing greater control design flexibility. By
exploring these advanced techniques, we seek to expand the control design toolkit for power engineers,
enhancing grid resilience and efficiency.

Most controllers designed for SMIB and multi-machine power systems are based on the classical
third-order one-axis generator model or simplified reduced-order power system models [2-14,16,20-
23]. Also, the turbine-governor dynamics are not considered in the design of most controllers reported
in the literature. Higher-order power system models, including a two-axis fifth-order generator model
in [15,19,24], 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 main features of the high-fidelity
model and is simple enough for robust controller design and stability studies of the SMIB system.

First, the EFL technique [25] is used to design two nonlinear controllers: a nonlinear feedback
linearizing controller (NFLC) and an integral-NFLC (INFLC). This method uses nonlinear coordi-
nate transformations to convert the original nonlinear power system model into two reduced-order,
decoupled, fully linear subsystems by precisely canceling nonlinearities and selecting appropriate,
measurable SMIB states as system outputs. Linear decentralized state feedback controllers are designed
separately for the two decoupled linear subsystems using optimal control theory. Also, the INFLC
method uses integral action to reduce the steady-state error. The EFL-based solution minimizes the
challenge of stabilizing the unstable internal dynamics of SMIB and interconnected multi-machine
power systems, unlike PFL-based approaches [13-18]. The NFLC and INFLC techniques outperform
linear controllers [2-6], regardless of operating conditions, by simultaneously controlling the rotor
angle, speed, and terminal voltage of the SMIB system while enhancing overall system stability and
damping under various real-world scenarios. Applying the proposed nonlinear control strategies to
the high-fidelity SMIB system model necessitates estimating the rotor flux linkages and non-physical
g-axis voltage of the reduced-order CDM. We provide a mechanism to reconstruct the non-physical,
unmeasurable states of the reduced-order CDM from the measurable states of the high-fidelity model,
resulting in an interconnection between the control inputs of the two SMIB system models of differing
complexity. However, the NFLC and INFLC methods have certain practical constraints, including the
need for precise knowledge of system nonlinearities, rotor angle measurement, and sensitivity to plant
and model mismatch, uncertainties, and measurement noise.

Next, to improve the robustness and mitigate the drawbacks of the proposed NFLC and INFLC
strategies, we propose a robust LQG/LIR control technique [26], which has been used to reduce
inter-area oscillations in multi-machine power systems [23,24]. The LOG/LTR method utilizes an
enhanced Kalman filter to estimate the rotor angle, the g-axis voltage, and the remaining unmeasurable
states of the SMIB system. Because real-time measurement of the rotor angle of the synchronous
generator is difficult in an interconnected multi-machine power system, we use the synchronous
generator’s speed, which can be measured directly using speed sensors, along with the terminal
generator voltage, as system outputs for the LQG/LTR controller design. Also, 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 like the PFL-based approaches [13-16]. The LQG/LTR technique employs
covariance matrices reflecting fictitious process and measurement noise intensities as Kalman filter
design parameters 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 and achieve a
reasonable trade-off between noise/disturbance rejection, closed-loop stability margin, and nominal
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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 detailed frequency
domain loop-shaping analysis of the proposed LQG/LTR controller uses the loop transfer functions of
the fifth-order linear CDM of the SMIB system.

Finally, the NFLC, INFLC, and LQG/LTR controllers are 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 controllers and a full-state feedback LOR in terms of stability,
transient response, steady-state error, and robustness under various practical operating scenarios. Our
findings, based on rigorous simulations and comparative studies, provide insights into the strengths,
limitations, trade-offs, and practical considerations associated with each control strategy, thereby
aiding practitioners in selecting the most suitable approach for SMIB and multi-machine power system
control. To the authors’ best knowledge, the control synthesis methodology and comparative analysis
of the proposed linear and nonlinear controllers 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) Using a high-fidelity ninth-order physics-based plant model and a fifth-order CDM of the SMIB
system, we provide a framework for developing realistic, feasible, empirical, and robust linear and
nonlinear controllers for the SMIB system, which can be adapted to develop control algorithms for
multi-machine power systems and complex smart grids.

2) We reconstruct the reduced-order CDM’s non-physical, unmeasurable states from the measur-
able states of the high-fidelity plant model for the real-time application of NFLC and INFLC strategies
on the SMIB system. These NFLC and INFLC approaches enable decentralized, linear, and optimal con-
trol of the decoupled generator and turbine-governor subsystems, regardless of the internal dynamics
and operating conditions of the SMIB system.

3) The proposed LQG/LTR technique gives a systematic framework for robust linear control
design for SMIB and multi-machine power systems. A detailed frequency domain loop-shaping
design analysis of the LQG/LTR procedure is performed to obtain a reasonable trade-off between
noise/disturbance rejection, robustness recovery, and stability margins for the SMIB system.

4) Extensive simulations compare the NFLC, INFLC, LQG/LTR, and full-state LQR controllers
in terms of transient response, convergence rate, steady-state error, and robustness under different
real-world operating scenarios such as severe power system faults and load variations.

2. High-Fidelity Model of the SMIB System

Figure 1 depicts a single-generation unit with a synchronous generator powered by a turbine-
governor system [27]. In an interconnected power system, where a synchronous generator 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 J, and thus
the frequency w. The 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 arma-
ture 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 Figure 2 [28].
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 FF’ is wrapped
around the rotor. The two short-circuit damper or amortisseur windings represented by DD’ and QQ’
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help to dampen the rotor’s mechanical oscillations. We define v = [v,, vy, vc, —vF, —vp, —UQ]T as the
voltage vector consisting of the three-phase terminal voltages (v,, vy, v¢), the field winding voltage (vr),

and the voltages of the two damper windings (vp, vg). The corresponding current vector is defined as

i = [ia, 1y, ic, iF,ip,ip] .
A synchronous generator connected to an infinite bus through a transmission line with resistance
R, and inductance L, is illustrated in [2,7,9,16,18,22]. 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.

ool
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Figure 2. A synchronous generator schematic with the reference directions.

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 dg frame. The infinite bus

constraints are as follows [28]:

} I, [—'iq —sin (6 — a)} ) (1)

Veo
V3 cos (6 —w)

iq
Iq

ig
Ig

0
{”’ =R, | +L,
14

Ugq

in which « is the load angle, Vs is the infinite bus voltage, and v; and v, are the voltages along the
synchronously rotating direct d-axis and quadrature g-axis in the dq frame, respectively. Similarly, i;
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and i, are the d- and g-axis currents in the dq frame, as shown in Figure 2. 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 i
—kMr —Lp —Mg 0 0 i
—kMD —MR —LD 0 0 lD =
0 0 0 Ly+Le kMg i;q
0 0 0 —kMg -Lg] lig
[ —r—R, 0 0 —w(Ly+ L) —wkMg] [ig
0 re 0 0 0 ilz
0 0 D 0 0 ip 2)
w(Lj+L,) wkMp wkMp —r—R, 0 ig
L 0 0 0 0 rQ iQ
0 —sin (8 —a)
UF 0
— 10| V3V 0 ,
0 cos (6 — )
0 0

in which k = 1/3/2 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, M, is the mutual
inductance between the gq' and QQ’ windings, M is the mutual inductance between the FF’ and
DD’ windings, and Ly, Lr, Lp, Ly, L are the self-inductances of the dd’, FF', DD’, qq’, QQ' windings,
respectively. Also, 7 is the resistance of each of the three-phase stator windings (aa’, bV/, c¢’), and rf, rp,
and r( are the resistances of the FF/, DD’, and QQ’ windings, respectively. Note that all the equations
used in the derivation of 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 [28]:

(Lgigig + kMFifig + kMpipiy — Lyigiy — kMgigig)

37
1 1 . ©)
——Dw+ —T,, 6=w-—1,
T T

in which D is the damping constant, T}, is the mechanical torque of the turbine, 7; = 2Hwg, where H
is the inertia constant, and wg, 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 Kr
T = ——Tu+ —Gy, 4
m T m + T 14 4)
in which Gy is the gate opening of the turbine, 77 is the time constant of the turbine, and Kr is the

gain of the turbine. The dynamics of the governor in the p.u. system are

. 1 K¢ w
G = —7G —
v - v+ o (”T RT)' 5)

in which ur is the turbine valve control, 7; is the time constant of the speed governor, K is the gain
of the speed governor, and Rr is the regulation constant.
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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 = Filg + Fiolr + Fi3Ip + Fiylyw + Fislgw
+ Fgsin(6 —a) + G11 Vg,
Ir = Fo1ly + Folp 4 Flp + Fulyw + Faslow
+ By sin(d — a) + Go1 Vg,
Ip = F311y + Faplr + F33lp + Faulyw + Fslpw
+ F38in(d — a) + G31 Vg,
Iy = Fyljw + Fplrw + Figlpw + Fyly + Fislg
+ Fygcos(8 —w), (6)
I = Fs11jw + Fsplpw + FsgIpw + Fsuly + Fsslg
+ Fsg cos(d — a),
@ = Felgly + FeaIrl, + Fealply + Fealylo + Fesw
+ Fo T,
b=w-—1,
T = Fg1 T + Fs2Gv,
Gv = Fyyw + FonGy + Gopuir,

in which Fi; = —Lg1(r + Re), Fi2 = kMp1rf, Fi3 = kMp1rp, Fia = —(Lg + Le)Lg1, Fi5s = —kMgLg1,
Fig = VeoLg1, G11 = —kMp1, Fo1 = kMFp1(r + R.), Fa2 = —Lp17F, F23 = —MR17p, Fog = kMF1(Lg + Le),
Fys = K*Mp1Mg, Fo¢ = —VeckMr1, Go1 = L1, Fs1 = kMp1(r + Re), Fso = —Mpirp, F;3 = —Lpirp,
F3y = kMp1(Lg 4 Le), Fs5 = K*Mp1Mg, Fs¢ = —VeokMp1, Ga1 = Mgy, Fag = Ly (Lg + L), Fap =
kM]:qu, Fi3 = kMDqu, Fy = —qu (r+R.), Fy5 = kMerQ, Fi = —VOOL,ﬂ, F51 = —kMQl(Ld + L),
Fs = —k*Mq My, Fs3 = —k*Mq1Mp, Fs4 = kMg (r + Re), Fss = —Lo1rg, Fs¢ = VeokMq1, F1 =
_%(Ld —Ly), Fer = _%kMF/ Fg3 = _%kMD/ Fgy = %.kMQ, Fes = —%,D, Fyy = —&, Fyp = &1

T’

Fo1 = —Tgiﬁw Fop = —%, Gop = %, Ly = %(Mlzz —LpLp), Ly = %(M%kz —Lp(Lg+ L)), Lp1 =

%(M%kz —Lp(Lg+ Le)), Mp1 = %(MDMR — LpMp), Mpy = %(MPMR — LrMp), Mgy = %((Ld +
L Lo+L M

Lo)Mg — MpMpk?), Ly = =2, Loy = J,: 1, Mp1 = =2, 4 = (Ly+ Le)M% — LpLp(Ly + L.) +

k*(Lp Mg + LpM}, — 2MpMpMg) and v = —k*M + Lo(Le + Lg). In (6), the state variables iy, ir, ip,

ig, ig, and the control input vr have been converted to the corresponding root mean square (RMS)

Io,

quantities Iy, If, Ip, Iz, Ig, and Vf, by substituting % = I % = Ip, ’—\% = Ip, % =1, L\% =
and % = Vp. Letx = [Iy, I, Ip, I, I, w, 6, Ty, Gy]" be the vector of state variables, u = [V, ur|T the
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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(x) +G(x)u, y=H(x),
F(x) =
[ Fiix1 + Fioxo 4 Fizxs + Fiaxaxe + Fisxsxg -+ Fig sin(x7 — ) i
Fxx1 + Fxoxp + Fa3x3 + FagXyXe + Fasxsxe + Fag sin(xy7 — a)
F31x1 + F3px2 + Fazx3 + FayX4%6 + Fa5x5X6 + Fag sin(x7 — at)
Fy1x1x6 + FipXoX6 + Fy3x3X6 + FaaXq + Fy5x5 + Fyg cos(x7 — «)
Fs1x1x6 + Fspxpx6 + Fszx3xg + Fsgxg4 + F55x5 + Fsg COS(.X7 — DC)
Fe1x1x4 + FopxoX4 + Fezx3x4 + Feax1X5 + FgsX6 + FoeXs
X6 — 1 (7)
Fg1xg + Fg2Xo
Fo1x6 + FopXo

G11 0
Gy 0
Gs1 0
Gx)=1|0 0
0 0
0 0

L 0 Go]

In(7), x € R%, u € R?, and y € R?. Also, F(x) : D — R%, G(x) : D — R%*?,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 Vr and the turbine valve control ur,
ie., u = [ug,us]" = [Vg,ur]T, and two regulated outputs: the generator terminal voltage V; and the
]T

angular frequency w, i.e., ¥ = [y1,y2]T = [Vi, w|T. The generator terminal voltage V; is computed as

Vi=,/ de + qu, in which the RMS quantities V; and V; are

Vi =y1la + yi2lr + y131p + y1alqw + y1slgw
+ y168in(6 — ) + 111 VE,

Vq =ynljw + ynlrw + ylpw + y24lq + y25IQ
—+ g6 cos(6 — i),

where y11 = Re + LeFi1, y12 = LeFi2, Y13 = LeFi3, Y14 = LeFia + Le, Y15 = LeFis, Y16 = LeFig — Voo,
i11 = LeG11, Y21 = LeFy1 — Le, Y22 = LeFan, Y23 = LeFaz, You = Re + LeFug, Y25 = LeFys, and yoe =
L3F46 + 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 Py, and, thus, the frequency w of the shaft that drives the rotor
of the synchronous generator.

3. 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
complete mathematical description of a large-scale multi-machine power system, which consists of
numerous synchronous generators connected to the grid, is exceedingly complex and challenging to
model. Simplifications are used to derive a reduced-order CDM of the SMIB system, which is then used
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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,; model of the synchronous
generator [27] 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 [28]. 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, = fuEy + fizcos(8 — &) + fi3sin(6 — &) + g11Erp,
@ = fnEF + faEqcos(8 —a) + frEjsin(6 —a)
+ fogsin(d — &) cos(8 — &) + fas5 cos?(d — a)
+ fa65in*(6 — &) + forw + fosTom, 9)
S=w-—1,
T = far T + fa2Gv,
Gy = fsiw + fsaGy + gssut,

in which L
f —(1+ %) f LleVoo s LleVoo X 1
11 — 12 — 13 — r 811 = 5/
Tho My, Tho
Li=1Lg+Le Ly=Lg—L), L3:Ld+Le, Ly=Ly— L),

L
My = (r+Re)2+ (L + Le)(Lg + L), Ry =7+ Re, Ty = frF,
F

Ry L4L1R1> ( Ry 2L4L1R1>
= - 7 = Voo,
fa1 (MlTj + M2, f2 = Myt M2,

Ly  LyliLz L4R? )
= - + Voo,
f (Mm M7 M

fou = _(L4R§ B L4L1L3)V2 fos = (L4L1R1V )
L
T

2 2. 2
Mt Mg Mi

B L4L3R1V§,) 1
fa6 = ( MET, for = fzs ==, fu= o
1 K¢

w6 BT

Kr
fao = el fs1=—

2
and Ej is the g-axis voltage behind the transient reactance L}, where Lj = L; — (M}J/IF L. The g-axis

voltage E; cannot be physically measured in a practical system. Let us define the state variables as
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X = [E{;,w, 5, T, Gy]T, and the two control inputs as u = [u1,us]" = [Epp,ur]’. Thus, (9) can be
written in the usual state-space form as follows:

%= f(x)+g(x)u, y=h(x), inwhich

f11X1 —|—f12 COS(X3 — ﬂt) —|—f13 Sil’l(Xg, — DC)
[f2163 4 foox1 cos(x3 — &) + fo3x1 sin(x3 — ) - -
-+ + fogsin(xz — a) cos(xz — &) + fos cos?(x3 — &) - -
f(x) = cee +f26 Sin2(X3 — 0() +f27X2 +f23X4]
Xy — 1
faxs + faoxs (10
fs1%2 + faox5

C)(:o(D(DE}—-Q
s
o O O O

L 855

In (10), x € 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
ut, and two outputs: the generator terminal voltage V; and the angular frequency w. The generator

terminal voltage V; is computed as V; = ,/ V7 + Vq2, in which V; and V; are computed as follows:

Vi = VinEg + Vip cos(d — &) + Vi3 sin(0 — ),

(11)
Vg = Vi Eg + Vigp cos(8 — &) + Vi sin(0 — &) + Eg,

in which V3 = —Lg(r 4+ Re)/((r + Re)* + (L, + Le)(Lg + Le)), Vip = VeoLg(r + Re)/((r + Re)* +

(L) + Le)(Lg + Le)), Vas = —VeoLg(Ly + Le) /((r + Re)? + (L + Le)(Lg + Le)), Vg = —L4(Lg +

Le)/((r + Re)® 4+ (L + Le)(Lg + Le)), Vg2 = VoL (Lg + Le) /((r + Re)* + (L + L) (Lg + L)), and

Vs = VeoLy(r + Re) / ((r + Re)* + (L 4 Le) (Lg + Le))-

4. Nonlinear Feedback Linearization Control

We now propose a nonlinear feedback linearizing controller (NFLC) and an integral-NFLC
(INFLC) based on the reduced-order CDM of the SMIB system (10). The NFLC and INFLC controllers
use exact feedback linearization [25] to transform the nonlinear SMIB power system into two fully
linear decoupled subsystems. Linear state feedback controllers are constructed separately for the
two decoupled linear subsystems using the linear quadratic regulator (LQR) technique to improve
the stability of the closed-loop interconnected SMIB system. The two decoupled linear subsystems
obtained using this strategy are independent of the operating points of the power system. As a result,
the NFLC and INFLC controllers outperform linear controllers constructed for fully linearized models
of the SMIB system operating near the equilibrium point [2-6]. The procedure for the NFLC/INFLC
controller design is discussed in the following steps:

e  Step 1: Relative degree computation

To achieve exact feedback linearization for the NFLC and INFLC controllers, the total relative
degree (r) of the reduced-order CDM of the SMIB system must be identical to the system’s order
(n) [25]. By selecting 7 = [§1,72]T = [h1(x),ha(x)]T = [6, Tn|T as the system outputs instead of
v = [y, ¥2)T = [V}, w]T, we can achieve exact linearization of the SMIB system with r = n = 5. If
[V;, w]T are chosen as the system outputs, the SMIB system is only partially linearized, and a partial
feedback linearization (PFL) controller is used to stabilize the system [13-18]. Thus, the PFL controller
should stabilize the partially linearized r dynamics and the remaining n — r internal system dynamics.
The problem worsens when this strategy is applied to higher-fidelity SMIB system models and
interconnected multi-machine power systems with higher degrees of unmodeled internal dynamics.


https://doi.org/10.20944/preprints202502.1357.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 February 2025 d0i:10.20944/preprints202502.1357.v1

11 of 35

In such a scenario, guaranteeing the stability of the unknown internal dynamics of the interconnected
multi-machine power system using the PFL approach is quite challenging. The goal is to linearize the
system to the highest possible degree to cancel the nonlinearities and internal dynamics. The relative
degree of the system is computed using [5, T;,|T as the system outputs. For the SMIB power system, the
sub-relative degrees r; and r; corresponding to the outputs, /1 (x) = ¢ and fip(x) = Ty, are calculated

as follows: )
LoLl "y (x) = Lok (x) = ahsix) g(x) =0,
L (x) = LLgn() = S g,
LgL3 "I (x) = LgL3h (x) = ng) £0, (12)
L Ma() = Lgha(e) = P20 ) <,
1ot Vi) = Lyt = L2 )

in which (Lfﬁl(x), Lfﬁz(x)) and (Lghy (x), Lghy(x)) are the Lie derivatives of the functions /i (x)
and iy (x) along the vector fields f(x) and g(x), respectively. From (12), LgL;]*lle(x) # 0 and
LgL;?_lfzz (x) # 0, in which r; = 3 and r, = 2. Therefore, the sub-relative degrees corresponding to the
outputs 6 and T;,; are r; = 3 and rp = 2, respectively. The total relative degree r of the reduced-order
SMIB system model is computed as follows:

r=) ti=r1+r=5=mn (13)

M

I
—

1

e  Step 2: Nonlinear coordinate transformation and state feedback linearization

For the nonlinear CDM of the SMIB system (10), we assume that the vector fields f(x) : D — R5,
g(x) : D — R>*2, and the readout map /(x) : D — R5*2 are smooth in the domain D C R, i.e.,
their partial derivatives with respect to x of any order exist and are continuous in D. Let us define a
nonlinear coordinate transformation z = T(x) as

z1 = x3 = hy(x) =6,
m=i3=2=0=Li(x)=w-1,
=iy =2y =0= L)%ﬁl(x) = leE;2 + f2Ej cos(8 — )
+ f23Egsin(8 — &) + fog sin(é — ) cos( — ) (14)
+ fo5008%(8 — &) + fagsin®(8 — &) + forw + fr8Tm,
24 = x4 = Iy(x) = Ty,
25 = %4 = 24 = Ty = Lhp(x) = fn T + f2Gv.
The above state transformations are invertible and exist throughout the generator’s normal working
region or the domain of stable operation (0° < § < 180°). On differentiating (14) with respect to time ¢,
we get
f1=d3=0=w—1=Lh(x) =2,
y=k3=0=w= L}le(x) =23,
Z3=¥3=10 =& =01(x) + 7 (x)Erp = wy, (15)
2y = %4 = 24 = Ty = Ly (x) = zs,

z5 =%y =24 = Ty = 02(x) + 12(x)ur = wy.
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In (14) and (15), x = [E{, w,8, T, Gy]", 01(x) = L3 (x), 11(x) = LgL3h1(x), 02(x) = L3lp(x), and

Y2(x) = LgL fflz(x). Solving for o (x), 71 (x), 02(x), and y2(x), after some mathematical computations,
we get the following relationships:

01(x) = p3x1” + papx cos(x3 — &) + paaxy sin(x3 — )

+ pag cos?(x3 — &) + pas sin’(x3 — a)

+ paesin(xz — a) cos(x3 — &) + payxa + Pagxs

+ P39X5 + q31X1X2 c0s(x3 — &) + g3 X1 X2 sin(x3 — «) (16)
+ q33%2 c08% (X3 — &) + 3gxp sin*(x3 — )

+ g3sxp sin(x3 — &) cos(x3 — &),

71(x) = r31%1 + 132 cos(x3 — &) + 3z sin(xz — ),

02(x) = ps1X2 + psaxs + psaxs, Y2(X) = 151,

in which p31 = 2f11f21 + forfo1, P32 = 2fa1fi2 + foafir — f3 + forfo2, P33 = 2fo1f13 + foo + fo3f11 +
f27f23, P3a = foofio — foa + forfos, p35s = fas3fiz + foa + forf6, P36 = f2of13 + fa3f12 + 2f25 — 2f26 +
forfou, P37 = f3, P3s = farfos+ fasfa1, P3o = fasfur, 431 = f23,G32 = —f22,G33 = foa, G34 = — fou, G35 =

—2f25 + 2f26, 131 = 221811, T32 = f22811, 133 = f23811, P51 = farfs1, P52 = f21, P53 = farfao + faofso,
and 751 = fang55. Applying the state feedback control

u; = Epp = ’h—l(x)(wl —0i(x)),

17
uz = ur = 75 (x) (w3 — 0a(x), 47

and the state transformation z = T(x) to the nonlinear model of the system (10) yields a linear model
of the system in the new coordinates as

z = Az + Bw, (18)

T T

€ R?, and the system
matrices A € R>*®, and B € R>*2. Using the coordinate transformation e = z — z;, in which

in which z = [z1,2),23,24,25]T € R, the linear controller w = [w, w>]
e = [e1,e2,e3,e4,e5)T € RS are the error variables, and z; = [z14, 224, 234, Zad, Z54) | € R? are the desired
values of the state variables z = [z1, 25, 23, 24, 25]T, we transform system (18) into the error coordinates

as follows:

€1 = ey +2pq — 214, €2 = €3+ z3g — Zp4, (19)
€3 = Wy — Zaq, €4 = €5+ Zsg — Zag, €5 = Wa — Zsg.

The controller is designed such that the state variables z1, z3, z3, z4, z5 reach their desired steady-state
values z14, 224, 234, 244,254, 1.€., €6 = 2z —z3 = 0, as t — oco. Since we want the set point to be an
equilibrium, all the derivatives of z1; and z44 are zero. Thus, 21y = 20y = 0,21y = 2 = 233 =0, 21y =
230 = 0,249 = 250 = 0,249 = 254 = 0.

e  Step 3: Decoupling of the MIMO SMIB system
Next, we decompose system (19) into two decoupled subsystems, subsystem 1: synchronous
generator error subsystem, and subsystem 2: turbine-governor error subsystem, as follows:
subsystem 1 : é; = Ageg + Bgws, (20)
subsystem 2 : ér = Arer + Brwo, (21)
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in which ec = [eq,e5,e3]T € R3, er = [es, e5]T € R?, and the system matrices Ag € R3*3, B € R3*1,
G 3 5 Y
At € R?*2 and By € R?*! are

0 1 0
0 1, -] o

To reduce the steady-state error to zero for subsystem 1, we augment the state equation (20) with the

010 0
AG: 0 0 1,BG: O,AT:
0 00 1

integral state e;c = [ e1dt = [(z1 — z14)dt, to obtain the

Agég + Bgwy, (23)

augmented subsystem 1 : ég

in which é; = [eg, ejc]T € R*, and the augmented system matrices Ag € R*4 B; € R¥! are

- B
,BGI[OG

Ac 0

A —
R I P

A = [1 0 0]. (24)

Similarly, to minimize the steady-state error to zero for subsystem 2, we augment the state equation
(21) with the integral state e;r = [ eqdt = [(z4 — z44)dt, to obtain the

augmented subsystem 2 : ér = Arér + Brwo, (25)

in which é7 = [er, ej7]T € R3, and the augmented system matrices Ar € R3S, By € R3*1 are

- B
’BT:lOT

At O

A=
T 1ar o

, Aip = [1 o}. (26)

e  Step 4: Control law formulation

We next design the inner-loop linear controllers w; and w, for the augmented subsystems 1 and 2,
respectively. The linear controller w; for the augmented subsystem 1 (23) is designed as follows:

wy = —Kgés = —Kgeg — Kigeic, (27)

in which the controller gain matrix Kg = [Kg, K]t € R4 Kg € R¥3, and K, € R. Likewise, the
linear controller w, for the augmented subsystem 2 (25) is designed as follows:

wy = —Krér = —Krer — Kireir, (28)

in which the controller gain matrix K1 = [Kr, Ki7]T € RY3, K5 € R'™™?2,and K;7 € R.
Note that the time subscript t has been omitted in the equations for brevity. The linear controllers

w, = —Kgég and wy = —KréT are designed with optimal control theory using the LOR technique.
The LORs for the two linear controllers are designed to minimize the following quadratic performance
measures:
Jo = [ (eh(t)Qoza(t) +w] ())Rwr (t))dt, 29)
Jr= [ (@ ©Qrer(t) +wf () Rywa(t)at, (30)

in which Qg € R*** and Qr € R3*3 > 0 are symmetric positive semi-definite weighting matrices,
and Rg € R > 0 and Ry € R > 0 are positive definite weights. The weighting matrices are chosen
and tuned using a trial-and-error procedure to obtain the desired system response. The controller gain
matrices K; and Kr are

R = R;'BEP, Kt = R;'BiPr, (31)
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in which P and Pr are the solutions of the algebraic matrix Riccati equations
AgPG + PGAG — PGBGR(ElBgPG + Qg =0, (32)
ALPr + PrAr — PrBrR:'BIPr + Qr = 0. (33)

The outer-loop nonlinear feedback controllers, u1 = Erp and u = ur, are obtained by substituting
(31), (27), and (28) into (17). The linear controllers w; = —Kgeg and wy = —Krer are used for the
NFLC design by utilizing subsystems 1 and 2 without integral augmentation given in (20) and (21),
respectively, instead of the augmented subsystems 1 and 2 proposed in (23) and (25), respectively. That
is the main difference between the NFLC and INFLC controller designs.

e  Step 5: Stability analysis

Substituting the linear controllers w; = —Kgég and wy = —Krér into equations (23) and (25),
respectively, we get
éc = (Ag — BgKg)ég, ér = (Ar — BrKr)er. (34)

The controller gain matrices Kg and Kt are chosen such that the closed-loop matrices (Ag — BgKg)
and (A1 — BrKr) of the augmented subsystems 1 and 2 are Hurwitz. The closed-loop augmented
subsystems 1 and 2 are asymptotically stable with linear controllers w; and w,, implying that the
linear system (18) is similarly asymptotically stable. Feedback linearization is known to preserve
system stability as long as the outer-loop state feedback controllers, u; = Erp = 79, Hx) (wy — o1 (x)),
uy = ur = v, ' (x)(wr — 02(x)), exactly cancel the system nonlinearities, and the state transformation
z = T(x) is invertible in the domain of operation. Since the system is fully linearized using this
technique, the internal dynamics of the system are zero. Therefore, we don’t need to worry about the
stabilization of the internal dynamics of the system, like in the case of the PFL controller [13-18]. Thus,
we can conclude that the NFLC and INFLC controllers asymptotically stabilize the reduced-order
CDM (10) of the SMIB system in the original coordinates, and the system states converge to their
desired equilibrium values, i.e., tILTo |x(t) — x4(t)|| = O.

®  Step 6: The g-axis voltage E,’7 computation and the correlation between the field voltage Vr and
excitation field EMF Erp control inputs

We now provide a mechanism for applying the proposed NFLC and INFLC controllers, designed
based on the reduced-order CDM of the SMIB system (10), to the high-fidelity model (7) of the SMIB
system. We also provide a technique for reconstructing the non-physical g-axis voltage E; of the
reduced-order CDM from the states of the high-fidelity model. We thus establish the interconnection
between the control inputs Vr and Erp for the high-fidelity model and the reduced-order CDM,
respectively. Among the unique characteristics that set the suggested controllers apart are the corre-
lation between the control inputs for the two models and the practicality of the control schemes on
SMIB models of varying complexities. For the reduced-order CDM (10), the two control inputs are
u = [Epp, ut]’, whereas for the high-fidelity model (7), u = [VF, ur]" is the vector of control inputs.
Thus, the proposed NFLC and INFLC controllers cannot be directly applied to the high-fidelity model
since the control inputs Vr and Erp are different. The field voltage, VF, is related to the excitation field
EMF, Erp, by the following expression:

'F
Ve = E = Erp.
F ( i Mr ) FD €15EFD (35)

In (35), wg = 1p.u., and e5 = (ﬁ) Substituting Erp from (17) into (35), we obtain

Vi = e1577 ! (%) (w1 — 01 (x)). (36)
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From (36), we can see that the field voltage Vi depends on ¢7(x) and <1 (x), which in turn depend
on the fictitious state variable E;, which is neither a physical measurable quantity nor a state vari-
able of the high-fidelity model. Since E; cannot be measured using sensors, we cannot apply the
field voltage Vr directly to the high-fidelity model without eliminating the state variable E; in (36).
We solve this problem by evaluating Efli as a function of the measurable states of the high-fidelity
model. The detailed derivation of the reduced-order CDM (10) gives E = Efli — (Ly — L)) and
[ — (g~ Vear)(Ly+Le) ~Veou (rt-Re)
d (r+Re) 2+ (L +Le) (Lg+Le)
field current Ir in p.u. Substituting I; in the expression for E, and simplifying the corresponding

, in which E is the stator air gap RMS voltage in p.u., related to the

mathematical equations, we obtain

E = enkEj —eppcos(é —a) —egzsin(d — a), (37)
in which
LiL L1Ly Ve RiLy Ve
611=<1+£4712>,€12=( 1]\21 ),6132( l]\/i ) (38)

The stator air gap RMS voltage, E, is related to the field current Ir by the following relationship:
E = wrkMrIr = e14lr. Substituting E into (37), Et’7 can be expressed as a function of the field current
Ir and the rotor angle §, which are state variables of the high-fidelity model, as follows:

r_ €14 €12 €13 .
E, = alp—l—acos(é—a)ntasm(&—zx). (39)
While the field current Ir can be measured using a sensor, it is not always possible to measure the rotor
angle ¢ using a sensor. Using the relations for E and IF, after some algebraic manipulations, E; can

also be written as
E; = ewlr + Lyl (40)

in which Ir and I; are state variables of the high-fidelity model that can be measured using sensors.
The field voltage V¢ which is correlated to the excitation field EMF Erp by (35), can be applied to the
truth model by using either (39) or (40) to eliminate Ef/i in the expression for Vr. Thus, taking into
account the high-level systems viewpoint and the circuit theoretical aspects of the SMIB system in the
derivation of the different models, we have developed a procedure for designing practical controllers
for the SMIB system.

5. LQG/LTR Control

The NFLC and INFLC controllers proposed in the previous section require the measurement of
rotor angles 6 of synchronous generators, along with other measurable and quantifiable variables, to
implement the exact feedback linearization of the system. However, the rotor angles of synchronous
generators are not directly available for measurement. Several techniques are available in the literature
to measure or estimate the rotor angle [13,22], which can be augmented with the proposed NFLC
and INFLC controllers. However, practically implementing these techniques on a power grid is not
straightforward. Also, it is not always possible to obtain accurate measurements of the rotor angle
using these techniques since the sensors introduce noise into the system. Also, the sensors are costly
and not easy to operate. Thus, the real-time measurement of rotor angles of synchronous generators is
not easily feasible in an interconnected multi-machine power system. To overcome the above problem,
we use the speed or angular velocity w of the synchronous generator, which can be directly measured
using speed sensors, as the system output for the controller design [13-16]. 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 achieve this goal, we propose an alternative strategy based on
the LOG/LTR technique, which employs an enhanced Kalman filter to estimate the rotor angle and
the remaining immeasurable states of the SMIB system. The LQG/LTR is a robust linear control
approach developed by Doyle [26] that uses an appropriately designed Kalman filter to recover the


https://doi.org/10.20944/preprints202502.1357.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 February 2025 d0i:10.20944/preprints202502.1357.v1

16 of 35

LQOR robustness features at the plant input [23,24]. We now present the LQG/LTR design strategy for
the SMIB system.

e  Step 1: Linearization of the SMIB system model

The SMIB system’s reduced-order CDM (10) is linearized around a nominal operating point (xo,
up) via the Taylor series approximation and 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 (x, () is computed by solving the differential equation
X = f(x0) + g(x0)up = 0. The reduced-order linearized model of the SMIB system can be written as
follows:

X=Ax+Bu+vy, y=Cx+Du+vy, (41)

in which x € R = [AE,;, Aw, AS, ATy, AGy]T, the control input u € R? = [AErp, Aut|T, the output
y € R? = [AV}, Aw]T, the system matrices A € R>*®, B € R5*2, C € R?*5, and D € R?*?, where A is
the deviation from the nominal operating condition, i.e., AE,’] = E’ E:;Or Aw =w —wy, A6 =6 — by,
ATy, =T, — TmO; AGV = GV — Gvo, AEFD = EFD — EFDO/ and AMT = Ut — uro. Moreover, 01 and (%)
are fictitious process and sensor noise inputs, respectively. In (41), the system matrices (A, B, C, D)
around the operating point (xo, 1) are

_ 5 i
fuu 0 % 0 0
% for % fas 0 gu 0
0 0
A=lo 1 0 o o B=]|0 o0f,
0 0 (42)
0 0 0 fu fo 0 g5
L0 fs1 O 0 fsl

0 1 0 0 o

C_'TloTzoo o o
B o of
in which gﬁ? , §£2 ,and f 2 are computed at the operating point x(, where f1(x) = fi11x1 + f12 cos(x3 —
a) + fizsin(xz — ), and folx) = lexl + faoxicos(xz — &) + fozxgsin(xz — ) + f24 Sin(x3 —
0() COS(X3 — D() -|-f25 COSZ(Xg, — 0() +f26 Sil’lz(X3 — oc) +f27X2 +f28X4. Also, T1 = ( Yoo le + VtO Vql —|— Vo ),

V., . V. V., . V.
T = (— 2 Vipsin(do — &) + /2 Vg3 cos(do — a) — %{?qu sin(do — &) + %ng cos(éO —a)).

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

Through intensive simulations, we discovered the incapability of the Luenberger observer and
the LQG controller to reliably estimate the states of the reduced-order CDM of the SMIB system. Also,
the Luenberger observer-based LQR and LQG controllers are not robust to variations in the operating
conditions, unmodeled internal dynamics, and uncertainties 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 [23,26]. This
gain adjustment procedure asymptotically achieves the same loop transfer function as a full-state
feedback LQR controller while simultaneously improving the observer’s robustness. The Kalman
filter is designed such that the full-state feedback LQR robustness properties are recovered at the plant
input. The Kalman filter provides estimates of the rotor angle J and the g-axis voltage E; of the SMIB
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system that cannot be easily measured using sensors. The Kalman filter that produces an estimate of
the state, %, is of the form

t=A2+Bu+H(y—9), §=Cz H(q) =¥(q)CTv, 7}, (43)

in which H(g) 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

AY¥(q) + ¥ (q) AT + Vi(q) — ¥ (q)CTV, 'C¥(q) = 0. (44)

The covariance matrices Vi(g) € R>*® and V, € R?2*2, representing the process and measurement
noise intensities associated with the signals v and vy, respectively, are regarded as design parameters
of the Kalman filter. The fictitious noise signals v; and v are introduced to take into account the
uncertainties, unmodeled dynamics, and differences between the reduced-order CDM and the actual

1
plant of the SMIB system. We select V() = V[[(g) > 0and V, = V| > 0 with (A4, V(q)) being
stabilizable and (C, A) being observable. The design parameter Vi (q) is chosen as follows:

Vi(q) = Vio +¢*BVBT, (45)

in which Vjq € R>*®. The diagonal matrices Vi 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 g4 = 0 corresponds to the nominal Kalman filter gain H(0). By substituting (45) into
(44) and dividing (44) by ¢?, we get
b4 b4 \% e 4
AF W @)y Vo pypr ggcty it g (46)
q q q q
We know that &2’1) — 0 as g — oo whenever the transfer function C(sI — A) !B has no right half-plane
zeros. Therefore, as g — oo, the gains are seen from (46) to satisfy

H(q)V>H'(q)

7 — BVBT. (47)

‘f’(q)CTVZAC% — BVBT, ie,

1
Solutions of (47) are of the form @ — BV? (V22)_1, in which V? is the square root of V, ie.,

(V% )TV% =V,and Vz% is the square root of V. The above solution is a special case of the ideal Kalman
filter gain selection H4) _, BN as g — 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
identical if the Kalman filter dynamics satisfy H(q)[I + C(sI — A)~'H(q)]~! = B[C(sI — A)~'B]~! for
all values of the complex variable s [26].

After designing the Kalman filter with the LTR approach, the LQG controller u = [AEgp, AuT]T is
designed next with optimal control theory using the LQOR technique. The separation principle allows
us to design the LQG controller gain K independent of the Kalman filter formulation H(g). The LQG
problem is to obtain an optimal control law u(t) that minimizes the following cost function:

.1 T T T
Jioc = TIEIJOTE[/O (xT(H)Qx(t) + uT (H)Ru(t))dt |, (48)

in which Q = QT € R>*® > 0 is a symmetric positive semi-definite weighting matrix, and R =
RT € R?*2 > 0 is a symmetric positive definite weighting matrix. The matrices Q and R are diagonal
matrices with weights appropriately chosen for all the state variables and control inputs to obtain
the desired system response. The LQG control law is u = —K%, in which K = R™!'BTP, where
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P is the unique symmetric positive semi-definite solution of the algebraic matrix Riccati equation
ATP + PA — PBR™!BTP + Q = 0, with (4, B) being controllable and (Q, A) being observable.
¢  Step 3: Closed-loop stability

Augmenting the SMIB system model (41) with the Kalman filter dynamics (43), and substituting
u = —K#% in equations (41) and (43), the closed-loop dynamics of the SMIB system can be written as

X b v
i- i) “

The LQG/LTR controller with © = —K% and the Kalman filter gain H(g) designed using the LTR
procedure asymptotically stabilizes the SMIB system model (41) if the closed-loop system dynamics
matrix in (49) 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,

follows:
A —BK
H(q)C A—-BK-H(q)C

stability of the closed-loop dynamics (49) can be ensured by appropriately designing the control
(A — BK) and observer (A — H(g)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 LOG/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 g = 0, the
Kalman filter will be optimal for the nominally linearized SMIB system (41) with the system noise
signals v1 and v, known and modeled precisely. Theoretically, as the value of g increases, the noise
rejection ability of the filter decreases, but the closed-loop stability margin of the system increases
[26], reaching its maximum at g = oo. Nevertheless, simulations confirm that, for large values of g,
the LOG/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 g will
deteriorate the nominal performance of the system and render the system unstable. Thus, the choice of
q is critical, and it cannot be arbitrarily selected to a large value when applying this design adjustment
procedure to the actual plant. To achieve a reasonable trade-off between the noise/disturbance rejection,
closed-loop stability margin, and nominal performance of the system, the scalar g is appropriately
tuned by a trial-and-error process. Furthermore, the LOG/LTR design technique is appropriate for
robust SMIB system control since the open-loop SMIB system is square, minimum phase, controllable,
and observable.

e  Step 4: Frequency response analysis

The LOQG/LTR controller design is analyzed through frequency domain analysis using the
linearized MIMO SMIB system model (41). The transfer function of the system (41) between the
control inputs [AErp, Aut]T and outputs [AV;, Aw]T is Ng(s) = [NH(S) le(s)} = C(sI— A)7'B,

Nai(s)  Naa(s)
in which Ni;(s), Nia(s), Npi(s), and Npy(s) are the individual 5"-order transfer functions be-
tween the two control inputs and two outputs, respectively. Similarly, the LQG/LTR controller
gain for the MIMO system can be written in the transfer function form as follows: Kc(s) =
{KH(S) KlZ(S)} = K(sI — A+ BK + H(q)C)~'H(q), in which Ky1(s), K12(s), K21(s), and K (s) are
Ky (s)  Kna(s)

the 5"-order LQG/LTR controller transfer functions. The resulting loop transfer function (LTF) of the
feedback system is Hrrr(s) = Kc(s)Ngr(s) = {HH (s) H12(s)]l in which Hy;(s) = Ky1(s)Nyi(s) +

Hoi(s)  Hao(s)
Ki2(s)Nai1(s), Hiz(s) = Ki1(s)Ni2(s) + Ki2(s)Naa(s), Hai(s) = Kai(s)Nii(s) + Koz (s)N21 (s), and
Hap(s) = Kp1(s)Ni2(s) + Koa(s)Npa(s), are 20*-order individual LTFs of the MIMO system. 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
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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
systems. Thus, the LQG/LTR design based on the reduced-order linearized CDM (41) of the SMIB
system is justified. For maximum robustness recovery of the system at the plant input, the Kalman filter
gain H(g) should be designed such that Hyrr(s) satisfies {}grc}o Kc(s)Ng(s) = K(sI — A)~'B, which

corresponds to the ideal Kalman filter gain H(g) = qBV% (Vé )~1. The mathematical representations
of all the transfer functions described in this section are excluded for brevity.

Figures 3 and 4 show Bode and Nyquist diagrams of the LTFs Hj;(s) and Hp(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 = Ipx2, and Vo = Iryo. The LQG controller
gain K is designed using the LQR technique (48) such that the closed-loop system dynamics matrix in
(49) is Hurwitz. Table 1 documents the gain margins (GMs) (dB) and phase margins (PMs) (deg) of the
LTFs Hyi(s) and Hpy(s) for various q parameter values depicted in the respective Bode and Nyquist
diagrams. Figures 3, 4, and Table 1 demonstrate that for the LTF Hj1(s), the GMs are infinite for the
ideal H(gq), g = 0, and 9.0005; the GM is very low (0.0684 dB) for g = 100; and the PMs range from
69 — 78 degrees. Also, for the LTF Hp;(s), the GM of 45.195 dB for g = 9.0005 is significantly higher
than the GMs for other g values, and the PMs are infinite for 4 = 0 and 9.0005. We choose g = 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 Figure 3, we can see that at higher frequencies, the plots for g = 9.0005
and the ideal H(g) converge or move at similar roll-off rates. The Nyquist diagrams of the LTFs Hj1(s)
(top), Hao(s) (middle), and Hp;(s) zoomed version (bottom) in Figure 4 show that the Nyquist contours
for g =0, 9.0005, and the ideal H(g) do not encircle the —1 + jO point. However, the Nyquist contours
for g = 100 encircle the —1 + jO point once. Since the open-loop SMIB system (41) is stable, from
the Nyquist stability criteria, we can conclude that the closed-loop SMIB system corresponding to
the LTFs Hj1(s) and Hjy(s) is unstable for g = 100. Thus, we can reaffirm that the closed-loop SMIB
system becomes unstable, and the margins approach zero for large values of 4. The frequency response
analyses of the LTFs Hyy(s) and Hp; (s) are excluded for brevity.

Table 1. Frequency Domain Analysis for Various g Parameter Values.

LQG/LTR | GM (dB) | PM (deg) | GM (dB) | PM (deg)
Design H11(s) H11(S) sz(s) sz(s)
g=20 00 75.616 8.347 00

g = 9.0005 00 71.793 45.195 00
q =100 0.0684 77.533 0.4622 69.475
Ideal H(q) 00 69.501 3.561 36.046
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Figure 3. Bode plots (magnitude and phase responses) of the transfer functions H1;(s) (top) and Hp,(s) (bottom)
for various g parameter values.
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Figure 4. Nyquist diagrams of the transfer functions Hi1(s) (top), Hax(s) (middle), and Hp,(s) zoomed version
(bottom) for various q parameter values.

6. Simulation and Comparison
The proposed NFLC, INFLC, and LQG/LTR control strategies are first validated on the reduced-
order CDM of the SMIB system (10) under different scenarios through the following three case studies:

¢ Case 1: Nominal operating condition (Operating Point I) for the SMIB CDM
*  Case 2: A three-phase short-circuit fault at the generator terminal for the SMIB CDM
*  Case 3: Changes in mechanical power input to the generator for the SMIB CDM

Finally, the performance of the controllers is evaluated on the high-fidelity model of the SMIB system
(7), which is treated as the plant model, in the following two operating scenarios:

*  Case 4: Nominal operating condition (Operating Point I) for the high-fidelity SMIB plant model
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e 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 [28]. The parameters of the high-fidelity SMIB power system model in the p.u. system are:
Ly = 1.70, Lp = 1.65, Lp = 1.605, L; = 1.64, Lo = 1.526, kM = 1.55, kMp = 1.55, Mg = 1.55,
kMg = 1.49, r = 0.001096, rp = 0.000742, rp = 0.0131, ro = 0.0540, H = 2.37 s, R, = 0.02, L, = 04,
D =0, wy =37699rad, Kt =1,Kg =1, 7y = 0.5, 76 = 0.2, Ry = 20,k = /3/2, L, = 0.245, T}, = 5.9,
Tj = 4.74, Voo = 1, and & = 3.5598°. Similarly, the parameters of the reduced-order SMIB system model
in the p.u. system are: Vj; = —0.0249, V3 = 0.0249, V3 = —0.8037, Vjy = —0.3797, Vjp = 0.3797,
Viz = 0.0037, f11 = —0.5517, f1p = 0.3822, f13 = 0.0037, f1 = —0.0101, f» = 0.0171, fo3 = —0.3269,
foa = 0.2235, fr5 = —0.0069, fog = 0.0022, foy = 0, fog = 0.2110, fy3 = —2, fao = 2, f51 = —0.2500,
fs2 = =5, g11 = 0.1695, and g55 = 5. To ensure realistic control inputs for a practical SMIB power
system, the physical limits of the excitation field voltage of the generator are Erpmax = 5 p.u. and
Erpmin = —5 p.u., which match the physical limits of the IEEE Type II and IEEE Type AC4A excitation
systems [15,19]. Also, the physical limits of the turbine valve gate opening are Gymax = 1.2 p.u. and
GVmin =0 p-u.

The steady-state operating conditions of the SMIB system depend on the parameters of the
synchronous generator, 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 2 [28]. At these operating conditions, a detailed
comparative performance study is performed on the proposed NFLC, INFLC, LQG/LTR control
methods, and the full-state feedback LQR. The proposed controllers are designed based on the
reduced-order CDMs (10) and (41) linearized about the nominal operating condition (Operating Point
I). 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 conditions. The real power P = V;I; cos ¢ produced
by the synchronous generator increases to 1.3466 p.u. as the power factor decreases to 0.652 with an
increase in the machine loading at Operating Point II. Also, the stator current I, = 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.

e Case 1: Nominal operating condition (Operating Point I) for the SMIB CDM

The proposed control techniques are first validated on the reduced-order SMIB CDM (10) at the
nominal operating condition. Figure 5 shows the system response plots for the NFLC, INFLC, and
LQG/LTR controllers applied to the reduced-order SMIB CDM at Operating Point I. The simulation
results demonstrate that for all the proposed controllers, the outputs V4, w, 6, and T, reach their desired
steady-state values of 1.17233, 1.0, 1.0, and 1.0012 p.u., respectively. The steady-state equilibrium
of the control inputs, Erp ) and uy (), can be calculated analytically by substituting the steady-
state equilibrium values of the state variables x at Operating Point I in the differential equation,
X = f(x) + g(x)u = 0, and solving for the control inputs. A closer inspection of Figure 5 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 NFLC approach yields fewer oscillations
and smaller peak overshoots of the outputs V;, w, §, and T, compared to the INFLC and LQG/LTR
controllers. Also, the NFLC and INFLC 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.

d0i:10.20944/preprints202502.1357.v1


https://doi.org/10.20944/preprints202502.1357.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 February 2025

d0i:10.20944/preprints202502.1357.v1

™ N

23 of 35

Table 2. Operating Points of the SMIB System.

Variables (p.u.) Nominal Operating Increase in the
Condition Machine Loading
(Operating PointI) | (Operating Point II)
Lo -0.9185 -1.4281
Irg 1.6315 2.37786
Ino —4.6204 x 107° 0
Lo 0.4047 0.37472
Ioo 5.9539 x 10> 0
wy 1.0 1.0
oo 1.0 0.88676
Tmo 1.0012 1.34899
Gvo 1.0012 1.34899
Vo 0.9670 1.2575
Vio -0.6628 -0.6130
Vio 1.17233 1.39899
Stator current I, 1.0037 1.4764
Voo 1.0 1.0
« 3.5598° 3.5598°
E;O 1.1925 1.6078
T 5.90 5.90
Real power P 1.0 1.3466
Power factor = cos ¢ 0.85 0.652
11 —————— NFLC
- IMFLC
=3 LAGILTR
£
—=—sme= HFLC
INFLC 3
LOGLTR
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10 20 30 0 10 20 30
—emsma= NFLC
INFLC

LOGATR

—— - — - - NFLC

INFLC
LOGILTR
10 20 30 20 30
2
=
——————— NFLC . ——— FLC
INFLC = J INFLC
LOGATR LOGILTR
L L 0 : i
10 20 30 0 10 20 30
Time (s) Time (s)

Figure 5. System response plots (V;, w, 8, Tiu, Epp, ut) for the NFLC, INFLC, and LQG/LTR controllers applied
to the reduced-order SMIB CDM at Operating Point I.
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* Case 2: A three-phase short-circuit fault at the generator 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 controllers:

*  The three-phase short-circuit fault occurs at ¢t = 50 s.
e  The faultis cleared att = 50.2 s.

Figures 6—8 show the system response plots for this case study. During the faulted period from
t =50stot = 50.2 s, the generator does not supply any power, and thus, the terminal voltage V; is
zero, as seen in Figure 6 (top). For all the proposed control strategies, the terminal voltage V; returns
to its pre-fault steady-state value after the fault clears at t = 50.2 s. However, the LQG/LTR strategy
exhibits higher post-fault overshoots in the terminal voltage than the NFLC and INFLC techniques.
The synchronous generator operates at a synchronous speed or angular velocity w of 1 p.u. for all
three controllers during the pre-fault normal operating condition, i.e., until = 50 s, as seen in Figure 6
(middle). However, the speed exhibits more undershoots and overshoots for the LQG/LTR controller
than the NFLC and INFLC methods when the fault occurs at t = 50 s and after it clears at ¢ = 50.2
s. The rotor angle ¢ displays similar characteristics for the proposed controllers, with the LQG/LTR
controller exhibiting greater undershoots and overshoots than the NFLC and INFLC schemes during
the post-fault period, as shown in Figure 6 (bottom). For better resolution of the impact of the fault on
Vi, it is not on the same time scale as w and ¢ in Figure 6.

The LOG/LTR technique can stabilize the SMIB system in the presence of a three-phase short-
circuit fault at the generator terminal with some oscillations in the terminal voltage V;, speed w, and
rotor angle é responses before they settle to their post-fault steady-state conditions, respectively. How-
ever, the nonlinear controllers, NFLC and INFLC, provide more damping into the system compared to
the LOG/LTR method and thus respond quicker with faster settling times for the speed w and rotor
angle 6. Therefore, the nonlinear controllers, NFLC and INFLC, can ensure transient stability of the
speed w and rotor angle J and achieve post-fault steady-state terminal voltage V; within a few seconds
of the faults. The significant difference in performance between the LQG/LTR technique and nonlinear
controllers under a three-phase short-circuit fault at the generator terminal can be attributed to the
fact that the LQG/LTR technique uses the terminal voltage V; as the system output for the Kalman
filter and controller design. In contrast, the nonlinear controllers utilize the rotor angle J as the system
output for the controller design, which is less impacted by a three-phase short-circuit fault than the
terminal voltage V;.

Figure 7 shows the partially enlarged graphs or zoomed-in magnified versions of the terminal
voltage V;, speed w, and rotor angle J responses shown in Figure 6. The magnified versions of the
plots can better distinguish the performance of the two nonlinear controllers, NFLC and INFLC.
The terminal voltage V}, speed w, and rotor angle ¢ of the NFLC scheme exhibit more oscillations
and take longer times’ to settle back to their respective pre-fault steady-state values than the INFLC
technique. In the event of a three-phase short-circuit fault at the generator terminal, the INFLC
technique eliminates system oscillations and achieves superior transient stability than the NFLC
method. The INFLC scheme’s integral action rejects system disturbances caused by severe failures
while eliminating steady-state errors.

Figure 8 shows magnified plots of the excitation field EMF Erp (top) and turbine valve control ut
(bottom) for the proposed controllers. The LQG/LTR controller hits the maximum physical limit (5
p-u.) of the generator’s excitation field EMF Erp before it settles back to its pre-fault steady-state value.
The excitation field EMF Erp undergoes small oscillations for the NFLC method, whereas it remains
steady for the INFLC scheme. Also, the turbine valve control ut exhibits higher frequency oscillations
for the LQG/LTR technique than the NFLC and INFLC strategies. Slight oscillations in the turbine
valve control ut response are observed for the NFLC and INFLC techniques around the time intervals
when the fault is initiated and cleared. The simulation results for Case 2 demonstrate that the INFLC
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method achieves the best transient stability performance, followed by the NFLC approach, and finally,
the LQG/LTR strategy for a severe power system fault.

45 S0 52 S5 56 55 S0 (==

S50 55 a0 a5 o =1 80
Tirme (s)

Figure 6. Terminal voltage V; (top), speed w (middle), and rotor angle § (bottom) response plots for the NFLC,
INFLC, and LQG/LTR controllers applied to the reduced-order SMIB CDM when a three-phase short-circuit fault
is applied at the generator terminal.
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Figure 7. Terminal voltage V; (top), speed w (middle), and rotor angle ¢ (bottom) zoomed-in magnified response
plots for the NFLC, INFLC, and LQG/LTR controllers applied to the reduced-order SMIB CDM when a three-
phase short-circuit fault is applied at the generator terminal.
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Figure 8. Excitation field EMF Erp (top) and turbine valve control ur (bottom) magnified response plots for

the NFLC, INFLC, and LQG/LTR controllers applied to the reduced-order SMIB CDM when a three-phase
short-circuit fault is applied at the generator terminal.

* 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 T;, in the p.u. system. In this
case study, Py, is held constant at a value of 1 p.u., which is close to the nominal operating condition
(Operating Point ), 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 ¢t = 25s to t = 50 s. Next, P, is lowered back to 1 p.u.
for 25s,i.e., from t = 50 s to t = 75 s. Finally, Py, is reduced by 10 percent from 1 p.u. to 0.9 p.u. for 25
s, i.e., fromt = 75stot = 100 s. This case study can be summarized as follows in the p.u. system:

1, 0s<t<25s,
1.1, 25s<t<50s,

P,=T, = - (50)
1, 50s <t < 75s,

09, 75s<t<100s.

Figures 9 and 10 show the system response plots for this case study. Figure 9 (top) shows
the terminal voltage V; response to variations in the mechanical power input Py, for the proposed
controllers. The plots show that the NFLC and INFLC controllers undergo step changes in the terminal
voltage V; and settle to new operating points when the mechanical power input Py, is increased (t = 25
sto t = 50 s) or decreased (t = 75 s to t = 100 s) from its nominal operating value of 1 p.u. However,
the terminal voltage V; for the LQG/LTR approach remains stable after a brief transient period in
response to changes in Py,. It settles back near its nominal steady-state operating point. The speed
w response plots in Figure 9 (middle) for the three 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


https://doi.org/10.20944/preprints202502.1357.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 February 2025 d0i:10.20944/preprints202502.1357.v1

28 of 35

controller than the NFLC and INFLC methods when Py, is changed from its nominal operating value.
Figure 9 (bottom) shows that the rotor angle J for the LQG/LTR strategy experiences step changes
and settles to new operating points when the mechanical power input Py, is varied from its nominal
operating value. However, the rotor angle § remains stable at its original steady-state equilibrium
point for the NFLC and INFLC techniques.

1.5
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Figure 9. Terminal voltage V; (top), speed w (middle), and rotor angle § (bottom) response plots for the NFLC,
INFLC, and LQG/LTR controllers applied to the reduced-order SMIB CDM when the mechanical power input to
the generator is changed.
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Figure 10. Excitation field EMF Erp (top) and turbine valve control u7 (bottom) response plots for the NFLC,
INFLC, and LQG/LTR controllers applied to the reduced-order SMIB CDM when the mechanical power input to
the generator is changed.

The distinct system outputs used by the three controllers can explain the step deviations in
terminal voltage V; for the NFLC and INFLC techniques, as well as step changes in rotor angle J for
the LOG/LTR approach. While the LQG/LTR methodology utilizes V; and w as the outputs and their
associated reference values, the NFLC and INFLC techniques use § and T, as the outputs and their
corresponding reference values. Furthermore, the generator’s output power will increase or decrease
as Py, 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 J stepping up or down and settling to a
higher or lower equilibrium point for the LQG/LTR approach. The step changes in terminal voltage
Vi to new operating points as Py, increases or decreases for the NFLC and INFLC strategies can be
explained similarly.

Figure 10 shows plots of the excitation field EMF Erp (top) and turbine valve control ut (bottom)
for the proposed controllers when the mechanical power input to the generator is changed. These
figures illustrate that the INFLC technique exhibits the largest step changes and deviations from the
nominal operating condition for the control inputs in response to changes in the mechanical power
input. The NFLC approach and the LQG/LIR strategy follow in descending order.

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

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

In case studies 4 and 5, the three proposed controllers” performances are compared to those
of a full-state feedback LQOR on a high-fidelity SMIB power system plant model at Operating
Points I and II. The gains of the proposed controllers tuned for the reduced-ordered CDM are
re-tuned for efficient performance on the high-fidelity plant model. Also, the respective con-
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troller gains are unchanged for both Operating Points I and II. The LQG/LTR controller gains
are chosen as follows: g = 525, Vig = Isx5, V = Irx2, Vo = 0.651542, and the controller gain
87.3944 -216.7677 —60.7947 —13.4353 —0.0618

. Next, the NFLC controller
—1.8244  98.0650 17.7303 421399  85.8027

gains are designed using the LQOR technique to obtain Kg = [0.09129 0.42015 0.92121] and

matrix K =

Kr = {0.09129 0.43693] Finally, the INFLC controller gains derived using the LOR technique

are as follows: Kg = [0.00733 0.06795 0.36864 0.00039| and Ky = |0.01077 0.14674 0.00039|.

Figures 11 and 12 show the system response plots for the NFLC, INFLC, LQG/LTR, and full-state
feedback LQR controllers applied to the high-fidelity SMIB power system plant model at Operating
Points I and II, respectively. Also, Table 3 shows the qualitative and quantitative comparison of the
transient and steady-state responses of the control strategies at Operating Points I and II. Figures 11 and
12 show that V;, w, 6, 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 Figure 11 shows that the generator terminal voltage V; oscillates about a steady-state value of
1.17113,1.17,1.17246, and 1.17208 p.u. for the NFLC, INFLC, LQG/LTR, and full-state LQR controllers,
respectively, which deviates from the desired steady-state value of 1.17233 p.u. at Operating Point I.
Similarly, a closer view of Figure 12 depicts that the generator terminal voltage V; oscillates about a
steady-state value of 1.3977, 1.39705, 1.403, and 1.39862 p.u. for the NFLC, INFLC, LQG/LTR, and
full-state LOR 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, and the rotor angle J settles to its desired steady-state value of 1.0 p.u. at
Operating Point I for the LQG/LTR and full-state LQR controllers. However, oscillations in w and ¢
about 1.0 p.u. at Operating Point I are seen for the NFLC and INFLC 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 3. A closer look at Figure 12 reveals that
the rotor angle ¢ oscillates about a steady-state value of 0.886, 0.8936, 0.8953, and 0.8861 p.u. for the
NFLC, INFLC, LQG/LTR, and full-state LQR 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
four controllers. The mechanical torque T, and the turbine valve control ur 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.
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Table 3. Transient and Steady-State Response of Different Controllers at Operating Points I and II

Control Strategy | Transient Response | Convergence Rate | Steady-State Error at Operating Point I | Steady-State Error at Operating Point II
Terminal Voltage V; Rotor Angle § Terminal Voltage V; Rotor Angle §

NFLC Good Medium 0.0012 ~0 0.00129 0.00076
INFLC Fair Slow 0.00233 ~0 0.00194 0.00684
LQG/LTR Excellent Fast 0.00013 0 0.00401 0.00854

Full-state LQR Excellent Fast 0.00025 0 0.00037 0.00066
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Figure 11. System response plots (V;, w, 6, Ty, Vi, ut) for the NFLC, INFLC, LQG/LTR, and full-state LQOR
controllers applied to the high-fidelity SMIB power system plant model at Operating Point I.

The simulation results for case studies 4 and 5 reveal that the LQG/LTR and full-state LQR
controllers exhibit substantially less oscillatory behavior with faster convergence rates than the NFLC
and INFLC control approaches, in which the oscillations persist for longer periods with higher
amplitudes. Also, the generator terminal voltage V; exhibits fewer oscillations than the angular
velocity w and rotor angle 6, as depicted in Figures 11 and 12. The LQG/LTR technique outperforms
the NFLC and INFLC strategies in stabilizing the angular velocity w and rotor angle 5. The qualitative
comparative analysis of the transient responses of the controllers is summarized in Table 3. Also,
Table 3 shows that the steady-state error of the terminal voltage V; is lowest for the LQG/LTR controller,
followed by the full-state LQR, and highest for the INFLC at Operating Point I. However, the steady-
state errors of the terminal voltage V; and rotor angle J are highest for the LQG/LTR controller,
followed by the INFLC in descending order, and lowest for the full-state LQR at Operating Point
II. The steady-state errors of the NFLC and INFLC controllers are lower than the LQG/LTR control
strategy at Operating Point II, as demonstrated in Figure 12. The NFLC and INFLC controllers perform
slightly worse when applied to the high-fidelity plant model since the nonlinear control techniques are
model-based and the plant model differs from the reduced-ordered CDM used for the controller design.
Therefore, the NFLC and INFLC controllers do not precisely negate the nonlinearities and coupling
between the electrical and mechanical dynamics in the SMIB plant model. Overall, the LQG/LTR
controller performance is comparable to that of the full-state LQR at various SMIB system operating
conditions, with sufficient robustness recovery at the plant input as the LQG/LTR controller’s loop
transfer function tends toward the full-state LOR loop transfer function. A fair compromise between
robustness and closed-loop stability margins can be obtained by appropriately setting the Kalman
filter gain H(q), parameter ¢, and covariance matrices of the LQG/LTR controller.
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Figure 12. System response plots (V;, w, 6, Ty, VE, ut) for the NFLC, INFLC, LOG/LTR, and full-state LOR
controllers applied to the high-fidelity SMIB power system plant model at Operating Point II.

7. Conclusion

In this study, the performance and robustness of the proposed NFLC, INFLC, and LQG/LTR
techniques for an SMIB system are evaluated under different operating scenarios. We have presented
the physics-based high-fidelity and reduced-order models of the SMIB system and derived the stability
and performance criteria for the closed-loop system. Extensive numerical simulations show the
advantages and disadvantages of each controller in terms of transient response, steady-state error,
disturbance rejection, frequency control, and voltage regulation under various operating scenarios. The
simulation results reveal that the INFLC and NFLC approaches outperform the LOG/LTR approach
for transient stability under a three-phase short circuit fault at the generator terminal of the SMIB
CDM. Furthermore, simulation findings for variations in mechanical power input to the generator
for the proposed controllers show that the three controllers perform differently on the SMIB CDM in
terms of terminal voltage, speed, and rotor angle responses.

The simulation results for the high-fidelity SMIB plant model under different operating conditions
demonstrate that the NFLC and INFLC strategies are more effective at handling the nonlinearities
and internal dynamics of SMIB system models than the LQG/LTR approach and nonlinear control
techniques like DFL, PFL, backstepping, and adaptive. However, the NFLC and INFLC approaches
have certain limitations, including the need for accurate knowledge of system nonlinearities, rotor
angle measurement, and sensitivity to noise and disturbances. In contrast, the LQG/LTR controller
can provide excellent frequency control, adequate voltage regulation, noise and disturbance rejection,
and improved transient stability with guaranteed stability margins regardless of the SMIB system’s
operating conditions while remaining simple and computationally efficient. The main limitation of the
LQG/LTR strategy is its dependence on a stochastic description of the disturbances and a linearized
model of the SMIB system around an operating point. The gain scheduling approach can boost the


https://doi.org/10.20944/preprints202502.1357.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 February 2025 d0i:10.20944/preprints202502.1357.v1

34 0f 35

LQG/LTR controller’s operating range and robustness by automatically adjusting the controller gains
under various SMIB system operating situations. The control synthesis framework and comparative
study have highlighted that the choice of the control method depends on the trade-off between
performance and complexity, as well as the power system’s specific characteristics and restrictions.

Future work will apply the proposed control techniques to multi-machine power systems, like
the IEEE benchmark 10-machine 39-bus New England test system, under severe faults, such as a
three-phase short-circuit fault at the generator terminal and the tripping of one of the multi-machine
power system’s transmission lines.
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