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ABSTRACT

This study focuses on reducing the model order of a Single Machine Infinite Bus Power (SMIBP) system in
order to simplify the system dynamics while preserving its essential stability characteristics. The primary
objective is to assess the effectiveness of the Hankel-Norm Model Reduction (HNMR) algorithm in
truncating the state-space representation from the full-order model (order 7) to lower orders (4, 5, and 6).
The research methodology involves converting the transfer function of the SMIBP system into its state-
space representation, applying the HNMR algorithm to compute the controllability and observability
Gramians, constructing the descriptor operator, performing Singular Value Decomposition (SVD), and
extracting the stable part via the Schur complement. Experimental results indicate that the reduced-order
model of order 4 exhibits an H, error of approximately 7.47 and a Mean Square Error (MSE) of 71.69,
whereas the order 5 model shows significant improvement with an H, error reduced to 1.43 and an MSE
of only 7.84. The order 6 model, on the other hand, achieves extremely low errors, with H,, and MSE
values of merely 0.05 and 0.08, respectively. These findings confirm that increasing the reduced order
substantially enhances the accuracy of the approximated model relative to the original system. In
conclusion, the HNMR algorithm is validated as an effective method for reducing the order of SMIBP
systems, with the order 6 reduced model representing the optimal choice for applications requiring high
accuracy and preservation of the dynamic characteristics of the original system.

Keywords-single machine infinite bus; model order reduction; Hankel-Norm model reduction; power system

stability; dynamic system; control design; reduced-order model

I.  INTRODUCTION

The Single Machine Infinite Bus Power (SMIBP) system is
a standardized and simplified model that nevertheless provides
a highly representative framework for analyzing power system
dynamics. This model describes a single synchronous generator
connected to an infinite bus system through a transmission line,
where the "infinite bus" is assumed to be an ideal voltage
source with a constant voltage and frequency, irrespective of
any power oscillations from the generator [1, 2]. It is the most
fundamental and widely used model in power system stability
studies, particularly for small-signal stability analysis, transient
response evaluation, and control design [3, 4]. The
mathematical structure of the SMIBP system is generally

represented by a set of second-order nonlinear differential
equations characterizing the rotor swing, combined with either
linear or nonlinear electromagnetic expressions, depending on
the level of model detail. For control and analysis purposes, the
system can be linearized around its steady-state operating point
and expressed in a state-space representation [5, 6].

The SMIBP system is extensively employed in both
academic research and practical engineering applications to
address objectives such as voltage stability, rotor angle
stability, damping of mechanical oscillations, and performance
evaluation of reactive power compensation devices like SVC,
STATCOM, or UPFC [7, 8]. In the control domain, the SMIBP
model serves as a basis for the design, simulation, and

www.etasr.com

Quan et al.: Model Order Reduction of a Single Machine Infinite Bus Power System Using the ...



Engineering, Technology & Applied Science Research

Vol. 15, No. 4, 2025, 25290-25296 25291

validation of Power System Stabilizers (PSS), fuzzy
controllers, adaptive controllers, and more recently, artificial
intelligence-based controllers such as neural networks or deep
learning systems [9, 10]. The integration of metaheuristic
optimization techniques and machine learning approaches into
the SMIBP system has been shown to effectively enhance
transient stability, particularly under conditions of severe
disturbances or rapid load variations [1, 7, 11, 12]. Moreover,
the SMIBP model acts as an intermediate framework for the
development and assessment of Model Order Reduction
(MOR) techniques, which can then be applied to large-scale
power systems while retaining essential dynamic characteristics
[13]. In industrial applications, the SMIBP system is also
utilized for testing generator control performance, evaluating
system responses during localized disturbances, and training
power system engineers through realistic simulation scenarios
[14, 15]. Although the SMIBP system serves as an efficient
foundational model for power system control technology
research and development, extending this model to a higher
order, by incorporating additional state variables, such as field
current, terminal voltage, or control via power electronics
devices, poses a series of analytical and control design
challenges [16-18]. The high-order SMIBP model substantially
increases computational complexity due to the significant rise
in the number of state equations. This escalation affects the
performance of simulation, optimization, and control design
methods, particularly when the model exhibits high stiffness or
pronounced nonlinearity [19-21]. Retaining crucial properties
of the original system, such as Lyapunov stability, transient
response accuracy, and controllability, observability, becomes
more difficult as the order increases [22-24]. Moreover, high-
order models may exhibit phenomena such as chaotic
oscillations, low-frequency oscillations, or internal resonances
due to interactions among control devices [25-27]. In complex
power systems such as the SMIBP, reducing the model order to
simplify the dynamic structure and reduce the computational
burden while preserving the system's inherent stability is a
significant challenge. Model order reduction not only facilitates
more efficient simulation and analysis but also plays a crucial
role in the optimal controller design. In this context, the
Hankel-Norm Model Reduction (HNMR) algorithm has been
extensively investigated due to its capability to accurately
approximate the system's dynamic characteristics through the
Hankel matrix, thereby selecting an optimal order without
compromising system stability [26, 28]. The HNMR algorithm
is based on the Hankel-norm approximation theory, which
quantitatively assesses the contribution of each state to the
system dynamics [28, 29]. Applying HNMR to the SMIBP
system offers numerous benefits, especially when dealing with
high-order models that include a wide array of electrical and
mechanical parameters. The complexity of the SMIBP, when
augmented with additional elements such as power electronic
control or reactive compensation devices, requires a
sophisticated reduction process to ensure that the fundamental
dynamic properties, such as transient response and Lyapunov
stability, are maintained [26, 30]. Recent research highlights
the importance of MOR in load management and enhancing the
reliability of power systems, thus reinforcing the theoretical
foundation for reduction methods like HNMR [27, 29].

To validate the effectiveness of HNMR in reducing the
complexity of the SMIBP system, the authors implemented this
reduction algorithm in an infinite bus power system model [31,
32]. The study demonstrates that the application of the HNMR
algorithm shortens simulation time and also preserves the
essential dynamic characteristics of the system. Consequently,
the reduced-order model significantly supports the analysis and
design of optimal controllers and lays a solid foundation for
advanced research on power system stability.

II. METHOD

A. Hankel-Norm Model Reduction Algorithm

The HNMR algorithm is based on Hankel norm
approximation theory. In this theory, the distance between the
original system and its reduced-order model is evaluated using
the Hankel norm of the operator that maps the past input space
to the future output space. This approach not only guarantees
the intrinsic stability of the reduced model but also optimizes
the approximation error in the mid-frequency range. The
implementation process of the HNMR algorithm is outlined as
follows [27-30]:

e Input: The full-order state-space system (4,B,C,D) €
R™7 R™*M RP*™ RP*™ and the desired reduced order
r<n.

e Qutput: The reduced-order system (A, B,C, ﬁ) €

Rrxr‘ Rrxm‘ Rpxr‘ RPXM

e Step 1: Compute the controllability and observability
Gramians by solving the following Lyapunov equations:

AP + PA"+BBT =0 (1
ATQ+QA+CTC =0 2)

where P >0 and Q >0 . This step quantifies the
controllability and observability levels of each state.

e Step 2: Construct the descriptor operator E using the
product of the Gramians:

E =QP—d%I 3)

where A, > 0 > h,,, and A;denote the singular values of
the Hankel operator H = QP . The objective here is to
isolate the contributions of the r most significant states in
terms of the Hankel norm.

e - Step 3: Perform Singular Value Decomposition (SVD) on
the operator E as:

E=Ugx;VF 4
and partition the results as follows:

EUg = [Ugy Ugal; Vg = [V1 Vil

Py 0
= ®)
with Xz, € R™" containing the r largest singular values.

e Step 4: Using the obtained singular vectors, transform the
original system into a new basis to partition it into
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subblocks with different priority levels. This is ( ; )
accomplished by (6). Turbine
4. A Governor
A= [ 1 12] = UL(324T + QAP)V,;
Az Az
B= [Bl] = UT(QB — CT); (6) Synchronous Tie Line Infinite
B,
Generator Bus
C = [C1 CZ] = (CP - aBT)VE, Dl =D e )
e Step 5: Construct the equivalent lower-order state-space
model using the Schur complement approximation: Excitation AVR
A _ System
A=2g (A - A12A;2A21)F 2 i
1
B = 5l - Az Bo); + () R T PSS
C =C; — CAypAy; D =Dy — (A8,
Fig. 1. Block diagram of the SMIBP system.

B.

where A;rz denotes the Moore-Penrose pseudoinverse of
Ay,

Step 6: Extract the stable part of the reduced model by
employing spectral decomposition techniques to ensure that
the final model (21\, B, C, D’j of order r preserves the
essential dynamic characteristics of the original system.

Single Machine Infinite Bus Power System Model
The diagram in Figure 1 illustrates the key components of

an SMIBP system. These components include:

Synchronous generator: The central element that connects
to the infinite bus via a tie-line.

Turbine and governor: Provides mechanical drive to the
synchronous generator and assists in primary frequency
control.

Excitation system: Supplies the necessary excitation to the
generator's field winding.

Automatic Voltage Regulator (AVR): Regulates the

excitation system to maintain a stable terminal voltage.

Power System Stabilizer (PSS): Enhances the system
stability by supplying additional damping control.

Infinite bus: Represents the Thevenin equivalent of a large,
interconnected power system.

This SMIBP model is predominantly used for the study of

power system stability. The block diagram delineates the
interactions among the components as follows:

The turbine and governor deliver the mechanical input to
the generator.

The excitation system regulates the generator's field current.

The AVR adjusts the terminal voltage by controlling the
excitation system.

The PSS receives speed deviation as its input and supplies
supplementary control signals to the AVR.

The generator is connected to the infinite bus through a tie-
line.

III. APPLICATION OF HANKEL-NORM MODEL
REDUCTION TO A SINGLE MACHINE INFINITE BUS
POWER SYSTEM

Consider the dynamic model of the SMIBP system [31, 32],

which has a transfer function given by:

20005°+12170055+12110005%+7454000s3
+5827000052+31560005+2075000
$74+65.8556+984.255+12130s%
+9730053+42940052+21880005+999500

The HNMR algorithm was implemented in MATLAB to

F(s) = ®)

reduce the original seventh-order system to lower-order models
of orders 4, 5, and 6. The corresponding obtained transfer
functions are given in below, whereas the reduction errors in
terms of the H,, norm and MSE are summarized in Table I.

6.5625%+193653 +134452
4+1.1x10%5-1.459x10%
5%+4.9953+145.152+261.25+4086

Frou(s) = )
-1.3615%+20385%+952.453
+1.156x10%52—68165+4392

Fros(s) = 55+5.6635%+146.953+323.952
+41835+1304

10)

0.0509856+199355+1.947x10%s%
+1.241x10%53+1.038x100s2
+6.147x10%s+3.666x10%
56414.4655+199.65%
+163153+732552+3.88x10%5+1.81x10%

Free(s) = (1D

TABLE I. COMPARISON OF REDUCED-ORDER MODELS FOR
DIFFERENT REDUCTION ORDERS

Reduced H_, error MSE

order (1)
4 7.473195345831305 71.694345318950695
5 1.430003795946640 7.835960542638253
6 0.050977464813167 0.083937719133206

The results in Table I indicate that, as the reduced order

increases from 4 to 6, both the H,, error and the MSE decrease
significantly. Specifically:

For the order-4 reduced model, the H, error is
approximately 7.47 and the MSE is around 71.69,
suggesting substantial information loss compared to the
full-order model.
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e Increasing the reduced order to 5 leads to a marked
improvement, with the H,, error decreasing to 1.43 and the
MSE to 7.84, indicating that the order-5 model provides a
better approximation of the full-order system.

e The order-6 reduced model yields H,, and MSE values that
are almost negligible (0.051 and 0.084, respectively),
signifying an excellent match with the full-order model.

Figure 2 shows the Nyquist plots of the full-order system
and its reduced-order counterparts. The curves, representing the
frequency response in terms of magnitude and phase, indicate
that higher reduced orders result in curves that closely align
with those of the original system over critical frequency ranges.
Notably, the order-6 model exhibits a nearly perfect match with
the full-order system, indicating that it preserves the dynamic
characteristics and essential amplitude-phase information
required to maintain system stability. In contrast, lower-order
models, such as the order-4 model, show significant deviations,
especially in frequency regions with strong amplitude and
phase variations, thereby compromising the accuracy of the
reduced model.

Nyquist Plot of Full-Order and Reduced-Order Models
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Fig. 2. Nyquist plots of the full-order and reduced-order models.

Figure 3 shows the Nichols plots, which provides an
integrated view of the gain and phase relationships for the
various models. The order-6 reduced model displays gain and
phase responses that closely mirror those of the full-order
system, with phase deviations within £2° and amplitude errors
below 0.1 dB at key frequencies. In comparison, the order-4
model exhibits phase discrepancies up to +15° and amplitude
errors around 3 dB in sensitive frequency regions. The order-5
model shows moderate improvements, with phase deviations
limited to +5° and amplitude errors around +1.5 dB at critical
frequencies. These results confirm that higher reduced orders
lead to more accurate preservation of the gain-phase
characteristics, ensuring that the control performance remains
comparable to that of the original system. Analysis of the
magnitude plot in Figure 4, over the simulated frequency range
from 1072 rad/s to 10° rad/s reveals that, for frequencies below
10 rad/s, the curves for the order-4 and order-5 models deviate
from that of the full-order system. The order-4 model exhibits
the greatest discrepancy. However, in the frequency range
between 10 rad/s and 100 rad/s, both the order-4 and order-5
models align closely with the full-order response. The

frequency response of the order-6 model is in complete
agreement with the full-order system. Figure 5 shows the phase
plots over the frequency range from 1072 rad/s to 10% rad/s. In
the interval between 3 rad/s and 20 rad/s, the phase response of
the order-5 model closely follows that of the full-order system;
however, deviations exist in other frequency regions. Across
the entire frequency spectrum, the phase response of the order-
4 model deviates the most, whereas the order-6 model exhibits
a phase response identical to that of the original system.

Nichol plot of Full-Order and Reduced-Order Models
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Nichols plots of the full-order and reduced-order models.

Bode Plot of Full-Order and Reduced-Order Models
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Fig. 4. Magnitude plots of the full-order and reduced-order models.

Bode Plot of Full-Order and Reduced-Order Models
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Fig. 5. Phase plots of the full-order and reduced-order models.

The step response comparison in Figure 6 indicates that for
time intervals shorter than 1.6 s, the response of the order-4
model closely tracks that of the full-order system. However,
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beyond 1.6 s, the order-4 model gradually deviates, particularly
during the settling phase. Overall, the step responses of the
order-4 and order-5 models resemble that of the full-order
system, with the order-5 model demonstrating the closest
match.

Step Response of Full-Order and Reduced-Order Models
150 T T T

T T

Full-Order Model (Order = 7)
Reduced-Order Model (Order = 4)|
Reduced-Order Model (Order = 5)|
Reduced-Order Model (Order = 6)

50
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50 - Il Il Il Il Il
0
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Fig. 6. Step responses of the full-order and reduced-order models.

The dynamic model order reduction of the SMIBP system
from order 7 to orders 4, 5, and 6 reveals significant differences
in approximation accuracy relative to the full-order model.
Error metrics, frequency response analyses, and time-domain
evaluations confirm that the order-6 reduced model performs
exceptionally well, with negligible H,, error and MSE, as well
as nearly identical frequency (via Nyquist, Nichols, magnitude,
and phase plots) and time-domain step responses compared to
the original system. The order-5 model also delivers
satisfactory results with significantly reduced errors relative to
the order-4 model, though minor discrepancies persist in
certain sensitive frequency regions. Conversely, the order-4
model shows pronounced information loss, with substantial
errors and notable deviations, especially at low frequencies and
during the settling phase.

Based on these analyses, it is recommended to employ the
order-6 reduced model in applications that demand high
precision, as it can preserve the dynamic characteristics of the
full-order system. Should computational efficiency be a
priority, the order-5 model might serve as a viable alternative,
provided the resulting errors remain within acceptable limits
for the specific application. The order-4 model is suitable only
for scenarios where stringent accuracy is not critical. The
selection of the reduced order must carefully balance accuracy
and computational performance depending on the practical
application requirements.

IV. DISCUSSION

This work demonstrated the effectiveness of the HNMR
algorithm in simplifying the high-order (7th-order) dynamic
model of an SMIBP system. The empirical results revealed that
the 6th-order reduced model achieves high fidelity, exhibiting
an H,, error and MSE of merely 0.051 and 0.084, respectively,
thereby preserving the essential dynamic characteristics of the
original system almost entirely. Although other model order
reduction techniques have been applied to power systems,
including various methods for SMIBP systems [2], stiffness-

oriented approaches [30], or second-order methods such as the
Arnoldi method [26], the HNMR approach presented herein
offers a systematic procedure grounded in Hankel singular
values [28, 29]. This methodology not only inherently
guarantees the stability of the reduced-order model, but also
facilitates a clear, quantitative assessment of the trade-off
between model order and approximation error, as measured by
metrics like the H, norm and MSE. The attainment of such
low approximation errors for the 6th-order model underscores
the suitability of HNMR for SMIBP systems, particularly in
applications demanding high accuracy and the preservation of
dynamic behaviors, outperforming lower-order models (4th-
and 5Sth-order), which exhibited significantly larger errors. The
primary contribution of this study lies in providing a detailed
quantitative evaluation of HNMR performance across different
reduction orders for a specific SMIBP model, thereby offering
practical guidance for selecting an appropriate model order for
stability analysis and controller design in similar contexts.

V. CONCLUSION

This study demonstrates that the Hankel-Norm Model
Reduction (HNMR) algorithm serves as an effective tool for
reducing the order of dynamic models in Single Machine
Infinite Bus Power (SMIBP) systems, particularly when
dealing with high-order original models. Experimental results
indicate that the 6th-order reduced model preserves nearly all
the dynamic characteristics of the original system, exhibiting
minimal H, error and Mean Square Error (MSE). This
underscores the algorithm's high approximation accuracy. The
Sth-order model also yields promising results, with
significantly lower errors compared to the 4th-order model,
though minor deviations persist in frequency-sensitive regions.
In contrast, the 4th-order model reveals substantial information
loss, characterized by large errors and noticeable deviations in
response, especially at low frequencies and during the settling
phase in the time domain. These findings highlight the critical
need to select an appropriate reduction order to balance
accuracy and computational efficiency in practical applications.
The reduction order should be chosen based on a careful
evaluation of the trade-offs between precision and
computational performance, tailored to the objectives of the
intended application.

Beyond providing an efficient model reduction approach
for SMIBP systems, this study paves the way for further
exploration of HNMR applications in more complex power
systems. The obtained results lay a foundation for designing
optimal controllers, enhancing system stability, and improving
operational performance under real-world conditions.
Additionally, this work enriches the theoretical framework of
model order reduction in power system control, offering

valuable insights for future research and practical
implementations.
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