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Abstract  

This thesis aims to design a robust nonlinear controller for power systems to enhance the 

transient stability. The robust controller is designed based on the 𝐻∞ mixed-sensitivity loop 

shaping control scheme for feedback linearized models of power systems. The partial feedback 

linearization scheme is used to linearize the power system model where the linearized system 

is independent of the operating points. The proposed 𝐻∞ mixed-sensitivity loop shaping control 

scheme provides the robustness against parametric uncertainties, external disturbances, and 

measurement noises. The proposed robust 𝐻∞ controller for the feedback linearized system is 

incorporated with the feedback linearizing control input to ensure the transient stability of 

power systems under different operating conditions. The proposed robust controller is designed 

for both single machine and multi machine power systems. The robustness of the designed 

controller is evaluated through the simulation results on both single machine and multimachine 

power systems and compared with an existing power system stabilizer (PSS) and a state 

feedback linearizing excitation controller under different operating conditions. Simulation 

results clearly demonstrate the superiority of the proposed scheme as compared to the existing 

controllers. 
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Chapter 1 
Introduction 

 

1.1 Background 

Power systems are large, complex, and interconnected nonlinear dynamical systems. The 

continuity of power supply in power systems depends on the stable operation where the stable 

operations of power systems are usually characterized by different factors. These factors 

include matching the continuously changing load demands with the generation and maintaining 

the desired characteristics of major components (e.g., generators) which are connected to power 

systems. Recently, the modernization of existing power grids plan to operate power systems 

close to their stability limits which stresses the system as well. The stressed power systems are 

prone to any disturbance and reduce the overall stability margin.  

 

When the changes in the steady-state conditions are slightly affected, i.e., the deviations of 

different physical properties are not far away from their stead-state values, these changes can 

be confined to the equilibrium or steady-state operating points of different physical quantities. 

In this case, the dynamical models, which are used to characterize the changes, can be 

represented to their corresponding linearized models. The stability or tendency to restrict the 

system to similar steady-state values are also called small-signal stability analysis [1]. The 

small-signal stability problem can be easily tackled by the linear controllers, which are usually 

designed based on the linearized models of power systems. 

 

When the disturbances or the impact of disturbances are massive, the steady-state values of 

different physical quantities deviate far away which cannot be captured by the linearized 
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models of power systems. In most of cases, the physical quantities are settled down to new 

steady-state values when power systems experience such massive and aggressive disturbances. 

The disturbances in power networks happen due to short-circuit faults at the terminals of 

generators, faults in the transmission systems, sudden changes of loads along with sudden 

losses of power generation units. The stability of power systems associated with large 

disturbance is called transient stability.  

 

During the large disturbances on any part of power systems, the operational characteristics of 

power systems are influenced by different devices with different responses [2]. During a large 

fault, for example, when a fault at the terminal of a generator happens, the reactance of the 

transmission lines in power system changes significantly. Therefore, the characteristics of 

power systems cannot be modeled by linear approximations in the case of large disturbances 

and the linear controllers are not capable to maintain the transient stability as the nonlinearities 

within the model cannot be tackled [3]. Apart from the nonlinearities within the synchronous 

generators in power systems, there are more nonlinearities due to interconnections which 

cannot be properly captured with the linearized models in their simplest forms.    

 

The implementation of nonlinear controllers requires some physical properties or states as 

feedback. However, all these states are not always measurable and the measurements of these 

states require some additional efforts, e.g., observer design [4], which is not a cost-effective 

solution.  Moreover, there exist plant uncertainties, external disturbances, and measurement 

noises which need to be incorporated into the controller design process to ensure the robustness.  

This thesis aims to design a novel robust feedback linearizing 𝐻∞ controller for both single 

machine and multimachine power system to enhance the transient stability. 
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1.2 Motivations for the Proposed Research 

The motivations for the proposed research are summarized in the following 

 The huge amount of power transfer through existing transmission resources stresses the 

system and therefore, the system requires extra damping especially under large 

disturbances. 

 The parameters of the power systems are not exactly known and some parameters vary 

with changes in operational characteristics. 

 Linear controllers which are currently being used, cannot capture all nonlinearities within 

the power system model and the robust linear controllers require interconnection 

information. Moreover, the external disturbances and measurement noises cannot be 

modeled accurately during the linearization. 

 The nonlinearities within the power system model need to be considered in order to 

enhance the transient stability under large disturbances as well as changes in operating 

points. 

 

1.3 Problem Statement for the Proposed Thesis 

Based on the above motivations, this thesis aims to solve the following problems to enhance 

the transient stability of power systems 

 It is essential to design robust controller which is independent of operating points and 

provides robustness against parametric uncertainties along with external disturbances 

and measurement noises. 

 The controller needs to be designed in such a way that it outperforms the existing 

controllers. 
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 The controller needs to be designed in a generalized way so that it has the ability to 

enhance the transient stability of power systems with both single machine and multi 

machines. 

 

1.4 Contributions of this Thesis 

The main contribution of this research is summarized in the following 

 Design of a robust nonlinear feedback linearizing 𝐻∞ mixed-sensitivity loop shaping 

controller for a single machine infinite bus (SMIB) system. 

 Performance evaluation of a robust nonlinear feedback linearizing 𝐻∞ mixed-

sensitivity loop shaping controller on a SMIB system. 

 Design of a robust nonlinear feedback linearizing 𝐻∞ mixed-sensitivity loop shaping 

controller for a multimachine power system. 

 Performance evaluation of a robust nonlinear feedback linearizing 𝐻∞ mixed-

sensitivity loop shaping controller on a multimachine power system. 

The performance of the proposed controller is evaluated through simulation results where all 

simulations are conducted in MATLAB/SimPowerSystems by considering different operating 

conditions.  

 

1.5 Thesis Outline 

This section provides an outline of the overall content of the thesis as pointed in the following 

Chapter 1 is used to provide a general background about the subject area. This chapter also 

includes the main motivations of the proposed research, problem statement, and the main 

contribution of this thesis.  
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Chapter 2 includes the dynamical modeling of key power system components which are used 

to design the controller. This chapter also provides an overview of the transient stability and 

excitation control. Finally, this chapter provides an extensive literature survey on the excitation 

control of both single machine and multimachine power system identify the open problem.  

Chapter 3 presents a brief overview of the feedback linearization scheme for both single input 

single output (SISO) and multi-input multi-output (MIMO) systems as these are equivalent to 

the single machine infinite bus (SMIB) and multimachine power systems, respectively. This 

chapter also discusses about the 𝐻∞ mixed-sensitivity loop shaping controller design for a 

linear system by considering the effects of parameter variations, external disturbances, and 

measurement noises. 

Chapter 4 presents the design of a robust nonlinear feedback linearizing 𝐻∞ mixed-sensitivity 

loop shaping controller for SMIB system. The performance of the designed robust nonlinear 

feedback linearizing 𝐻∞ mixed-sensitivity loop shaping controller is evaluated on a SMIB 

system and compared with the existing power system stabilizer (PSS) and LQR-based feedback 

linearizing controller under different operating conditions.  

Chapter 5 presents the design of a robust nonlinear feedback linearizing 𝐻∞ mixed-sensitivity 

loop shaping controller for a multimachine power system. In this chapter, the performance of 

the designed robust nonlinear feedback linearizing 𝐻∞ mixed-sensitivity loop shaping 

controller is evaluated on a multimachine power system and compared with the existing PSS 

and LQR-based feedback linearizing controller under different operating conditions.  

Chapter 6 highlights the conclusions from the research along with some further directions for 

future research.  
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Chapter 2 
Transient Stability Enhancement by 
Excitation Control of Synchronous 

Generator 
 

2.1 Introduction 

The aim of this thesis is to design a robust feedback linearizing 𝐻∞ controller to enhance the 

transient stability of the power system under different operating conditions. The controller 

design requires mathematical models which represent the dynamic characteristics of the power 

systems in practical operation. Therefore, this chapter starts with the modeling of single 

machine and multimachine power systems for transient stability analysis and enhancement of 

the systems. It then introduces the basic concepts of power system transient stability and its 

enhancement by excitation control, followed by an extensive literature review on the state-of-

the-arts controller designs for enhancing the transient stability of both single and multimachine 

power systems. By analysing the literature, the limitations of the existing results are identified 

and the solutions are proposed to overcome these limitations.  

 

The remainder of this chapter is as follows. Section 2.2 introduces the dynamical model of a 

single machine power system, known as the single machine infinite bus (SMIB) system, while 

Section 2.3 presents the dynamical model for a multimachine power system. Based on the 

dynamical models in Section 2.2 and Section 2.3, Section 2.4 introduces the concept of power 



7 
 

system transient stability and excitation control for transient stability enhancement. Section 2.5 

discusses the performance and difficulties of excitation control. Section 2.6 provides an 

extensive literature survey of the existing results on the design of excitation controllers for 

transient stability enhancement. Section 2.7 identifies the open problems in the existing results 

surveyed in Section 2.6 and presents a proposal for solving the open problems. Section 2.8 

concludes the chapter by a brief summary. 

 

2.2 Modeling of Single Machine Infinite Bus System 

The simplest model of the power system is the connection of a synchronous generator to an 

infinite bus through transmission lines and transformers. In power engineering, this simple 

model is known as the single machine infinite bus (SMIB) system shown in Fig. 2.1.  

 

 

 

Fig. 2.1. A SMIB system 

The synchronous generator (SG) in this model is a rotating electrical machine with its rotor 

driven by prime mover and magnetized by the field excitation. It converts the mechanical input 

power 𝑃𝑚 from the prime mover to the electrical output power 𝑃𝑒 from its stator. The rotor 

speed 𝜔 determines the electrical output frequency. When 𝜔 equals the synchronous speed 𝜔0, 

Infinite bus

G Transmission line
Transformer
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the frequency is 50 Hz (60 Hz in America), therefore 𝜔0 is the desired rotor speed. The 

dynamics of SG speed 𝜔 can be represent by [1]  

 

Fig. 2.2. An equivalent circuit diagram of the SMIB system with an excitation coil 

�̇� = 𝜔 − 𝜔0          (2.1) 

�̇� = −
𝐷

2𝐻
(𝜔 − 𝜔0) +

𝜔0

2𝐻
(𝑃𝑚 − 𝑃𝑒)       (2.2) 

where 𝛿 is the rotor rotation angle of the SG, 𝜔 is the running speed of the generator, 𝜔0 is the 

synchronous speed of the SG, 𝐻 is the inertia constant, 𝐷 is the damping constant, 𝑃𝑚 is the 

mechanical input power to the SG, and 𝑃𝑒 is the active electrical power output of the SG.  

 

The SG internal voltage 𝐸𝑞
′  and the rest of the SMIB system in Fig 2.1 form an equivalent 

electrical circuit shown in Fig 2.2, where 𝑥𝑑
′  is the transient reactance of SG, 𝑥𝑇  and 𝑥𝐿 are 

respectively the reactances of the transformer and transmission line, 𝐸𝑓 is the voltage of the 

field excitation applied to the rotor winding, and 𝑉𝑠 is the infinite bus voltage. 

 

The dynamics of 𝐸𝑞
′  can be described as 

dx Tx
Lx2

Lx2

qE

0SV

fE

Infinite bus

eP
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𝐸𝑞
′̇ =

1

𝑇𝑑𝑜
(𝐸𝑓 − 𝐸𝑞)         (2.3) 

where 𝐸𝑞 is the quadrature-axis voltage and  𝑇𝑑𝑜 is the direct-axis open-circuit transient time 

constant of SG. 

 

As seen from equation (2.3), the excitation voltage 𝐸𝑓 is related to the transient voltage 𝐸𝑞
′  

which is in turn related to the steady-state voltage 𝐸𝑞 and 𝐸𝑞 is related to the output power 𝑃𝑒 

of SG. In steady state operation, the voltage, current and power variables in the equivalent 

circuit of Fig. 2.2 are related by the following (phasor domain) algebraic equations [1] 

𝐸𝑞 =
𝑥𝑑Σ

𝑥𝑑Σ
′ 𝐸𝑞

′ − (𝑥𝑑 − 𝑥𝑑
′ )𝐼𝑑        (2.4) 

𝐼𝑑 =
𝐸𝑞

′

𝑥𝑑Σ
′ −

𝑉𝑠

𝑥𝑑Σ
′ cos 𝛿         (2.5) 

𝐼𝑞 =
𝑉𝑠

𝑥𝑑Σ
′ sin 𝛿          (2.6) 

𝑃𝑒 =
𝑉𝑠𝐸𝑞

′

𝑥𝑑Σ
′ sin 𝛿          (2.7) 

𝑄𝑒 =
𝑉𝑠𝐸𝑞

′

𝑥𝑑Σ
′ cos 𝛿 −

𝑉𝑠
2

𝑥𝑑Σ
         (2.8) 

where 𝑥𝑑Σ = 𝑥𝑑 + 𝑥𝑇 + 𝑥𝐿, 𝑥𝑑Σ
′ = 𝑥𝑑

′ + 𝑥𝑇 + 𝑥𝐿, 𝑥𝑑 is the direct-axis synchronous reactance 

of SG, 𝐼𝑑 and 𝐼𝑞 are the direct- and quadrature-axis currents of SG respectively, 𝑃𝑒 and 𝑄𝑒 are 

the active and reactive power of SG, respectively.  
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Using the above algebraic equations in (2.1)-(2.3) gives 

�̇� = 𝜔 − 𝜔0          (2.9) 

�̇� = −
𝐷

2𝐻
(𝜔 − 𝜔0) −

𝜔0

2𝐻
𝑃𝑚 −

𝜔0

2𝐻

𝑉𝑠𝐸𝑞
′

𝑥𝑑Σ
′ sin 𝛿      (2.10) 

𝐸𝑞
′̇ =

1

𝑇𝑑
′ 𝐸𝑞

′ +
1

𝑇𝑑𝑜

(𝑥𝑑−𝑥𝑑
′ )𝑉𝑠

𝑥𝑑Σ
′ cos 𝛿 +

1

𝑇𝑑𝑜
𝐸𝑓      (2.11) 

where 𝑇𝑑
′ =

𝑥𝑑Σ
′

𝑥𝑑Σ
𝑇𝑑𝑜 is the time constant of the field winding. Equations (2.9)-(2.11) give a 

complete dynamical model of a SMIB system, which is commonly used in the literature for the 

analysis and control of transient stability of SMIB system.   

 

2.3 Modeling of Multimachine Power System   

A multimachine power system consists of a number of SMIB systems which are interconnected 

to form a complex power system. For a system with 𝑁 machines, the dynamics of the 𝑖𝑡ℎ 

machine can be represented exactly the same as that of an SMIB system [1].   

 

The dynamics of the 𝑖𝑡ℎ  SG is given by [1] 

�̇�𝑖 = 𝜔𝑖 − 𝜔0𝑖          (2.12) 

�̇�𝑖 =
𝐷𝑖

2𝐻𝑖
(𝜔𝑖 − 𝜔0𝑖) +

𝜔0𝑖

2𝐻𝑖
(𝑃𝑚𝑖 − 𝑃𝑒𝑖)      (2.13) 

where  𝑖 = 1, 2, 3,⋯ , 𝑁,  𝛿𝑖 is the rotor angle of the 𝑖𝑡ℎ SG, 𝜔𝑖 is the rotor speed of the 𝑖𝑡ℎ SG, 

𝜔0𝑖 is the synchronous speed of the 𝑖𝑡ℎ SG, 𝐻𝑖 is the inertia constant of the 𝑖𝑡ℎ SG, , 𝐷𝑖 is the 
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damping constant of the 𝑖𝑡ℎ SG, 𝑃𝑚𝑖 is the mechanical power input to the 𝑖𝑡ℎ SG, and 𝑃𝑒𝑖 is 

the active power delivered by the 𝑖𝑡ℎ SG. 

  

The electrical dynamics of the 𝑖𝑡ℎ SG is given by [1] 

𝐸𝑞𝑖
′̇ =

1

𝑇𝑑𝑜𝑖
(𝐸𝑓𝑖 − 𝐸𝑞𝑖)         (2.14) 

where 𝐸𝑞𝑖
′  is the quadrature-axis transient voltage of the 𝑖𝑡ℎ SG, 𝐸𝑞𝑖 is the quadrature-axis 

voltage of 𝑖𝑡ℎ SG, 𝑇𝑑𝑜𝑖 is the direct-axis open-circuit time constant of the 𝑖𝑡ℎ SG, and 𝐸𝑓𝑖 is 

the equivalent voltage in the excitation coil of the 𝑖𝑡ℎ SG. 

 

Similar to SMIB system, the electrical variables of the 𝑖𝑡ℎ SG are related by the following set 

of algebraic equations  

𝐸𝑞𝑖 = 𝐸𝑞𝑖
′ − (𝑥𝑑𝑖 − 𝑥𝑑𝑖

′ )𝐼𝑑𝑖        (2.15) 

𝐼𝑑𝑖 = −𝐸𝑞𝑖
′ 𝐺𝑖𝑖 − ∑ 𝐸𝑞𝑗

′ 𝐵𝑖𝑗 cos 𝛿𝑖𝑗
𝑛
𝑗=1
𝑗≠𝑖

       (2.16) 

𝐼𝑞𝑖 = 𝐸𝑞𝑖
′ 𝐺𝑖𝑖 + ∑ 𝐸𝑞𝑗

′ 𝐵𝑖𝑗 sin 𝛿𝑖𝑗
𝑛
𝑗=1
𝑗≠𝑖

       (2.17) 

𝑃𝑒𝑖 = 𝐸𝑞𝑖
′2𝐺𝑖𝑖 + 𝐸𝑞𝑖

′ ∑ 𝐸𝑞𝑗
′ 𝐵𝑖𝑗 sin 𝛿𝑖𝑗

𝑛
𝑗=1
𝑗≠𝑖

      (2.18) 

𝑄𝑒𝑖 = −𝐸𝑞𝑖
′2𝐺𝑖𝑖 + 𝐸𝑞𝑖

′ ∑ 𝐸𝑞𝑗
′ 𝐵𝑖𝑗 cos 𝛿𝑖𝑗

𝑛
𝑗=1
𝑗≠𝑖

      (2.19) 

where  𝑥𝑑𝑖 is the direct-axis synchronous reactance of the 𝑖𝑡ℎ SG, 𝑥𝑑𝑖
′  is the direct-axis transient 

reactance of the 𝑖𝑡ℎ SG, 𝐺𝑖𝑖 and 𝐵𝑖𝑖 are the self-conductance and self-susceptance of the 𝑖𝑡ℎ  
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bus, respectively, 𝐺𝑖𝑗 and 𝐵𝑖𝑗 are the conductance and susceptance between the 𝑖𝑡ℎ  and the 𝑗𝑡ℎ 

buses respectively, 𝛿𝑖𝑗 = 𝛿𝑖 − 𝛿𝑗 is the power angle deviation between the 𝑖𝑡ℎ  and the 𝑗𝑡ℎ 

buses, 𝐼𝑑𝑖 and 𝐼𝑞𝑖 are direct- and quadrature-axis currents of the 𝑖𝑡ℎ SG respectively, 𝑃𝑒𝑖  and 

𝑄𝑒𝑖 are the active and reactive powers generated by the 𝑖𝑡ℎ SG. 

Using these algebraic equations in (2.12)-(2.14) gives 

�̇�𝑖 = 𝜔𝑖 − 𝜔0𝑖          (2.20) 

�̇�𝑖 =
𝐷𝑖

2𝐻𝑖
(𝜔𝑖 − 𝜔0𝑖) +

𝜔0𝑖

2𝐻𝑖
𝑃𝑚𝑖 −

𝜔0𝑖

2𝐻𝑖
(𝐸𝑞𝑖

′2𝐺𝑖𝑖 + 𝐸𝑞𝑖
′ ∑ 𝐸𝑞𝑗

′ 𝐵𝑖𝑗 sin 𝛿𝑖𝑗
𝑛
𝑗=1
𝑗≠𝑖

)  (2.21) 

𝐸𝑞𝑖
′̇ = −

1+(𝑥𝑑𝑖−𝑥𝑑𝑖
′ )𝐵𝑖𝑖

𝑇𝑑𝑜𝑖
𝐸𝑞𝑖

′ +
𝑥𝑑𝑖−𝑥𝑑𝑖

′

𝑇𝑑𝑜𝑖
∑ 𝐸𝑞𝑗

′ 𝐵𝑖𝑗 cos 𝛿𝑖𝑗
𝑛
𝑗=1
𝑗≠𝑖

+
1

𝑇𝑑𝑜𝑖
𝐸𝑓𝑖   (2.22) 

Equations (2.20)-(2.22) give a complete dynamical model for the 𝑖𝑡ℎ SG in a multimachine 

power system commonly used in the literature for the analysis and control of multimachine 

power systems. 

 

2.4 Power System Transient Stability and Excitation Control 

In steady state operation, the SG runs at the synchronous speed, its mechanical power input is 

equal to its electrical active power output and the rotor acceleration is zero, namely, 𝜔 = 𝜔0 , 

𝑃𝑚 = 𝑃𝑒   and �̇�(= 𝑑𝜔/𝑑𝑡) = 0. Due to the faults and load changes in the power system, the 

system equivalent reactance 𝑥𝑑Σ
′  in (2.10) may vary significantly. The variations of 𝑥𝑑Σ

′  cause 

significant changes in the electrical output power  𝑃𝑒, which in turn make 𝑃𝑚 ≠ 𝑃𝑒 , �̇� ≠ 0 and 

𝜔 runs away from 𝜔0. As load changes all the time and faults occur every now and then, the 
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changes of 𝑃𝑒 is an inevitable perturbation to the power system. The transient stability of power 

system is concerned with the behaviour of the rotor speed 𝜔 in a few seconds after a major 

perturbation to 𝑃𝑒. If the 𝜔 can return to the synchronous speed 𝜔0, then the system is said to 

be transiently stable, otherwise it is transiently unstable.  

 

Transient stability is essentially a power balance problem. To attain transient stability, one must 

try to make 𝑃𝑚 = 𝑃𝑒 again as soon as possible after each perturbation to 𝑃𝑒. In power system, 

the mechanical power input 𝑃𝑚 is controlled by the prime mover controller, e.g., turbine 

governor. Because it is a mechanical process, the closed-loop response of 𝑃𝑚 is much slower 

(often in the order of minutes) than the change of rotor speed 𝜔, which is in the order of 

seconds. Therefore, 𝑃𝑚 is generally not used in transient stability analysis and control of power 

system and is often assumed to be a constant. This applies to both SMIB systems and 

multimachine systems.  

 

To maintain transient stability, different methods have been applied to the power systems, often 

jointly together. For example, changing transmission system configuration, adding additional 

loads to the bus, and excitation control. Essentially, all these methods try to manipulate the 𝑃𝑒 

in (2.2) to make 𝜔 close to and settle down at 𝜔0. Most of these methods are not dynamical 

control except excitation control.  
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Excitation control is based on the fact that 𝑃𝑒, as shown in (2.10), is a function of SG internal 

voltage 𝐸𝑞, and 𝐸𝑞 , as shown in (2.3), is a function of field excitation voltage 𝐸𝑓. Hence, by 

properly controlling 𝐸𝑓, the 𝑃𝑒 in (2.2) can be controlled to stabilize the rotor speed 𝜔 and force 

it to settle down at the synchronous speed 𝜔0 after a perturbation to 𝑃𝑒. The plant dynamics for 

such a control approach is described by (2.9)-(2.11) for SMIB systems. The plant is a third-

order nonlinear system with 𝛿, 𝜔 and 𝐸𝑞 as internal states. The mechanical power input 𝑃𝑚 in 

(2.10), as explained before, is assumed to be a constant. The control variable of the plant is the 

excitation voltage 𝐸𝑓 and the output variable to be stabilized and controlled is the rotor speed 

𝜔. Similarly, the plant dynamics of the 𝑖𝑡ℎ machine in a multimachine system is described by 

(2.20)-(2.22), with 𝛿𝑖, 𝜔𝑖 and 𝐸𝑞𝑖 as the states, 𝐸𝑓𝑖 as the control variable, 𝜔𝑖 as the plant output 

to be controller and 𝑃𝑚𝑖 assumed to be a constant.  

 

It should be pointed out that the excitation control discussed above is used after a major 

disturbance, such as a fault, in the system to enhance the transient stability. In normal operation, 

the field excitation is usually controlled by a voltage regulator to keep the output voltage of SG 

at a desired level, which is a very mature technique and is not the subject of this thesis. 

 

2.5 Performance and Difficulties of Excitation Control 

As described in 2.4, the excitation control is to use the field excitation voltage 𝐸𝑓 to stabilize 

the rotor speed 𝜔 and to force it to settle down at the synchronous speed 𝜔0 in a few seconds 
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after a disturbance to 𝑃𝑒.  This is essentially a standard regulation problem and the control 

performance is typically measured by the time response of 𝜔 after a perturbation to the system 

[5]. The performance measures include: the peak of oscillation, the duration of the oscillation, 

and the steady-state error (deviation). Designs of the excitation controller should aim to 

reduce/minimize these. Apart from the time response of 𝜔, the SG’s active output power 𝑃𝑒 are 

also used to evaluate the performance [6].  

There are a number of difficulties in the design of excitation controller to enhance the transient 

stability.  

1) Nonlinearity: As shown in (2.9)-(2.11) and (2.20)-(2.22), the system dynamic equations 

are highly nonlinear and hence highly dependent on the operating conditions 

determined by the initial values of 𝛿 and 𝛿𝑖𝑗, and the mechanical input power 𝑃𝑚 and 

Pmi . 

2) Uncertainty: The parameters of (2.9)-(2.11) and (2.20)-(2.22) may change significantly, 

especially 𝑥𝑑𝛴
′  and 𝑇𝑑

′  which depend on the transmission line reactance 𝑥𝐿. 𝑥𝐿 can be 

quite different before, during and after a fault, which may change 𝑥𝑑𝛴
′  and 𝑇𝑑

′  

significantly. 

To overcome these difficulties, various excitation controllers have been developed in the 

literature, which are reviewed in the next section. 

2.6 Existing Results on Excitation Control 



16 
 

2.6.1 Existing results for SMIB system 

The concept of using excitation control to enhance the transient stability of SMIB system was 

introduced in [7] and then generalized in [8]. It uses the linearized model of power system to 

design the linear controller that damps the low-frequency oscillations in power system. The 

main idea of [7, 8] is to provide additional damping torque into the system through the exciter 

of SG. This approach has been expanded and refined over the years, and is now a well-

established approach for designing the linear excitation controllers in power system [9], [10]. 

Power system stabilizer (PSS) is one of the linear controllers based on this approach, which 

has been widely adopted by power industries [11]-[14]. There are also other linear excitation 

controllers developed based on the concept similar to that of PSS. Their main purpose is still 

to add extra damping into the system [15]. The main limitation of these linear controllers is 

that their operating regions cannot be expanded far away from the equilibrium point for which 

they are designed.  

 

There are a lot of ongoing and successful developments for the expansion of operating regions 

of the excitation controllers. These developments are mainly based on the design of nonlinear 

excitation controllers for power system [16], [17]. For the excitation control of the SMIB 

system, several nonlinear control schemes have been proposed. For example, nonlinear 

backstepping, adaptive backstepping and robust adaptive control [18]-[22], sliding mode 
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control [23]-[25], passivity-based approach [26], [27],  model predictive control [28], [29], and 

feedback linearization approach [30]-[38]. 

 

A nonlinear backstepping approach is proposed in [18] to design the excitation controller for 

SMIB system. This approach works well when nonlinear model (2.9)-(2.11) is precise, but it 

cannot deal with the parametric uncertainties in the model. To overcome this difficulty, an 

adaptive backstepping approach is proposed in [19]-[21] to further improve the performance 

of the backstepping approach against parametric uncertainties. However, the effect of external 

disturbances is not considered. A robust adaptive backstepping scheme is proposed in [22] to 

design an excitation controller for the SMIB system, which considers both parametric 

uncertainties and external disturbances along with measurement noises. The main problems 

with the adaptive backstepping as well as robust adaptive backstepping excitation controllers 

are the selection of adaptation gains. The performance of the controller degrades if these gains 

are not selected properly. 

 

Sliding mode control schemes have been extensively used to design excitation controllers for 

the SMIB system. In [23]-[25], sliding mode excitation controllers are used to provide 

robustness against parametric uncertainties and external disturbances. However, the main 

limitation of the sliding mode excitation controller is the selection of the sliding surface during 

the fast transients which are very common in power system operations. Moreover, another well-
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known disadvantage of such a sliding mode excitation controller is that it may excite the 

unmodeled dynamics of the SMIB system due to the chattering phenomenon.  

 

There are also some works on the passivity-based approach to the design of nonlinear excitation 

controller for the SMIB system, e.g. [26] and [27] have used the total energy of the system to 

design the excitation controller for the SMIB system. However, it is practically hard and 

sometime, quite infeasible to calculate the accurate energy of the SMIB system, which makes 

this approach not so popular in power system applications. 

 

Nonlinear model predictive control scheme allows direct design of excitation control for the 

SMIB system while optimizing a nonlinear objective function [28], [29]. This approach is 

useful for the SMIB application as the objective function is quite simple and straightforward. 

However, the implementation of the model predictive control scheme requires the exact 

parametric information of the system in order to achieve the desired control objective and the 

control performance may degrade if the parameters are uncertain. 

 

Feedback linearization scheme has been widely used in power system applications. An exact 

feedback linearization scheme is used in [30]-[32] to design excitation controllers for the SMIB 

system. In [30]-[32], the linear controller for the feedback linearized system designed is a linear 

quadratic regulator (LQR). It uses the rotor angle of SG as a state for its state feedback, which 
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is generally not directly measurable. Thus, its implementation requires an additional observer 

or angle measurement device, which is not cost-effective. Moreover, the effect of parametric 

uncertainties and other disturbances are neglected in [30]-[32].  The direct feedback 

linearization scheme is used in [33] to design excitation controller for the SMIB system without 

considering uncertainties within the system. An improved version of direct feedback 

linearization is proposed in [34, 35] which considers only the parametric uncertainties of the 

SMIB system rather than the state dependent uncertainties. The direct feedback linearization 

scheme also suffers from the similar limitation to that of the exact feedback linearization, i.e., 

the measurement of the rotor angle for the state feedback. A partial feedback linearizing scheme 

is used in [36, 37] for the SMIB system which uses the speed deviation signal as the output 

function and hence eliminates the measurement of the rotor angle in the state feedback. 

However, the partial feedback linearizing scheme in [36, 37] does not consider any uncertainty 

within the system. An improved robust partial feedback linearizing controller is proposed in 

[38] where both state dependent and parametric uncertainties are modeled as a structured 

uncertainty that is explicitly used in LQR design. As the designed LQR controller depends on 

the pre-estimated structured uncertainty, its performance may degrade if the parameter changes 

are large. Therefore, the existing feedback linearization plus LQR approach does not have the 

capability to ensure the robustness of the closed-loop system against the variations in the 

system parameters, external disturbances, and measurement noises. 
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2.6.2. Existing results for multimachine power systems 

Power systems are large complex system with grid-connected generators. Therefore, it is 

necessary and important to consider the multimachine power system. The controller design and 

stability analysis of multimachine power systems are more dependent on the practical 

operations of power system.  

 

Linear controllers have been extensively used to design excitation controllers for multimachine 

power systems [39], [40]. Power system stabilizers (PSSs) have been used to stabilize 

multimachine power systems since the early days of power system operations [41], [42]. As 

mentioned before, the main problem with the linear excitation controller is the operating region. 

Apart from this, the linearization of multimachine power systems requires the information for 

the power system interconnections, and in reality, it is extremely hard to know the exact 

interconnections of different components of a power system. Moreover, the excitation 

controllers which are designed for specific interconnections will not work properly for other 

interconnections [43]. Therefore, the linear excitation controllers do not provide effective 

damping in multimachine power systems. As discussed before, it is very important to design 

the excitation controllers in such a way that these controllers are independent of the 

interconnections along with the operating points. But this cannot be solved using linear 

controllers. 
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The limitation of linear excitation controllers in multimachine power systems can be overcome 

by using nonlinear excitation controllers [44]-[46]. The nonlinear excitation controllers for 

multimachine power systems are designed using quite similar methods to those of the SMIB 

system.  

 

In [47], a nonlinear backstepping control scheme is used to design the excitation controller for 

multimachine power systems, where the backstepping approach allows to use the useful 

nonlinearities within the system. But the backstepping approach as presented in [47] does not 

consider the parametric uncertainties and external disturbances and thus, this excitation 

controller is unable to provide robustness against these factors. In [48]-[50], adaptive 

backstepping is used to deal with the parametric uncertainty problems in the excitation control 

of multimachine power systems.  But these works have not considered the external disturbances 

though these disturbances significantly affect the performance of the system. A robust adaptive 

backstepping approach is used in [51] to design the excitation controller for the multimachine 

power system. It considers the effects of both parametric uncertainties and external 

disturbances, including the measurement noises. However, all these backstepping controllers 

contain a lot of gain parameters which directly affect the overall performance and are difficult 

to choose in practice. Improper selection of these gains slows down the parameter estimation 

of these excitation controllers, which significantly increase the response time of these 

controllers to large external disturbances.  
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Sliding mode excitation controllers avoid the calculation of lots of gain parameters while 

providing robustness against parametric uncertainties and excitation disturbances in 

multimachine power systems [52]-[54]. But their performance strictly depends on the sliding 

surface. Though the selection of sliding surface is quite simple and straightforward for the 

SMIB system, it is extremely difficult for large-scale complex power systems due to the huge 

interconnections and more complicated changing characteristics of transient responses. 

Moreover, the inherent chattering phenomenon of sliding mode techniques may excite the 

unmodeled dynamics of the system, which is undesirable.      

 

Though the passivity-based approach is mainly used for SMIB system, there are some literature 

on the excitation control of multimachine power systems [55], [56]. The main concept of the 

passivity-based approach is to utilize the total energy of the power system and provide damping 

in the system through excitation controller so that the energy remains finite in the steady-state 

[55], [56]. The accuracy of this excitation control scheme heavily relies on the calculation of 

the total energy for power systems. This total energy is easier to calculate for the SMIB system 

but quite impossible for the large-scale multimachine power systems. Therefore, the 

applicability of this method in real-world power system applications is questionable. 

  

Nonlinear model-based predictive control schemes are very useful to design excitation 

controllers for multimachine power systems as these techniques directly allow to design 
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controllers by optimizing a nonlinear cost function [57], [58]. The cost function is often quite 

complicated for multimachine power systems, and sometimes, it takes too long to converge to 

its optimal solution. However, the power system stability needs to be ensured within a specific 

timeframe. Moreover, these model predictive approaches do not guarantee the robustness 

against parametric uncertainties. 

 

Feedback linearization schemes have been extensively used to design excitation controllers for 

multimachine power systems [59]. There are three different types of feedback linearization 

which have been primarily used to design excitation controllers. These feedback linearization 

approaches are exact, direct, and partial feedback linearization. There are several advantages 

of using feedback linearization for multimachine power systems. The main advantage is that 

these approaches decouple the multimachine power system based on the number of machines 

within the system [60]. Another main advantage is the transformation of the nonlinear model 

into linear model which is independent of operating points and allows to use linear approaches 

to design the linear control input [60]. Most of the existing feedback linearization techniques 

for multimachine power systems use LQR-based approach to design the linear control inputs. 

The LQR controller uses the states of the feedback linearized system for feedback. However, 

all the states of feedback linearized systems (especially for the exact and direct feedback 

linearization) are not measurable and require state observers [61], [62]. The design and 

implementation of the state observers for nonlinear excitation controllers are not a cost-
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effective way though these can be eliminated by using partial feedback linearization [6], [63]. 

Most of these feedback linearization schemes are not robust against parametric uncertainties as 

these approaches are highly dependent on the precision of the system parameters. Though some 

efforts have been made recently to ensure the robustness of these feedback linearizing 

controllers, these controllers still use the states as feedback, which introduces more noises into 

the system [92], [93]. The effects of noises can be reduced by using an output feedback 

controller in conjunction with partial feedback linearizing controller. 

 

2.7. The Open Problem in the Existing Results and Proposed Solutions 

2.7.1 The open problem  

The previous section has provided an extensive literature review of the existing results on the 

excitation control of SMIB and multimachine power systems for transient stability 

enhancement. The review has shown that despite the large amount of works on this important 

topic of power system, the issue of robustness of the excitation controllers to the model 

uncertainties, external disturbances and measurement noises has not been fully studied and 

resolved. There is still a pressing need to develop practically useful excitation controllers with 

good performance and robustness to resolve this important issue.   
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2.7.2 Proposed solutions to the open problem 

To provide a solution to the open problem as presented in the previous subsection, this thesis 

will develop a feedback linearizing 𝐻∞ controller for the excitation control of SMIB system. 

For this purpose, the SMIB system will be linearized using feedback linearization to make the 

linearized system independent of operating points. The 𝐻∞ mixed-sensitivity loop shaping 

control will then be applied to the feedback linearized system to provide the robustness against 

parametric uncertainties, external disturbances, and measurement noises. The partial feedback 

linearization will be used to avoid using the rotor angle, which is hard to measure, and to enable 

using the speed deviation as the output feedback. Because the speed deviation is the derivative 

of the rotor angle, it introduces more damping into the system to enhance transient stability. 

Different from the rotor angle, the speed deviation can be easily obtained from the speed 

measurement which is standard on the SGs in power systems and readily available in practice. 

The above described approach will also be applied to the multimachine power system to 

develop feedback linearizing 𝐻∞ controller for the excitation control of multimachine system 

to enhance transient stability and robustness of the system. 

 

2.8. Chapter Summary 

This chapter has introduced the models of single machine and multimachine power systems for 

transient stability analysis and enhancement. It has also introduced the basic concept of 

excitation control for transient stability enhancement of power system, the performance 

measures and difficulties in excitation control. After an extensive literature review of the 
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existing results on the excitation controller design, this chapter has identified the open problem 

in the literature and proposed the solutions to resolve the open problem in the remainder of the 

thesis. 
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Chapter 3 
Fundamentals of Feedback Linearization 

and  𝑯∞ Mixed-Sensitivity Controller 
Design 

 

3.1 Introduction  

This chapter summarizes the controller design methods used in the thesis. It beings with the 

feedback linearization of both single-input and single-output (SISO) and multi-input multi-

output (MIMO) nonlinear systems, and then introduces the basic ideas of robust controller 

design using 𝐻∞ mixed-sensitivity minimization. 

 

The organization of this chapter is as follows. Section 3.2 provides a brief overview of the 

feedback linearization technique for a SISO system and a MIMO system. Section 3.3 provides 

a brief overview of 𝐻∞ mixed-sensitivity loop-shaping controller design. Section 3.4 

summarizes the chapter. 

 

3.2 Feedback Linearization  

Traditionally, linear controllers are widely used in different applications including power 

systems. A linear controller is generally designed using the linear model of a plant, which is 

often obtained by linearizing the inherently nonlinear plant model around a specification 

operating point. As a result, the linear controller often depends on the operating points of the 

plant, and the performance may degrade significantly when the operation condition changes, 

and may even destabilize the closed-loop system. Feedback linearization is an effective 

method, developed in control theory, to overcome this problem for a class of feedback 

linearizable plants.    
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3.2.1 Feedback linearization of SISO system 

The general form of a nonlinear system can be written as 

�̇� = 𝑓(𝑥) + 𝑔(𝑥)𝑢         (3.1) 

𝑦 = ℎ(𝑥)          (3.2) 

where 𝑥 is the state vector with  dimension 𝑛, 𝑓(𝑥) is an n-dimension vector field representing 

the nonlinear relationships of the states, 𝑔(𝑥) is another 𝑛-dimensional vector field containing 

the parametric as well as state information of the system associated with the control input, 𝑢 

represents the control input of the system with the dimension 𝑚 ≤ 𝑛 and m = 1 for an SISO 

system, 𝑦 is a scalar variable representing the output of the nonlinear system, and  ℎ(𝑥) is a 

scalar function describing the nonlinear relationship of the system output and the sates. All the 

variable in the above are time function.  

 

Assume the system (3.1)-(3.2) satisfies the conditions gives in [64]. Then using the feedback 

linearization technique [64], the system model (3.1) can be written as the following feedback 

linearized system  

�̇� = 𝐴𝑧 + 𝐵𝑣          (3.3) 

where 

  𝑧 = [

𝑧1

𝑧2

⋮
𝑧𝑟

] = [

𝜑
𝜑2

⋮
𝜑𝑟

] =

[
 
 
 

ℎ(𝑥)

𝐿𝑓ℎ(𝑥)

⋮
𝐿𝑓
𝑟−1ℎ(𝑥)]

 
 
 

, 𝐴 =

[
 
 
 
 
0
0
⋮
⋮
0

1
0
⋮
⋮
⋯

0
⋱
⋱
⋮
⋯

⋯
⋱
⋱
⋱
…

0
⋮
0
1
0]
 
 
 
 

𝑟×𝑟

, 𝐵 = [0 0 ⋯ 1]𝑇,  

and 𝑣 is the linear control input which can be generated by any linear control law. This liner 

control 𝑣 is related to the original system input 𝑢 by 

𝑣 = 𝐿𝑓
𝑟ℎ(𝑥) + 𝐿𝑔𝐿𝑓

𝑟−1ℎ(𝑥)𝑢,        (3.4) 

where 𝐿𝑓ℎ(𝑥) is the Lie derivative of ℎ(𝑥) along the vector field 𝑓(𝑥), 𝐿𝑔ℎ(𝑥) is the Lie 

derivative of ℎ(𝑥) along the vector field 𝑔(𝑥), and 𝑟 is the relative degree of the system.   
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If the lie derivative of the function 𝐿𝑓
𝑟−1ℎ(𝑥) along the vector field 𝑔(𝑥) is not equal to zero 

then it is said that the system relative degree 𝑟.  

 

The linear control input 𝑣 can be designed based on the linear model (3.3). In this thesis, the 

𝐻∞ mixed-sensitivity loop-shaping method is used to design this linear control, which will be 

presented in section 3.4. 

 

The controller design for the feedback linearized system (3.3) is straightforward when the 

relative degree of the nonlinear system equals the order of the system, i.e., 𝑟 = 𝑛. In this case, 

the feedback linearized system (3.3) has the order 𝑛 and is called the exactly linearized. 

Knowing 𝑣, the original control input 𝑢 of the original system can be obtained from (3.4) as  

𝑢 =
𝑣−𝑎(𝑥)

𝑏(𝑥)
,          (3.5) 

where 𝑎(𝑥) = 𝐿𝑓
𝑛ℎ(𝑥) and 𝑏(𝑥 =)𝐿𝑔𝐿𝑓

𝑛−1ℎ(𝑥) as 𝑟 = 𝑛. 

 

When the relative degree 𝑟 of the system is less than the order of the system 𝑛, the feedback 

linearized system (3.3) has the order 𝑟 < 𝑛, and is called a partially linearized system. In this 

case, there are 𝑛 − 𝑟 states of the original system (3.3)-(3.2) which are not transformed by the 

feedback linearization into the state of (3.3). These hidden states are uncontrollable by the 

linear control 𝑣. To stabilize the original system (3.1)-(3.2) using 𝑣, these hidden states must 

be internally stable. Denote 𝛽 the hidden state vector, then the dynamics of 𝛽 can be written as  

�̇� = 𝑞(0, 𝛽),          (3.6) 

with 𝑞(0, 𝛽) = 𝐿𝑓𝛽. The subsystem (3.6) must be stable for the linear control 𝑣 to stabilize the 

original system (3.1)-(3.2) [64]. If (3.6) is indeed stable, then the control input 𝑢 to the original 

system (3.1) can be obtained from (3.4) as shown below 



30 
 

𝑢 =
𝑣−𝑎(𝑥)

𝑏(𝑥)
,          (3.7) 

where 𝑎(𝑥) = 𝐿𝑓
𝑟 ℎ(𝑥) and 𝑏(𝑥) = 𝐿𝑔𝐿𝑓

𝑟−1ℎ(𝑥) with 𝑟 < 𝑛.  

 

3.2.2 Feedback linearization of MIMO system 

An MIMO system is usually the combination of multiple SISO systems to form a large-scale 

complex system. For example, when multiple SMIB (SISO) systems are connected together, a 

multimachine power (MIMO) system will be formed. In this case, each SISO system can be 

considered as a subsystem of the MIMO system. Therefore, the feedback linearization for SISO 

systems as discussed in the previous section can be easily extended to the MIMO system. 

 

The multimachine power system discussed in section 2.3 is a special form of MIMO nonlinear 

system. It is nonlinear in the state vectors 𝑥 but linear in the control inputs 𝑢. Such system is 

called the affine nonlinear system. An affine nonlinear system with 𝑁 subsystems can be 

written as  

�̇� = 𝑓(𝑥) + ∑ 𝑔𝑖(𝑥)𝑢𝑖
𝑖=𝑁
𝐼=1         (3.8) 

𝑦𝑖 = ℎ𝑖(𝑥)          (3.9) 

where 𝑖 = 1, 2, 3,⋯ , 𝑁, 𝑥 is the state vector with dimension 𝑛 × 𝑁, where 𝑛 is the order of 

each subsystem, 𝑓(𝑥) is a vector field with dimension 𝑛 × 𝑁 associated with the state vector 

𝑥,  𝑔𝑖 is the 𝑛-dimensional vector field for the 𝑖𝑡ℎ subsystem associated with the control input, 

𝑢𝑖 is the control input of the 𝑖𝑡ℎ subsystem with a dimension 𝑚 which is usually less than the 

order of each subsystem, 𝑦𝑖 is the output of the 𝑖𝑡ℎ subsystem, and ℎ𝑖(𝑥) is a scalar function 

of the state variables 𝑥 that generates the output of  the 𝑖𝑡ℎ subsystem.  For simplicity, this 

thesis considers only the MIMO system with one control input and one output in each 

subsystem. Therefore, the discussion below is confined to such MIMO system. 
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The feedback linearization decouples the MIMO system into 𝑁 subsystems with only local 

variables [65]. Thus, the feedback linearization control can be implemented in a decentralized 

manner. The dynamical nonlinear model for each subsystem can be written as [65] 

�̇�𝑖 = 𝑓𝑖(𝑥𝑖) + 𝑔𝑖(𝑥𝑖)𝑢𝑖        (3.10) 

𝑦𝑖 = ℎ𝑖(𝑥𝑖)          (3.11) 

Using feedback linearization technique, the model (3.10) for each subsystem can be written as 

the following feedback linearized system 

�̇�𝑖 = 𝐴𝑖𝑧𝑖 + 𝐵𝑖𝑣𝑖         (3.12) 

where   

𝑧𝑖 = [

𝑧1

𝑧2

⋮
𝑧𝑟𝑖

] = [

𝜑
𝜑2

⋮
𝜑𝑟𝑖

] =

[
 
 
 
 

ℎ𝑖(𝑥)
𝐿𝑓𝑖

ℎ𝑖(𝑥)

⋮

𝐿𝑓𝑖

𝑟𝑖−1
ℎ𝑖(𝑥)]

 
 
 
 

, 𝐴𝑖 =

[
 
 
 
 
0
0
⋮
⋮
0

1
0
⋮
⋮
⋯

0
⋱
⋱
⋮
⋯

⋯
⋱
⋱
⋱
…

0
⋮
0
1
0]
 
 
 
 

𝑟×𝑟

, 𝐵𝑖 = [0 0 ⋯ 1]𝑇,  

and 𝑣𝑖 is the linear control input which can be written as 

𝑣𝑖 = 𝐿𝑓𝑖

𝑟𝑖ℎ𝑖(𝑥𝑖) + 𝐿𝑔𝑖𝐿𝑓𝑖

𝑟𝑖−1
ℎ𝑖(𝑥𝑖)𝑢𝑖       (3.13) 

The linear control input for each subsystem can be designed based on the linear model (3.12). 

In this thesis, this linear control input is designed using 𝐻∞ mixed-sensitivity loop-shaping, to 

be described in section 3.4, for each subsystem.  

 

When the relative degree of each subsystem is equal to its order, i.e., 𝑟𝑖 = 𝑛𝑖, the feedback 

linearized subsystem is called the exactly linearized, and the control input 𝑢𝑖 of the 𝑖𝑡ℎ original 

subsystem can be obtained from (3.13) as follows  

𝑢𝑖 =
𝑣𝑖−𝑎𝑖(𝑥𝑖)

𝑏𝑖(𝑥𝑖)
          (3.14) 

where 𝑎𝑖(𝑥𝑖) = 𝐿𝑓𝑖

𝑛𝑖ℎ𝑖(𝑥𝑖) and 𝑏𝑖(𝑥𝑖) = 𝐿𝑔𝑖𝐿𝑓𝑖

𝑛𝑖−1
ℎ𝑖(𝑥𝑖) as 𝑟𝑖 = 𝑛𝑖. 
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When the relative degree of the 𝑖𝑡ℎ subsystem is less than its order, i.e., 𝑟𝑖 < 𝑛𝑖, the feedback 

linearized subsystem is called partially linearized. Similar to SISO system, the dynamics of 

𝑛𝑖 − 𝑟𝑖 hidden states can be written as [64] 

�̇�𝑖 = 𝑞𝑖(0, 𝛽𝑖)          (3.15) 

where 𝑞𝑖(0, 𝛽𝑖) = 𝐿𝑓𝛽𝑖. If the internal dynamics as represented by (3.15) is stable for each 

subsystem, the original control input 𝑢𝑖 of the 𝑖𝑡ℎ original subsystem can be obtained from 

(3.13) as follows   

𝑢𝑖 =
𝑣𝑖−𝑎𝑖(𝑥𝑖)

𝑏𝑖(𝑥𝑖)
          (3.16) 

where 𝑎𝑖(𝑥𝑖) = 𝐿𝑓𝑖

𝑟𝑖ℎ𝑖(𝑥𝑖) and 𝑏𝑖(𝑥𝑖) = 𝐿𝑔𝑖𝐿𝑓𝑖

𝑟𝑖−1
ℎ𝑖(𝑥𝑖) with 𝑟𝑖 < 𝑛𝑖. 

 

3.3 𝐻∞ Mixed-Sensitivity Loop Shaping Controller Design  

𝐻∞ mixed-sensitivity loop shaping [66] is a powerful method to design the controllers with 

good control performance and robustness to the model uncertainties of the plant.  It is based on 

the general closed-loop control system shown in the block diagram of Fig. 3.1.   

 

 

 

 

 

Fig. 3.1. A general feedback control system 

In the block diagram, 𝐺 is the nominal plant (model), ∆ is the uncertainty of the nominal plant, 

𝐶 is the controller, 𝑦 is the plant output to be controlled, 𝑟 is the command reference, 𝑒 is the 

control error, 𝑣 is the controller output, 𝑑 is the external disturbance, and 𝑛 is the output 

measurement noise.  
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From the closed-loop system diagram, the following transfer functions can be obtained 

𝑇(𝑠) =
𝑌(𝑠)

𝑅(𝑆)
=

𝐶(𝑠)𝐺(𝑠)

1+𝐶(𝑠)𝐺(𝑠)
        (3.17) 

𝑆(𝑠) =
𝐸(𝑠)

𝑅(𝑆)
=

1

1+𝐶(𝑠)𝐺(𝑠)
        (3.18) 

where 𝑌(𝑠), 𝐸(𝑠) and 𝑅(𝑠) are respectively the Laplace transforms of 𝑦, 𝑒 and 𝑟, and 𝐺(𝑠) 

and 𝐶(𝑠) are the transfer functions of 𝐺 and 𝐶, respectively. The transfer function 𝑆(𝑠) is called 

the sensitivity function and the transfer function 𝑇(𝑠) is called the complementary sensitivity 

function of the closed-loop system. 

 

The robust 𝐻∞ mixed-sensitivity loop shaping controller is designed by considering the 

external disturbances and model uncertainties through shaping the sensitivity and 

complementary sensitivity functions (3.17)-(3.18) of the nominal plant 𝐺 to guarantee the 

robustness and control performance of the perturbed closed-loop system in Fig. 3.1 [66].  

 

The stability of the closed-loop system can be guaranteed by the well-known small gain 

theorem. According to this theorem, the closed-loop system is stable if only and if  

|∆(𝑗𝜔)||𝑇(𝑗𝜔)| < 1         (3.19) 

for all 𝜔. In practice, the uncertainties ∆(𝑗𝜔) are usually unknown and it is quite infeasible to 

design the controller that satisfies the condition (3.19). However, this problem can be avoided 

by replacing ∆(𝑗𝜔) with the largest anticipated perturbations in the form of the multiplicative 

perturbations. If the largest anticipated perturbation is represented by 𝑊∆(𝑗𝜔), then (3.19) can 

be written as  

|𝑊∆(𝑗𝜔) ||𝑇(𝑗𝜔)| < 1        (3.20) 

for all 𝜔.  
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The unstructured uncertainty ∆(𝑗𝜔) generally has high magnitude at low frequencies and low 

magnitude at high frequencies. Therefore, the largest anticipated perturbation 𝑊∆(𝑗𝜔) can be 

represented by a high-pass filter. In the design of the controller 𝐶(𝑠) with a complementary 

sensitivity function 𝑇(𝑠), the magnitude of 𝑇(𝑠) must satisfy 

|𝑇(𝑗𝜔)| <
1

|𝑊∆(𝑗𝜔) |
          (3.21) 

for all 𝜔. The satisfaction of the condition (3.21) for all 𝜔 ∈ [−∞,∞] can be avoided by 

converting (3.20) into the condition 

‖𝑊∆(𝑗𝜔)𝑇(𝑗𝜔)‖∞ < 1        (3.22) 

where ‖∙‖∞ represents the 𝐻∞ norm of a transfer function. For a linear system with the transfer 

function 𝐺(𝑠), the 𝐻∞ norm  can be represented as ‖𝐺(𝑗𝜔)‖∞ = 𝑠𝑢𝑝𝜔|𝐺(𝑗𝜔)| which is also 

equivalent to ‖𝐺(𝑗𝜔)‖∞ = 𝑚𝑎𝑥𝜔|𝐺(𝑗𝜔)| if it exists. Therefore, (3.20) holds if and only if 

(3.22) holds.  

 

The stability conditions (3.21) and (3.22) can also be written as 

|∆(𝑗𝜔)| <
1

|𝑇(𝑗𝜔) |
          (3.23) 

|∆(𝑗𝜔)| <
1

‖𝑇(𝑗𝜔)‖∞
         (3.24) 

for all 𝜔.  It can be seen from (3.24) that a smaller ‖𝑇(𝑗𝜔)‖∞ will allow a larger |∆(𝑗𝜔)|, 

which is the size of the model perturbation. Therefore, the  1

‖𝑇(𝑗𝜔)‖∞
  is called the stability 

margin and is used to measure the robustness against plant model perturbations.  

 

The stability margin can be maximized by minimizing ‖𝑇(𝑗𝜔)‖∞. However, since 𝑇(𝑗𝜔) +

𝑆(𝑗𝜔) ≡ 1 for all 𝜔, it is quite infeasible to minimize ‖𝑇(𝑗𝜔)‖∞ in controller design as this 

will result in a larger ‖𝑆(𝑗𝜔)‖∞ and consequently, a poor control performance. Because 

sensitivity function 𝑆(𝑗𝜔) is the error transfer function of 𝐸(𝑠) = 𝑆(𝑗𝜔)𝑅(𝑠), ‖𝑆(𝑗𝜔)‖∞  
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needs to be sufficiently small in order to reduce the control error 𝐸(𝑠). This conflicts with the 

requirement of small ‖𝑇(𝑗𝜔)‖∞  for large stability margin. 

 

This difficulty can be avoided with the 𝐻∞ mixed-sensitivity loop shaping scheme which uses 

a frequency dependent performance weighting function 𝑊𝑝(𝑗𝜔) on 𝑆(𝑗𝜔) and enforces 

|𝑊𝑝(𝑗𝜔) ||𝑆(𝑗𝜔)| < 1         (3.25) 

|𝑆(𝑗𝜔)| <
1

|(𝑊𝑝𝑗𝜔) |
          (3.26) 

for all 𝜔 in the controller design. Since the command reference 𝑅(𝑠) is generally a low-

frequency signal, 𝑊𝑝(𝑗𝜔)  can be chosen as a low-pass filter which forces the 𝑆(𝑗𝜔) resulting 

from the designed controller 𝐶(𝑠) to have high gain at frequency and low gain at low frequency. 

To avoid the difficulty of validating (3.26) for all 𝜔 ∈ [−∞,∞], it is represented equivalently 

by 

‖𝑊𝑝(𝑗𝜔)𝑆(𝑗𝜔)‖
∞

< 1        (3.27) 

Since the sensitivity function 𝑆(𝑗𝜔) satisfying (3.27) is a high-pass filter and the 

complementary sensitivity function 𝑇(𝑗𝜔) satisfying (3.22) is a low-pass filter, the conflict in 

controller design can be avoided by properly choosing the weighting functions 𝑊𝑝(𝑗𝜔)  and 

𝑊∆(𝑗𝜔). 

 

𝑊𝑝(𝑠) is often called the performance weighting function and 𝑊∆(𝑠) the uncertainty weighting 

function. Their inverse 1/𝑊𝑝(𝑗𝜔) and 1/𝑊∆(𝑗𝜔) set the upper bounds of 𝑆(𝑗𝜔) and 𝑇(𝑗𝜔) for 

all 𝜔, and hence shape the frequency responses of 𝑆(𝑗𝜔) and 𝑇(𝑗𝜔), respectively.  

 

The closed-loop stability and good control performance of the system can be attained under the 

plant model perturbation, external disturbances and output measurement noises if the 
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conditions (3.22) and (3.27) hold simultaneously. These two conditions can be combined into 

a single design criterion to form the so-called 𝐻∞ mixed-sensitivity 

‖
𝑊𝑝(𝑗𝜔)𝑆(𝑗𝜔)

𝑊∆(𝑗𝜔)𝑇(𝑗𝜔)
‖

∞

= ‖|𝑊𝑝(𝑗𝜔) ||𝑆(𝑗𝜔)| + |𝑊∆(𝑗𝜔) ||𝑇(𝑗𝜔)|‖
∞

   (3.28) 

The controller obtained by minimizing (3.28) is often called the 𝐻∞ mixed-sensitivity loop 

shaping controller because the inverse of the weighting functions 1/𝑊𝑝(𝑗𝜔)  and 1/𝑊∆(𝑗𝜔) 

shape respectively the frequency responses of 𝑆(𝑗𝜔) and 𝑇(𝑗𝜔). 

 

Given a linear plant with the transfer function 𝐺(𝑠) and the weighting functions 𝑊∆(𝑠) and 

𝑊𝑝(𝑠), the controller 𝐶(𝑠) that minimizes (3.28) can be readily computed using MATLAB 

command mixsyn [66]. The obtained controller 𝐶(𝑠) = 𝑚𝑖𝑥𝑠𝑦𝑛(𝐺,𝑊𝑝, [],𝑊∆) makes 

|𝑇(𝑗𝜔)| <
1

|𝑊∆(𝑗𝜔)|
 and |𝑆(𝑗𝜔)| <

1

|𝑊∆(𝑗𝜔) |
 for all 𝜔 and thereby, shaping the frequency 

responses of  𝑇(𝑗𝜔) and 𝑆(𝑗𝜔) specified by 𝑊∆(𝑠) and 𝑊𝑝(𝑠).  

 

3.5 Chapter Summary 

This chapter has provided a brief introduction to the two controller design methods used later 

in the thesis. The first method introduced is the feedback linearization technique for both SISO 

and MIMO systems. It has been shown that the feedback linearization control is quite 

straightforward when the nonlinear system can be exactly linearized. When the system can only 

be partially linearized, there will be hidden states and it is essential to analyse the stability of 

these hidden states in order to use the feedback linearization control. The second method 

introduced is the technique of 𝐻∞ mixed-sensitivity loop shaping controller. It uses two 

weighting functions with different frequency responses to describe the control performance 

and model uncertainties so as to avoid the conflicts in simultaneous minimization of the 

sensitivity and complementary sensitivity functions. It incorporates the weighted sensitivity 
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and complementary sensitivity function in a single 𝐻∞ mixed-sensitivity function to design the 

controller which shapes the frequency responses of the sensitivity and complementary 

sensitivity functions described by the inverse of the weighting functions. These two powerful 

control design methods will be used in the next chapters to design high performance controllers 

for the SMIB and multimachine power systems. 
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Chapter 4 
Feedback Linearizing 𝑯∞ Mixed-sensitivity 

Controller Design for SMIB System 
 
To provide a solution to the open problem stated in section 2.7, this chapter develops a robust 

excitation controller for the SMIB system. The development is based on the SMIB system 

model presented in Chapter 2, the feedback linearization method presented in section 3.2, and 

the robust 𝐻∞ mixed-sensitivity loop shaping method described in section 3.3. The feedback 

linearization for the SISO system is used first to obtain the feedback linearized system. The 

robust 𝐻∞ mixed-sensitivity loop shaping is then used for the feedback linearized model of the 

SMIB system to obtain a robust linear controller. This robust 𝐻∞ mixed-sensitivity loop 

shaping controller is incorporated with the feedback linearizing control input in to enhance the 

robustness against external disturbances, parametric uncertainties and measurement noises. 

The performance of the designed controller is evaluated on a SMIB system under different 

operating conditions and compared with the feedback linearization plus LQR controller and 

the power system stabilizer (PSS) reported in the existing literature. 

 

4.1 Feedback Linearization plus Linear Control of SMIB System 

Many strategies have been proposed in the literature for the control of SMIB system. Of these 

strategies, the feedback linearization plus linear control recently proposed in [35, 67] is very 

promising.  It is based on the dynamical model of the SMIB system discussed in Section 2.2 

and recalled below. 

�̇� = 𝜔 − 𝜔0          (4.1) 
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�̇� = −
𝐷

2𝐻
(𝜔 − 𝜔0) −

𝜔0

2𝐻
𝑃𝑚 −

𝜔0

2𝐻

𝑉𝑠𝐸𝑞
′

𝑥𝑑Σ
′ sin 𝛿      (4.2) 

𝐸𝑞
′̇ =

1

𝑇𝑑
′ 𝐸𝑞

′ +
1

𝑇𝑑𝑜

(𝑥𝑑−𝑥𝑑
′ )𝑉𝑠

𝑥𝑑Σ
′ cos 𝛿 +

1

𝑇𝑑𝑜
𝐸𝑓      (4.3) 

The SMIB system model (4.1)-(4.3) can be written in the following nonlinear state-space 

equation 

�̇� = 𝑓(𝑥) + 𝑔(𝑥)𝑢         (4.4) 

𝑦 = ℎ(𝑥)          (4.5) 

where 

𝑥 = [𝛿 𝜔 𝐸𝑞
′ ]𝑇, 𝑓(𝑥) =

[
 
 
 
 

𝜔 − 𝜔0

−
𝐷

2𝐻
(𝜔 − 𝜔0) −

𝜔0

2𝐻
𝑃𝑚 −

𝜔0

2𝐻

𝑉𝑠𝐸𝑞
′

𝑥𝑑Σ
′ sin 𝛿

1

𝑇𝑑
′ 𝐸𝑞

′ +
1

𝑇𝑑𝑜

(𝑥𝑑−𝑥𝑑
′ )𝑉𝑠

𝑥𝑑Σ
′ cos 𝛿

]
 
 
 
 

, 𝑔(𝑥) = [0 0
1

𝑇𝑑𝑜
]
𝑇

,  

𝑢 = 𝐸𝑓, and 𝑦 = ℎ(𝑥) = 𝜔 − 𝜔0 

In (4.4) and (4.5), 𝑥 is the state vector, 𝑢 is the input variable, 𝑦 is the output variable, and the 

system order 𝑛 =  3. 

 

As discussed in section 3.2, if the relative degree of the system corresponding to the output 

function ℎ(𝑥) is 𝑟 and 𝑟 <  𝑛, then the system can only be partially linearized. The coordinate 

transformation for such linearization can be represented by the 𝑟 − 1 Lie derivatives of 𝑦 in 

the normal form [35, 67] as 𝑧 = [ℎ(𝑥) 𝐿𝑓ℎ(𝑥) ⋯ 𝐿𝑓
𝑟−1ℎ(𝑥)]

𝑇
 where 𝐿𝑓ℎ(𝑥) =

𝜕ℎ(𝑥)

𝜕𝑥
𝑓(𝑥). 

 

If the speed deviation 𝜔 − 𝜔0 of the synchronous generator is consider as the output of the 
system, then  

𝐿𝑓
1−1ℎ(𝑥) = ℎ(𝑥) = 𝜔 − 𝜔0 = ∆𝜔       (4.6) 
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And  

𝐿𝑔𝐿𝑓
1−1ℎ(𝑥) = 𝐿𝑔ℎ(𝑥) =

𝜕ℎ(𝑥)

𝜕𝑥
𝑔(𝑥) = 0      (4.7) 

     
But   

𝐿𝑓
2−1ℎ(𝑥) = 𝐿𝑓ℎ(𝑥) =

𝐷

2𝐻
∆𝜔 +

𝑃𝑚

2𝐻
𝜔0 −

𝜔0

2𝐻

𝑉𝑠𝐸𝑞
′

𝑥𝑑𝜀
′ sin 𝛿    (4.8) 

    
And  

𝐿𝑔𝐿𝑓
2−1ℎ(𝑥) =

𝜕(𝐿𝑓ℎ(𝑥))

𝜕𝑥
𝑔(𝑥) = −

𝜔0

2𝐻

𝑉𝑠

𝑥𝑑𝜀
′ sin 𝛿

1

𝑇𝑑𝑜
≠ 0    (4.9)  

 

Since 𝐿𝑔𝐿𝑓
2−1ℎ(𝑥) ≠ 0 as shown above, it follows from subsection 3.2.1 the relative degree 

𝑟 = 2 for the output function. Thus, the relative degree 𝑟 = 2 <  𝑛 = 3, and the system (4.4) 

can be partially linearized system with the output 𝑦 = 𝜔 − 𝜔0 and synthetic control input 𝑣. 

The input-output mapping from 𝑣 to 𝑦 is a double integrator [35, 67]. With the synthetic input 

𝑣, the system (4.1)-(4.3) can be written as [35, 67] 

�̇�1 = 𝑧2 = 𝐿𝑓ℎ(𝑥) = ∆�̇� = �̇�       (4.10) 

�̇�2 = 𝑣           (4.11) 

where  

𝑣 = 𝐿𝑓
2ℎ(𝑥) + 𝐿𝑔𝐿𝑓

2−1ℎ(𝑥)𝑢,        (4.12) 

𝐿𝑓
2ℎ(𝑥) = −

1

2𝐻𝑥𝑑Σ
′ ∆𝜔 𝜔0𝑉𝑠𝐸𝑞

′ cos 𝛿 −
𝐷

2𝐻
�̇� −

1

2𝐻𝑥𝑑Σ
′ 𝜔0𝑉𝑠𝐸𝑞sin 𝛿 , 

𝐿𝑔𝐿𝑓
2−1ℎ(𝑥) =

1

2𝐻𝑥𝑑Σ
′ 𝜔0𝑉𝑠sin 𝛿

1

𝑇𝑑𝑜
 , 

and ∆𝜔 = 𝜔 − 𝜔0 and 𝜔0 = constant have been used to obtain (4.10). 

 

Using the expressions of 𝐿𝑓
2ℎ(𝑥) and 𝐿𝑔𝐿𝑓

2−1ℎ(𝑥), (4.12) can be written as  

𝑣 = −
1

2𝐻𝑥𝑑Σ
′ ∆𝜔 𝜔0𝑉𝑠𝐸𝑞

′ cos 𝛿 −
𝐷

2𝐻
�̇� − 1

2𝐻𝑥𝑑Σ
′ 𝜔0𝑉𝑠𝐸𝑞sin 𝛿 −

1

2𝐻𝑥𝑑Σ
′ 𝜔0𝑉𝑠sin 𝛿

1

𝑇𝑑𝑜
𝑢   (4.13) 

Since �̇�1 = 𝑧2 = ∆𝜔 ̇ = 𝜔 ̇ , (4.11) can be written as  
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∆�̈� = �̇�2 = 𝑣 = −
1

2𝐻𝑥𝑑Σ
′ ∆𝜔 𝜔0𝑉𝑠𝐸𝑞

′ cos 𝛿 −
𝐷

2𝐻
�̇� −

1

2𝐻𝑥𝑑Σ
′ 𝜔0𝑉𝑠𝐸𝑞sin 𝛿

1

2𝐻𝑥𝑑Σ
′ 𝜔0𝑉𝑠sin 𝛿

1

𝑇𝑑𝑜
𝑢

           (4.14) 

From (4.14), the control law 𝑢 for the SMIB system (4.4)-(4.5) can be derived as follows 

𝑢 =
1

1

2𝐻𝑥𝑑Σ
′ 𝜔0𝑉𝑠sin𝛿

1

𝑇𝑑𝑜

(𝑣 −
1

2𝐻𝑥𝑑Σ
′ ∆𝜔 𝜔0𝑉𝑠𝐸𝑞

′ cos 𝛿 −
𝐷

2𝐻
�̇� −

1

2𝐻𝑥𝑑Σ
′ 𝜔0𝑉𝑠𝐸𝑞sin 𝛿)  (4.15) 

All the variables on the right hand sides of (4.15) are either physically measurable or can be 

expressed in terms of measured variables [35, 67]. The linear control input 𝑣 needs to be 

obtained by using a linear control law for the linearized system represented by (4.10)-(4.11). 

 

Using Laplace transform, the linearized SMIB system (4.10)-(4.11) can be written as 

∆𝜔(𝑠) = 𝑍1(𝑠) =
1

𝑠2 𝑉(𝑠)        (4.16) 

where ∆𝜔(𝑠),  𝑍1(𝑠) and 𝑉(𝑠) are the Laplace transforms of ∆𝜔,  𝑧1 and 𝑣, respectively. This 

is a single input and single output system (plant) with the transfer function 

𝐺(𝑠) =  
1

𝑠2.  

Hence it can be controlled by a linear controller that generates 𝑉(𝑠). The controller 𝑉(𝑠) is to 

stabilize ∆𝜔(𝑠) and force ∆𝜔(𝑠) = 0, i.e. 𝜔 = 𝜔0, in steady-state. This is a standard output 

regulation problem which can be easily solved by the negative feedback of ∆𝜔(𝑠) through a 

controller with the transfer function 𝐶(𝑠), namely 

𝑉(𝑠) = − 𝐶(𝑠)∆𝜔(𝑠) = 𝐶(𝑠)[𝜔0 − 𝜔(𝑠)]      (4.17) 

where 𝜔0 and 𝜔(𝑠) are the Laplace transfer functions of 𝜔0 and 𝜔, and ∆𝜔(𝑠) = 𝜔 − 𝜔0 and  

𝜔0 = constant have been to obtain (4.17).  
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Fig. 4.1. Linear closed-loop control of the feedback linearized SMIB system 

 

The linearized plant (4.16) and the linear controller (4.17) together form a closed-loop system 

shown in Fig. 4.1. As see from Fig. 4.1, the feedback regulation of ∆𝜔 is equivalent to the 

feedback control of 𝜔 with respect a command reference 𝜔0, where 𝜔(𝑠) is the output variable 

to be controlled and the negative feedback variable and ∆𝜔(s) is the control error. As discussed 

in Chapter 3, the sensitivity function 𝑆(𝑠) and complementary sensitivity function 𝑇(𝑠) for 

such a closed-loop system are given by    

𝑆(𝑠) =
1

1+𝐺(𝑠)𝐶(𝑠)
         (4.18)  

𝑇(𝑠) =
𝐺(𝑠)𝐶(𝑠)

1+𝐺(𝑠)𝐶(𝑠)
         (4.19)  

The controlled output 𝜔(𝑠) and the control error ∆𝜔(𝑠) are related to the command reference 

𝜔0 by 

𝜔(𝑠) = 𝑇(𝑠)𝜔0         (4.20) 

and  

∆𝜔(𝑠) = 𝑆(𝑠)𝜔0         (4.21) 

 

The feedback linearizing control input (4.15) and the linear control input (4.17) together form 

a double loop feedback system with the inner feedback linearizing control loop and the outer 

linear feedback control loop. With a properly designed 𝐶(𝑠), the linear feedback control loop 

renders full control of ∆𝜔 towards 0 inn steady state to achieve the desired control objective. 

C(s)Σ

-1

G(s)V(s)ω0 ∆ω(s) ω(s)
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This also guarantees the stability of the internal state 𝛿 in (4.1), which becomes unobservable 

(hidden) from the system output after feedback linearization. 

 

Since �̇� = ∆𝜔 = 𝜔 − 𝜔0, ∆𝜔 = 0 in steady state means that 𝛿 will be a bounded constant, 

therefore stable. Thus, the internal state 𝛿 of the SMIB system does not affect the overall 

stability as long as the closed-loop system in Fig. 4.1 is stabilized by the linear controller 𝐶(𝑠).  

 

4.2 Analysis of Feedback Linearization of SMIB System with Parametric Uncertainty and 

Measurement Noise  

The above feedback linearization plus linear control scheme and the internal stability analysis 

are derived from the SMIB system model (4.1)-(4.3). They are based on the assumption that 

the model is error free and the mechanical input power 𝑃𝑚 is a constant, hence the feedback 

linearization control law (4.15) cancels precisely the system nonlinear dynamics to give the 

perfectly linearized system (4.10)-(4.11). In practice, this is often invalid. As discussed in 

Chapter 2, the parameters of (4.1)-(4.3) may change along with operation conditions, also the 

𝑃𝑚 may drift since it is controlled by separate controller with much slower response. As 

analysed in this section, these changes will introduce unstructured model perturbation and 

external disturbance into the linearize system (4.10)-(4.11).  

 

Let  ∆𝐷,  ∆𝐻,  ∆𝐻𝑥𝑑Σ
′ ,  ∆𝑇𝑑𝑜 and ∆𝑃𝑚 be the deviations of 𝐷,  𝐻,  𝐻𝑥𝑑Σ

′ ,  𝑇𝑑𝑜 and 𝑃𝑚 from their 

nominal values, respectively. Then the parameters in (4.13) become  

𝐷+∆𝐷

2(𝐻+∆𝐻)
= 𝑚1 + ∆𝑚1, 

𝑃𝑚+∆𝑃𝑚

2(𝐻+∆𝐻)
= 𝑚2 + ∆𝑚2, 

1

2(𝐻𝑥𝑑Σ
′ +∆𝐻𝑥𝑑Σ

′ )
= 𝑚3 + ∆𝑚3, and 
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1

(𝑇𝑑𝑜+∆𝑇𝑑𝑜)
= 𝑚4 + ∆𝑚4  

where 

𝑚1 =
𝐷

2𝐻
> 0, 𝑚2 =

𝑃𝑚

2𝐻
> 0, 𝑚3 =

1

2𝐻𝑥𝑑Σ
′ > 0, and 𝑚4 =

1

𝑇𝑑𝑜
> 0 are the nominal parameters 

of the SMIB system, and   

 ∆𝑚1 =
∆𝐷−∆𝐻𝐷/𝐻

2(𝐻+∆𝐻)
, ∆𝑚2 =

∆𝑃𝑚−∆𝐻𝑃𝑚/𝐻

2(𝐻+∆𝐻)
 , ∆𝑚3 =

∆𝐻𝑥𝑑Σ
′ /𝐻𝑥𝑑Σ

′

2(𝐻𝑥𝑑Σ
′ +∆𝐻𝑥𝑑Σ

′ )
 and ∆𝑚4 =

∆𝑇𝑑𝑜/𝑇𝑑𝑜

(𝑇𝑑𝑜+∆𝑇𝑑𝑜)
  

are respectively the uncertainties of 𝑚1, 𝑚2, 𝑚3 and 𝑚4, which reduce to zero when ∆𝑚1 =

∆𝑚2 = ∆𝑚3 = ∆𝑚4 = 0. 

 

With the above defined parameters and parametric uncertainties, the linearized equation (4.18) 

becomes   

∆�̈� = −(𝑚3 + ∆𝑚3)∆𝜔𝜔0𝑉𝑠𝐸𝑞
′ cos 𝛿 − (𝑚1 + ∆𝑚1)�̇�      

−(𝑚3 + ∆𝑚3)𝜔0𝑉𝑠𝐸𝑞sin 𝛿 − (𝑚5 + ∆𝑚5)𝜔0𝑉𝑠sin 𝛿 𝑢    (4.22) 

Using (4.9), (4.18) can be simplified as   

∆�̈� = 𝑣 − ∆𝑚3∆𝜔 𝜔0𝑉𝑠𝐸𝑞
′ cos 𝛿 − ∆𝑚1�̇� − ∆𝑚3 𝜔0𝑉𝑠𝐸𝑞sin 𝛿 − ∆𝑚5 𝜔0𝑉𝑠sin 𝛿  (4.23) 

and the feedback linearization control input (4.13) for the nominal system can be written as  

𝑢 =
1

𝑚3 𝜔0𝑉𝑠sin𝛿𝑚4
(𝑣 − 𝑚3∆𝜔 𝜔0𝑉𝑠𝐸𝑞

′ cos 𝛿 − 𝑚1�̇� − 𝑚3 𝜔0𝑉𝑠𝐸𝑞sin 𝛿)   (4.24) 

where 𝑚3𝑚4 = 𝑚5. 

Substituting the (4.24) into (4.23) gives  

∆�̈� = 𝑣 − ∆𝑚3∆𝜔 𝜔0𝑉𝑠𝐸𝑞
′ cos 𝛿 − ∆𝑚1�̇� − ∆𝑚3 𝜔0𝑉𝑠𝐸𝑞sin 𝛿     

−
∆𝑚5 𝜔0𝑉𝑠sin𝛿

𝑚5𝜔0𝑉𝑠sin𝛿
(𝑣 − 𝑚3∆𝜔 𝜔0𝑉𝑠𝐸𝑞

′ cos 𝛿 − 𝑚1�̇� − 𝑚3 𝜔0𝑉𝑠𝐸𝑞sin 𝛿)  (4.25) 

 

Define 

𝑅1 = 𝜔0𝑉𝑠𝐸𝑞
′ cos 𝛿  
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and 

𝑅2 = 𝜔0𝑉𝑠𝐸𝑞sin 𝛿.  

Then (4.24) can be simplified as 

∆�̈� = 𝑣 − ∆𝑚3∆𝜔𝑅1 − ∆𝑚1�̇� − ∆𝑚3𝑅2 −
∆𝑚5

𝑚5
(𝑣 − 𝑚3∆𝜔𝑅1 − 𝑚1�̇� − 𝑚3𝑅2) (4.26) 

which can further be simplified as 

∆�̈� = 𝑣𝐾1 − ∆𝜔𝑅1𝐾2 − ∆�̇�𝐾3 − 𝑅2𝐾4      (4.27) 

where 

𝐾1 = 1 −
∆𝑚5

𝑚5
, 𝐾2 = ∆𝑚3 +

∆𝑚5𝑚3

𝑚5
= 𝐾4, and 𝐾3 = ∆𝑚1 +

∆𝑚5𝑚1

𝑚5
.  

 

Taking the Laplace transform of (4.27) gives 

𝑠2∆𝜔(𝑠) = 𝑉(𝑠)𝐾1 − ∆𝜔(𝑠)𝑅1𝐾2 − 𝑠∆𝜔(𝑠)𝐾3 − 𝑅2𝐾2    (4.28) 

which can further be rewritten as 

∆𝜔(𝑠) =
1

𝑠2+𝑠𝐾3+𝑅1𝐾2
(𝑉(𝑠)𝐾1 − 𝑅2𝐾2)      (4.29)  

In  (4.16) the plant 𝐺(𝑠) =
1

𝑠2 which is the nominal plant model. In the presence of uncertainty, 

the these plant is not 𝐺(𝑠) =
1

𝑠2  but  that (4.29). The describe derivation of the these plant from 

the nominal plant 1

𝑠2, we define  ∆(𝑠) =
(𝐾1−1)𝑠2−𝑠𝐾3−𝑅1𝐾2

𝑠2+𝑠𝐾3+𝑅1𝐾2
 and 𝐾 =

𝐾2

𝐾1
, (4.29) can be simplified 

to 
∆𝜔(𝑠) =

1

𝑠2
(1 + ∆(𝑠))(𝑉(𝑠) − 𝑅2𝐾)      (4.30) 

Comparing (4.30) with (4.16), it can be seen that the parametric changes in the original 

nonlinear system (4.1)-(4-3) have introduced the unstructured perturbation ∆(𝑠) and the 

additional external disturbance −𝑅2𝐾 into the feedback linearized system (4.16). The transfer 

function G(s) of (4.16) has become 𝐺(𝑠)(1 + ∆(𝑠)) and its control input becomes 𝑉(𝑠) − 𝑅2𝐾. 

Substituting these into Fig. 4.1 and using ∆𝜔(𝑠) = 𝜔(𝑠) − 𝜔0 gives the closed-loop system 

resulting from parametric changes shown in Fig. 4.2, where a measurement noise 𝑁(𝑠) has also 

been included. In this case, the internal dynamics of the SMIB system is the same as the 
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nominal system since the dynamics of the hidden state 𝛿 given in (4.1) does not include any 

parameters. Therefore, if the linear controller 𝐶(𝑠) can stabilize the perturbed closed-loop 

system in Fig. 4.2, 𝜔 = 𝜔0 can be achieved in steady state and the 𝛿 will remain stable as 

discussed in previous section. However, the performance of the closed loop system can be 

significantly degraded if the controller 𝐶(𝑠) is not designed to account for the model 

perturbation and external disturbance. This is demonstrated in the next section. 

 

 

 

 

 

 

 

Fig. 4.2. Linear control of the feedback linearized SMIB system with model uncertainties and 

measurement noises 

4.3 Evaluation of Existing Controller under Model Uncertainty and Measurement Noise  

Recently, [35] and [67] have used an LQR in conjunction with the feedback linearization law 

(4.11) to control the SMIB system (4.1)-(4.3). This section examines the performance of this 

controller under the parametric uncertainties and measurement noises in the system (4.1)-(4.3).  

 

The LQR is of the form 

𝑣 = −𝐾𝑧 = −𝑘1𝑧1 − 𝑘2𝑧2        (4.31)  

where 𝑧1 = ∆𝜔 = 𝜔(𝑠) − 𝜔0, 𝑧2 = �̇�1 = �̇�, 𝑘1 = 1 and 𝑘2 = 1.732 which are the best 

feedback gains gives in [35, 67]. The LQR (4.31) and the feedback linearization law (4.15) are 

V(s)∆ω(s)

Σ
N(s)

C(s) ΣΣ
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applied to an SMIB system in Simulink/SimPowerSystems of MATLAB. The SMIB system 

structure is shown in Fig. 4.3 and the system parameters are given in Appendix-I.  

 

 

 

Fig. 4.3. A SMIB test system with parameter details given in Appendix-I 

 

 

Fig. 4.4. Speed deviation ∆𝜔 of the SMIB system with an LQR-based feedback linearizing 

controller 

The speed deviation ∆𝜔 of the SMIB system under the control of the LQR-based feedback 

linearizing controller is shown in Fig. 4.4. When there are no external disturbances or variations 

in parameters, the synchronous generator operates at the synchronous speed which is evident 

from the zero speed deviation as presented in Fig. 4.4. However, the speed deviation occurs 

when some parameters within the SMIB system are varied though the stability is still 

maintained. The speed deviation becomes continuously oscillating due to the effects of 

parameters variations and measurement noises. The simulation results are depicted in Fig. 4.4.  

 

Infinite bus

G Transmission line
Transformer
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As seen from the simulation results, the LQR controller’s performance degrades significantly. 

This is due to the model perturbation and external disturbance introduce by the parameter 

change as shown in Fig. 4.2. As discussed in Chapter 2, the parameter changes occur during 

major power grid events, such as short-circuit faults, changes in load demands which is 

reflected through the changes in mechanical power input 𝑃𝑚. Therefore, the effects of 

parametric uncertainties, external disturbances, and measurement noises need to be addressed 

in the design of linear controller. This is considered in the next section.   

 

4.4 𝐇∞ Mixed-Sensitivity Loop Shaping Controller for SMIB System 

As shown in Fig. 4.2, the linearized SMIB system contains an unstructured model perturbation 

∆(𝑠) and an external disturbance −𝐾𝑅2. Let in Fig. 4.2 𝑑 = −𝐾𝑅2, 𝜔0 = 𝑟, 𝜔 = 𝑦 and ∆𝜔 =

𝑒, then the closed-loop system in Fig. 4.2 becomes that of Fig. 3.1. As discussed in Section 3.4, 

for the uncertain system in Fig. 3.1, an 𝐻∞ mixed-sensitivity loop shaping controller can be 

designed to achieve good control performance and high robustness to the model perturbation. 

Such controller can be easily computed using the function “mixsyn” in the Robust Control 

Toolbox of MATLAB. To use the function “mixsyn”, one needs to select the weighting 

functions 𝑊𝑝(𝑠) and 𝑊∆(𝑠) first. 

A classical approach to select the weight functions is to satisfy 1

𝑊𝑝
 as the high-pass and 1

𝑊∆
 as 

the low-pass. Based on this approach, the following 𝑊𝑝 is chosen for the nominal plant 𝐺(𝑠) =

1

𝑠2 
. 

𝑊𝑝(𝑠) =
0.52632 (𝑠+1.9)

(𝑠+0.0001)
        (4.32) 

The sigma plot (frequency response) of the weighting function  1/𝑊𝑝(𝑠)  shown in Fig. 4.5. 

The selection of this weight function 𝑊𝑝(𝑠) increases low frequency loop gain which in turns 

ensures better disturbance rejection capability, as 𝑆(𝑠) needs to be small at low frequencies. 
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Here, the gain crossover frequency for the sensitivity function 𝑆(𝑠) is made to below the 

crossover frequency of the desired loop-shape to prevent unwanted reduction in phase margin. 

 

 

 

Fig 4.5. Sigma plots of 1/𝑊𝑝(𝑠), 1/𝑊∆(𝑠), 𝑆(s) and 𝑇(𝑠)  for the designed 𝐻∞ mixed-

sensitivity loop shaping controller 

As  |𝑊∆(𝑠) ||𝑇(𝑠)| < 1 and ‖𝑊∆(𝑠)𝑇(𝑠)‖∞ < 1 for all 𝜔, it can be said that the gain 

magnitude of the unstructured uncertainty 𝑊∆(𝑠) is bounded by 1/𝑇(𝑠). Therefore, 𝑊∆(𝑠) 

represents the largest size of probable plant perturbation. This uncertainty bound is selected as 

𝑊∆(𝑠) =
10000 (𝑠+8.333)

     (𝑠+105)
        (4.33) 

The parameters of 𝑊∆(𝑠)  in (4.33) is chosen in such a way that 𝑇(𝑠) is small at high frequency 

but has sufficient bandwidth to secure fast response. The gain cross over frequency of 𝑊∆(𝑠) 

appends phase lead and thus, maximizes the system’s phase margin. 

 

Using the weighting functions in equations (4.32) and (4.33), an 𝐻∞ mixed-sensitivity loop 

shaping controller is computed by the “mixsyn” function in MATLAB. The resultant controller 

is as follows 
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𝐶(𝑠) =
4.9728×106 (𝑠+×105) (𝑠+0.0001549)(𝑠+0.4.508×10−5)

(𝑠+9.979×104) (𝑠+6413) (𝑠+127.6) (𝑠+9.829×10−5)
    (4.34) 

The sigma (frequency response) plots of the 1/𝑊𝑝(𝑠) and 1/𝑊∆(𝑠) used to compute the 

controller (4.34) and the sigma plots of the 𝑆(𝑠) and 𝑇(𝑠) functions resulting from the 

controller are shown in Fig. 4.5. As seen in the plots, 𝑆(𝑗) and 𝑇(𝑗)  functions are well and 

tightly shaped by the weighting functions 𝑊𝑝(𝑗) and 𝑊∆(𝑗), respectively. 

 

This linear output feedback controller (4.34) is used in conjunction with the feedback 

linearizing control law (4.15) to robustly stabilize the SMIB system under different operating 

conditions. The performance of the designed controller is shown in the next section and 

compared with the conventional PSS and LQR-based feedback linearizing controller in [35]. 

 

4.5. Controller Performance Evaluation 

The designed controller is implemented on the SMIB system as shown in Fig. 4.3. The 

synchronous generator (G) is connected to an infinite bus through a transformer and two 

parallel transmission line. The details parameters of this SMIB system is provided in Appendix-

I. 

 

The excitation control signal of the exciter connected to the SMIB system is modified to 

implement the designed controller. The implementation block diagram of the design robust 

feedback linearizing 𝐻∞ mixed-sensitivity loop shaping controller is shown in Fig. 4.6. As 

shown in Fig. 4.6, the modeling uncertainties are incorporated into the synchronous generator 

models, and the external disturbances and measurement noises are also incorporated into the 

implementation process. 
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Fig. 4.6. Implementation block diagram of the robust feedback linearizing 𝐻∞ mixed-

sensitivity loop shaping controller 

 

Based on the design procedure discussed above and the implementation block diagram, the 

performance of the designed controller is evaluated by considering different operating 

conditions. The following case studies are considered to demonstrate the designed feedback 

linearizing 𝐻∞ mixed-sensitivity loop shaping controller (𝐻∞-PFBL).  

i. Controller performance evaluation in the case of a three-phase short-circuit fault at the 

terminal of the synchronous generator, 

ii. Controller performance evaluation in the case of a three-phase short-circuit fault at the 

middle of one of the two parallel transmission lines, 

iii. Controller performance evaluation in the case of a step change in the mechanical power 

input to the synchronous generator, and  

iv. Controller performance evaluation with changes in system parameters along with the 

inclusion of external disturbances and measurement noises.  
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The first three cases are analyzed based on the nominal model of the SMIB system. For these 

first two cases, the changes in the SMIB system (application of faults) occur at 𝑡 = 4.1 s and 

sustain for 0.1 s, i.e., till 𝑡 = 4.2 s. For this third case, the change in the mechanical power input 

occurs at 𝑡 = 4.1 s and the system continues to operate with this change in the mechanical power 

input. For the last case, the changes are considered from the beginning of the operating, i.e., 

from 𝑡 = 0 s. In all cases, the performance of the designed controller (𝐻∞-PFBL) is compared 

with an existing PSS [1] and a feedback linearizing controller with an LQR approach (LQR-

PFBL) [35]. A quantitative analysis has also been include to evaluate the effectiveness of the 

designed controller in comparison with the PSS and LQR-PFBL. The following subsections 

provide the details of these case studies. 

 

4.5.1. Case 1: Controller performance evaluation in the case of a three-phase short-circuit fault 

at the terminal of the synchronous generator 

The three-phase short-circuit faults at the terminal of the synchronous generator is considered 

as the most severe faults in power systems. In this case study, a three-phase short-circuit fault is 

applied at the terminal of the synchronous generator at 𝑡 = 4.1 s and the fault is cleared 𝑡 = 4.2 

s. In power system, the fault with a duration more than 3 cycles (0.06 s for 50 Hz) is considered 

as the severe fault. Since the applied fault is with a duration of 0.1 s (>(0.06 s), it can be 

considered as the sever fault. During the faulted period, the terminal voltage of the synchronous 

generator will be zero which can be seen from Fig. 4.7. Fig. 4.7 clearly shows that that the 

terminal voltage is zero during the faulted period with any controller. From the definition of 

stability, it is obvious that the stability problem here is basically the angle stability problem due 

to the domination of the synchronous generator. Therefore, the impact of this fault will not be 

severe from the voltage response of the synchronous generator. However, the post-fault 
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oscillations in the terminal voltage are more with the PSS (red line) while it is still visible with 

the LQR-PFBL (blue line). But there are no oscillations in the voltage response when the 

designed 𝐻∞-PFBL (black line) is used. 

 

 

Fig. 4.7. Terminal voltage of the synchronous generator in the case of a three-phase short-

circuit fault at the terminal of the synchronous generator 

 

Fig. 4.8. Speed deviation of the synchronous generator in the case of a three-phase short-

circuit fault at the terminal of the synchronous generator 
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Fig. 4.9. Rotor angle of the synchronous generator in the case of a three-phase short-circuit 

fault at the terminal of the synchronous generator 

 

Since the control objective is to operate the synchronous generator with synchronous speed, the 

designed 𝐻∞-PFBL needs to ensure that the synchronous generator is operating at the 

synchronous speed as soon as the fault is cleared. The operation of the synchronous generator 

at the synchronous speed is ensured through the zero speed deviation. During the faulted period 

(from 𝑡 = 4.1 s to 𝑡 = 4.2 s), the speed deviation will be disturbed with any controller. Fig. 4.8 

shows the speed deviation of the synchronous generator from where it can be seen that the speed 

deviation is more oscillating with larger overshoots (red line) when the PSS is used. The 

amplitudes of the oscillations are quite less when LQR-PFBL (blue line) is used though the 

settling time is quite similar to that of the PSS. But the oscillations are less with faster settling 

time when the designed 𝐻∞-PFBL (black line) is in operation.   
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Fig. 4.10. Active power of the synchronous generator in the case of a three-phase short-circuit 

fault at the terminal of the synchronous generator 

 

Fig. 4.11. Terminal voltage of the synchronous generator in the case of a three-phase short-

circuit fault at the middle of one of the two parallel transmission lines 
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In such a condition, the rotor angle response is shown in Fig. 4.9 from where it can be seen that 

this rotor angle response is noisier than the speed deviation response as the speed deviation is 

the derivative of this rotor angle. The rotor angle response is taking longer time when the PSS 

(red line) and LQR-PFBL (blue line) are used while the oscillations are well-damped with the 

designed 𝐻∞-PFBL (black line). Since the active power is related to the rotor angle of the 

synchronous generator, the active power response will also exhibit similar characteristics to 

that of the rotor angle responses which can be seen from Fig. 4.10. The designed 𝐻∞-PFBL 

(black line) stabilizes both rotor angle and active power responses by adding extra damping 

within the SMIB system. 

  

Fig. 4.12. Speed deviation of the synchronous generator in the case of a three-phase short-

circuit fault at the middle of one of the two parallel transmission lines 

 

4.5.2. Case 2: Controller performance evaluation in the case of a three-phase short-circuit fault 

at the middle of one of the two parallel transmission lines  

In this case study, a three-phase short-circuit fault is applied at the middle of one of the two 

parallel transmission lines for a period of 0.1 s (from 𝑡 = 4.1 s to 𝑡 = 4.2 s). In this condition, 

the terminal voltage of the synchronous generator will not be zero as shown in the following 

Fig. 4.11. From Fig. 4.11, it can be seen that the terminal voltage exhibits less or no oscillations 
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due to this fault though the settling time for the PSS (red line) and the LQR-PFBL (blue line) is 

more than the designed  𝐻∞-PFBL (black line). The speed deviation response corresponding to 

this situation is shown in Fig. 4.12 from where it can be seen that the SMIB system exhibits 

similar oscillating characteristics along with the similar settling time when the PSS (red line) 

and the LQR-PFBL (blue line) are used though the amplitudes of oscillations are lower with the 

LQR-PFBL (blue line). However, the designed 𝐻∞-PFBL ensures the zero speed deviation in a 

much faster way as compared to the PSS and LQR-PFBL.  

 

Fig. 4.13. Rotor angle of the synchronous generator in the case of a three-phase short-circuit 

fault at the middle of one of the two parallel transmission lines 

 

Fig. 4.14. Active power of the synchronous generator in the case of a three-phase short-circuit 

fault at the middle of one of the two parallel transmission lines 
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The rotor angle and active power responses are shown in Fig. 4.13 and Fig. 4.14, respectively. 

From Fig. 4.13, it can be seen that the rotor angle is more oscillating with the PSS and LQR-

PFBL as these controllers provide less synchronizing torque as compared to the designed 𝐻∞-

PFBL while the similar effects are visible from the active power response. 

 

4.5.3. Case 3: Controller performance evaluation in the case of a step change in the mechanical 

power input to the synchronous generator 

In all previous cases, the generator is delivering 0.75 pu active power which also corresponds 

to a similar mechanical power input to the synchronous generator. In this case study, it is 

considered that the SMIB system is operating with 𝑃𝑚 = 0.75 pu till 𝑡 = 4.1 s. At 𝑡 = 4.1 s, 

the mechanical power input changes from 𝑃𝑚 = 0.75 pu to 𝑃𝑚 = 0.8 pu and the SMIB system 

continues to operate with this change in the mechanical power input.  

 

 

Fig. 4.15. Terminal voltage of the synchronous generator in the case of a step change in the 

mechanical power input to the synchronous generator 

 

In such an operating condition, the synchronous generator will still have the same terminal 

voltage through it will be disturbed at 𝑡 = 4.1 s as shown in Fig. 4.15. Since the PSS is designed 
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to operate at a fixed operating point, the terminal voltage will be severely disturbed as seen 

from Fig. 4.15 (red line). But the LQR-PFBL still provides reasonably acceptable performance 

in terms of maintaining the voltage as this controller is designed based on the independency of 

the operating points though there exist some oscillation which is obvious from Fig. 4.15 (blue 

line). But the terminal voltage response (black line in Fig. 4.15) is more stable with faster 

settling time when the designed 𝐻∞-PFBL is in operation.  

 

Fig. 4.16. Speed deviation of the synchronous generator in the case of a step change in the 

mechanical power input to the synchronous generator 

 

Fig. 4.17. Rotor angle of the synchronous generator in the case of a step change in the 

mechanical power input to the synchronous generator 
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Similarly, the speed deviation still needs to be maintained as zero due to the change in the 

mechanical power input since the synchronous generator always operates at the synchronous 

speed.  Fig. 4.16 shows the speed deviation response of the synchronous generator from where 

it can be seen that the synchronous generator in the SMIB system has more oscillating 

behaviors when the PSS (red line) and LQR-PFBL (solid line) is used as compared to the 𝐻∞-

PFBL (black line). This clearly indicate the capability of adding extra damping torque of the 

designed 𝐻∞-PFBL into the SMIB system while comparing with the PSS and LQR-PFBL. 

 

Fig. 4.18. Active power of the synchronous generator in the case of a step change in the 

mechanical power input to the synchronous generator 

 

In this operating condition, the rotor angle and corresponding active power will settle down to 

their new steady-state values. The speed of settling down the rotor angle and active power 

responses depends on how fast the excitation control acts on this change in the mechanical 

power input. The designed controller settles down these responses in a much quicker way as 

compared to the PSS and LQR-PFBL which can be seen from Fig. 4.17 and Fig. 418. 
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Fig. 4.19. Terminal voltage of the synchronous with changes in system parameters along with 

the inclusion of external disturbances and measurement noises  

 

4.5.4. Case 4: Controller performance evaluation with changes in system parameters along with 

the inclusion of external disturbances and measurement noises 

In this case study, the parameters as indicated during the design steps are varied from their 

nominal values from the beginning of the simulation. The variations are considered as ∆𝑚1 =

4.3%, ∆𝑚2 = 2.7%, ∆𝑚3 = 0.16%, ∆𝑚4 = 3.1%, ∆𝑚5 = 1.1%, and ∆𝑚6 = 3.1%. These 

variations clearly indicate that the parameters are slightly varied from their nominal values. 

Moreover, some external disturbances are included within the system while the measurement 

noises are incorporated with the speed deviation which are considered as white Gaussian noises 

with variances of 0.01. Even with these slight variations in the parameters along with the 
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inclusion of external disturbances and measurement noises, it can be seen that the system 

responses are significantly affected.  

 

Fig. 4.20. Speed deviation of the synchronous with changes in system parameters along with 

the inclusion of external disturbances and measurement noises  

 

The terminal voltage response will not be affected much with these changes while nonlinear 

controllers (both LQR-FBL and 𝐻∞-PFBL) are used which can also be seen from Fig. 4.19. 

However, the terminal voltage response is quite unstable when the PSS is used. The speed 

deviation response is disturbed with any controller. However, it unstable or oscillating with the 

PSS (red line in Fig. 4.20). Moreover, the amplitudes of the oscillation for the speed deviation 

is more when the LQR-PFBL is used while it is considerably less when the designed 𝐻∞-PFBL 

is used. The main reason behind this is that the designed controller has the robustness 

characteristics against parametric uncertainties, external disturbances, and measurement noises 

which have already been incorporated during the design process. 
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Fig. 4.21. Rotor angle of the synchronous with changes in system parameters along with the 

inclusion of external disturbances and measurement noises 

 

Fig. 4.22. Active power of the synchronous with changes in system parameters along with the 

inclusion of external disturbances and measurement noises  

 

The rotor angle and the active power responses are shown in Fig. 4.21 and Fig. 4.22, 

respectively.  Both of these responses are unstable when the PSS is used. However, the SMIB 

system is stable when LQR-PFBL and 𝐻∞-PFBL are used though the later provides more stable 

responses for the rotor angle as well as the active power. 
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4.5.5. Quantitative comparison of the controller performance 

The performance of the controller is also evaluated by considering the percentage overshoots, 

peak time, and settling time of all responses under four different case studies as discussed in 

the previous subsections. 

 

Table 4.1. Percentage overshoot for different responses under different case studies 

 

Table 4.2. Peak time for different responses under different case studies 

 

The percentage overshoots and peak time for the terminal voltage, speed deviation, rotor angle, 

and active power are shown in Table 4.1 and Table 4.2, respectively. From these tables, it can 

be summarized that for the first two cases all controllers exhibit similar characteristics. In some 

cases, the existing controllers perform better than the designed as the existing controllers are 

Cases Terminal Voltage Speed Deviation Rotor Angle Active Power 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

Case 1 4 0.6 0.9 0.6 0.5 0.3 47 5.4 5.5 31.3 29.5 15.1 

Case 2 4 0.8 0.8 0.62 0.56 0.4 12.75 12.75 13.8 35 35 18 

Case 3 2 0.1 0.1 0.04 0.03 0.04 11.83 10.64 9.97 9 13 12 

Case 4 6.2 0.4 0.2 0.12 0.04 0.02 53.47 18.5 7.05 10.67 11.33 2.67 

Cases Terminal Voltage Speed Deviation Rotor Angle Active Power 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

Case 1 4.54 4.78 4.46 4.2 4.2 4.2 4.3 4.3 4.3 4.88 4.88 4.88 

Case 2 4.58 4.78 4.68 4.2 4.2 4.2 4.9 4.9 4.9 4.8 4.8 4.8 

Case 3 5.18 4.74 4.58 4.27 4.27 4.2 4.46 4.3 4.42 4.4 4.4 4.32 

Case 4 0.16 0.78 0.78 1.05 0.58 0.58 4.12 0.3 0.3 0.13 3.2 0.3 
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mainly designed specifically for these nominal parameters. However, the designed controller 

performs better as compared to the PSS and LQR-PFBL for the last two cases when the changes 

in mechanical power input, parametric uncertainties, external disturbances, and measurement 

noises are considered.  

 

Table 4.3. Settling time for different responses under different case studies 

 

But the superiority of the designed controller can be clearly seen from the settling time as 

shown in Table 4.3. From Table 4.3, it can be seen that the settling time for the 𝐻∞-PFBL is 

much faster than the PSS and LQR-PFBL in all cases. In some cases (especially in the last 

case), the PSS cannot guarantee the stability of the system. In all cases, the values of settling 

times are well-below 3 to 5 s which is the timeframe to maintain the transient stability of power 

systems. Thus, it can be said that the designed controller enhances the transient stability of 

power systems over a wide range of operating points.  

 

For all cases, it can be seen that the designed 𝐻∞-PFBL performs much better as compared to 

the PSS and LQR-PFBL in terms of the settling time, which indicates additional damping 

provided by the designed controller. 

 

Cases Terminal Voltage Speed Deviation Rotor Angle Active Power 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

Case 1 0.64 1.18 0.22 2.8 2.5 1.8 2.54 4.54 0.99 3.32 3.32 1.4 

Case 2 1.52 2.54 0.78 3.8 3.6 1.6 3.7 3.7 1.64 3.22 3.22 1.28 

Case 3 4.8 2.96 1.9 2.8 2.7 1.8 5.3 3.9 2 4.5 4.5 3 

Case 4 ∝ 2.7 0.9 ∝ 2.5 1 ∝ 3.5 1.9 ∝ 3.27 1.8 
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4.6 Chapter Summary 

After a brief introduction of the result of [35, 67] on feedback linearization of the SMIB system, 

this chapter has provided a detailed mathematical analysis on the impacts of parametric changes 

in the SMIB model on the linearized system. The analysis has revealed that the parametric 

changes in the SMIB model result in unstructured model perturbation and external disturbance 

which may severely affect the control performance of the feedback linearization plus LQR 

control proposed in [35, 67]. Based on this analysis, this chapter has then designed an 𝐻∞ mixed-

sensitivity loop shaping controller to enhance the performance and robustness of the overall 

control system. The performance of the designed feedback linearization plus 𝐻∞ mixed-

sensitivity loop shaping control scheme is evaluated on an SMIB system by considering both 

nominal and perturbed models under different operating situations. Simulation results clearly 

indicate that the designed controller outperforms the PSS and LQR-based feedback linearizing 

controllers.  
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Chapter 5 
Feedback Linearizing 𝑯∞ Mixed-sensitivity 
Controller Design for Multimachine Power 

Systems 
 

This chapter generalizes the results of Chapter 4 to the multimachine power system to provide 

a solution to the open problem stated in Section 2.7 for the multimachine system. Since the 

multimachine power system is an MIMO system, the technique of MIMO system feedback 

linearization described in Section 3.2 is used first to obtain the feedback linearized subsystems 

which are decoupled from each other. Similar technique to that of Section 4.3 is then used to 

analyse the impact of parametric changes in the original multimachine system on the feedback 

linearized subsystems. The analysis result shows the need for the robust controller for each 

linearized subsystem. Based on the analysis result, the 𝐻∞ mixed-sensitivity loop-shaping 

controller is designed for the linear control of each linearized subsystem. 

 

5.1 Feedback Linearization plus Linear Control of Multimachine Power System 

Many strategies have been proposed in the literature for the control of multimachine power 

system. Of these strategies, the feedback linearization plus linear control recently proposed in 

[6, 63] for multimachine power system will be presented in this section.  

 

Recall from Section 2.3 the dynamical model of the 𝑖𝑡ℎ machine in a power system with 𝑁 

machines. 

�̇�𝑖 = 𝜔𝑖 − 𝜔0𝑖          (5.1) 

�̇�𝑖 =
𝐷𝑖

2𝐻𝑖
(𝜔𝑖 − 𝜔0𝑖) +

𝜔0𝑖

2𝐻𝑖
𝑃𝑚𝑖 −

𝜔0𝑖

2𝐻𝑖
(𝐸𝑞𝑖

′2𝐺𝑖𝑖 + 𝐸𝑞𝑖
′ ∑ 𝐸𝑞𝑗

′ 𝐵𝑖𝑗 sin 𝛿𝑖𝑗
𝑛
𝑗=1
𝑗≠𝑖

)  (5.2) 
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𝐸𝑞𝑖
′̇ = −

1+(𝑥𝑑𝑖−𝑥𝑑𝑖
′ )𝐵𝑖𝑖

𝑇𝑑𝑜𝑖
𝐸𝑞𝑖

′ +
𝑥𝑑𝑖−𝑥𝑑𝑖

′

𝑇𝑑𝑜𝑖
∑ 𝐸𝑞𝑗

′ 𝐵𝑖𝑗 cos 𝛿𝑖𝑗
𝑛
𝑗=1
𝑗≠𝑖

+
1

𝑇𝑑𝑜𝑖
𝐸𝑓𝑖   (5.3) 

It has the order 𝑛𝑖 = 3 and relative degree 𝑟𝑖 = 2.  

 

Using (5.1)-(5.3) and considering all the 𝑁 machines in the system, the following nonlinear 

state-space equation can be derived for the ith machine. 

�̇� = 𝑓(𝑥) + ∑ 𝑔𝑖(𝑥)𝑢𝑖
𝑁
𝑖=1         (5.4) 

𝑦𝑖 = ℎ𝑖(𝑥𝑖)          (5.5) 

where 𝑖 = 1, 2,⋯ ,𝑁,  

𝑥 =

[
 
 
 
 
 
 
 
 
 
 
 
𝛿1

𝜔1

𝐸𝑞1
′

⋮
𝛿𝑖

𝜔𝑖

𝐸𝑞𝑖
′

⋮
𝛿𝑁

𝜔𝑁

𝐸𝑞𝑁
′

]
 
 
 
 
 
 
 
 
 
 
 

, 𝑓(𝑥) =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 

𝜔1 − 𝜔01
𝐷1

2𝐻1
(𝜔1 − 𝜔01) +

𝜔01

2𝐻1
(𝑃𝑚1 − 𝑃𝑒1)

1

𝑇𝑑𝑜1
(𝐸𝑞1

′ − (𝑥𝑑1 − 𝑥𝑑1
′ )𝐼𝑑1)

⋮
𝜔1 − 𝜔01

𝐷𝑖

2𝐻𝑖
(𝜔𝑖 − 𝜔0𝑖) +

𝜔0𝑖

2𝐻𝑖
(𝑃𝑚𝑖 − 𝑃𝑒𝑖)

1

𝑇𝑑𝑜𝑖
(𝐸𝑞𝑖

′ − (𝑥𝑑𝑖 − 𝑥𝑑𝑖
′ )𝐼𝑑𝑖)

⋮
𝜔𝑁 − 𝜔0𝑁

𝐷𝑁

2𝐻𝑁
(𝜔𝑁 − 𝜔0𝑁) +

𝜔0𝑁

2𝐻𝑁
(𝑃𝑚𝑁 − 𝑃𝑒𝑁)

1

𝑇𝑑𝑜𝑁
(𝐸𝑞𝑁

′ − (𝑥𝑑𝑁 − 𝑥𝑑𝑁
′ )𝐼𝑑𝑁) ]

 
 
 
 
 
 
 
 
 
 
 
 
 
 

, 𝑔𝑖(𝑥) =

[
 
 
 
 
 
 
 
 
 
 
 
 

0 ⋯ 0 ⋯ 0
0 ⋯ 0 ⋯ 0
1

𝑇𝑑𝑜1
⋯ 0 ⋯ 0

⋮ ⋯ ⋮ ⋯ ⋮
0 ⋯ 0 ⋯ 0
0 ⋯ 0 ⋯ 0

0 ⋯
1

𝑇𝑑𝑜𝑖
⋯ 0

⋮ ⋯ ⋮ ⋯ ⋮
0 ⋯ 0 ⋯ 0
0 ⋯ 0 ⋯ 0

0 ⋯ 0 ⋯
1

𝑇𝑑𝑜𝑁]
 
 
 
 
 
 
 
 
 
 
 
 

, 

𝑢𝑖 = 𝐸𝑓𝑖, and 𝑦𝑖 = ∆𝜔𝑖 = 𝜔𝑖 − 𝜔0𝑖. 

 

In (5.4)-(5.5), 𝑥 is the state vector of all machines with the dimension 3N, 𝑢𝑖 and 𝑦𝑖 are the 

input and output variables of the 𝑖𝑡ℎ machine, respectively. Because the relative degree of 

(5.1)-(5.3) is 𝑟𝑖 = 2, the relative degree 𝑟 for all machines in the state equation (5.4)-(5.5) is 

𝑟 = 𝑟𝑖 × 𝑁 = 2𝑁 < 3𝑁.  
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According to the feedback linearization reviewed in Section 3.2, the system (5.4)-(5.5) can be 

partially linearized. The coordinate transformation for such linearization can be represented by 

the 𝑟 − 1 Lie derivatives of 𝑦 in the normal form [6, 63]  

𝑧𝑖 = [ℎ𝑖(𝑥) 𝐿𝑓ℎ𝑖(𝑥) … 𝐿𝑓
𝑟−1ℎ𝑖(𝑥)]

𝑇
where 𝐿𝑓ℎ𝑖(𝑥) =

𝜕ℎ𝑖(𝑥)

𝜕𝑥
𝑓(𝑥). 

 

The condition and procedure for calculating the relative degree of the multimachine power 

system in the form of (5.4) and (5.5) are well described in [6, 63]. It has been shown that the 

the system (5.4)-(5.5)) can be partially linearized to a linear system with the output 𝑦𝑖 = ∆𝜔𝑖 =

𝜔𝑖 − 𝜔0𝑖 and the synthetic control input 𝑣𝑖. The input-output mapping from 𝑣𝑖 to 𝑦𝑖 is a second 

(𝑟𝑡ℎ) order integrator [6, 63]. With the synthetic input 𝑣𝑖, the system (5.1)-(5.3) can be written 

as the following linearized form [6, 63] 

(�̇�1)1 = 𝐿𝑓∆𝜔1 = ∆𝜔1,        (5.6) 

(�̇�2)1 = 𝑣1,                     (5.7) 

where  

𝑣1 = 𝐿𝑓
2∆𝜔1 + 𝐿𝑔𝐿𝑓

2−1∆𝜔1𝑢1,       (5.8) 

(�̇�1)2 = 𝐿𝑓∆𝜔2 = ∆𝜔2,        (5.9) 

(�̇�2)2 = 𝑣2,          (5.10)  

and 

𝑣2 = 𝐿𝑓
2∆𝜔2 + 𝐿𝑔𝐿𝑓

2−1∆𝜔2𝑢2.  

        

The generalized linear system for the 𝑖𝑡ℎ machine can be written as    

(�̇�1)𝑖 = 𝐿𝑓∆𝜔𝑖 = ∆𝜔𝑖         (5.11)  

(�̇�2)𝑖 = 𝑣𝑖          (5.12)  

where  
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𝑣𝑖 = 𝐿𝑓
2∆𝜔𝑖 + 𝐿𝑔𝐿𝑓

2−1∆𝜔𝑖𝑢𝑖,        (5.13) 

     𝐿𝑓𝑖

2 ∆𝜔𝑖 = −
𝐷𝑖

2𝐻𝑖
∆�̇�𝑖 −

𝜔0𝑖

2𝐻𝑖
𝑄𝑒𝑖∆𝜔𝑖 −

𝜔0𝑖

2𝐻𝑖
𝑃𝑒𝑖, 

and 

𝐿𝑔𝑖
𝐿𝑓𝑖

2−1∆𝜔𝑖 = −
𝜔0𝑖

2𝐻𝑖

𝑃𝑒𝑖

𝐸𝑞𝑖
′

1

𝑇𝑑𝑜𝑖
. 

Using above 𝐿𝑓𝑖

2 ∆𝜔𝑖and 𝐿𝑔𝑖
𝐿𝑓𝑖

2−1∆𝜔𝑖 in (5.13) gives 

𝑣𝑖 = −
𝐷𝑖

2𝐻𝑖
�̇�𝑖 −

𝜔0𝑖

2𝐻𝑖
𝑄𝑒𝑖∆𝜔𝑖 −

𝜔0𝑖

2𝐻𝑖
𝑃𝑒𝑖 −

𝜔0𝑖

2𝐻𝑖

𝑃𝑒𝑖

𝐸𝑞𝑖
′

1

𝑇𝑑𝑜𝑖
𝑢𝑖     (5.14) 

Since(�̇�1)𝑖 = (𝑧2)𝑖 = ∆�̇�𝑖 = �̇�𝑖, (5.12) can be written as 

�̈�𝑖 = (�̇�2)𝑖 = 𝑣𝑖 = −
𝐷𝑖

2𝐻𝑖
�̇�𝑖 −

𝜔0𝑖

2𝐻𝑖
𝑄𝑒𝑖∆𝜔𝑖 −

𝜔0𝑖

2𝐻𝑖
𝑃𝑒𝑖 −

𝜔0𝑖

2𝐻𝑖

𝑃𝑒𝑖

𝐸𝑞𝑖
′

1

𝑇𝑑𝑜𝑖
𝑢𝑖   (5.15) 

From (5.14), the control law 𝑢𝑖 for the multimachine system can be derived as  

𝑢𝑖 =
1

𝜔0𝑖
2𝐻𝑖

𝑃𝑒𝑖

𝐸𝑞𝑖
′

1

𝑇𝑑𝑜𝑖

(𝑣𝑖 − −
𝐷𝑖

2𝐻𝑖
∆�̇�𝑖 −

𝜔0𝑖

2𝐻𝑖
𝑄𝑒𝑖∆𝜔𝑖 −

𝜔0𝑖

2𝐻𝑖
𝑃𝑒𝑖)    (5.16) 

where 𝑖 = 1, 2,⋯ ,𝑁. All the variables on the right hand sides of (5.16) are either physically 

measurable or can be expressed in terms of measured variables [6, 63]. But the linear control 

input 𝑣𝑖 needs to be generated by a linear controller for the linearized subsystems (5.11)-(5.12). 

 

Using Laplace transform, the linearized subsystem (5.11)-(5.12) can be written as  

∆𝜔𝑖(𝑠) = (𝑍1)𝑖(𝑠) =
1

𝑠2 𝑉𝑖(𝑠)       (5.17) 

where (𝑍1)𝑖(𝑠) is the Laplace transform of (𝑧1)𝑖. This is an SISO system with the transfer 

function 

 𝐺(𝑠) =
1

𝑠2  

and hence can be controlled by an independent linear controller. Similarly to the SMIB case 

discussed in Section 4.1, the control input 𝑉𝑖(𝑠) can be simply generated by a dynamic 

controller using output negative feedback  
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𝑉𝑖(𝑠) =  −𝐶𝑖(𝑠)∆𝜔𝑖(𝑠) = 𝐶𝑖(𝑠)[𝜔0𝑖 − 𝜔𝑖(𝑠)]     (5.18) 

where 𝐶𝑖(𝑠) is the transfer function of the controller, and 𝜔0𝑖 and 𝜔𝑖(𝑠) are respectively the 

Laplace transforms of 𝜔0𝑖 and 𝜔𝑖.  

 

The same as the SMIB case in Section 4.1, (5.17)-(5.18) form a linear closed-loop control 

system, the plant of the system is 𝐺𝑖(𝑠) =
1

𝑠2 which is the transfer function of the feedback 

linearized subsystem, the output is 𝜔𝑖(𝑠), the command reference is 𝜔0𝑖(𝑠), and the control 

error is ∆𝜔𝑖(𝑠) = 𝜔0𝑖 − 𝜔𝑖(𝑠). The sensitivity and complementary sensitivity functions of this 

closed-loop system are respectively  

𝑆𝑖(𝑠) =
1

1+𝐺𝑖(𝑠)𝐶𝑖(𝑠)
         (5.19) 

𝑇𝑖(𝑠) =
𝐺𝑖(𝑠)𝐶𝑖(𝑠)

1+𝐺𝑖(𝑠)𝐶𝑖(𝑠)
         (5.20) 

The controlled output 𝜔𝑖(𝑠) and the control error ∆𝜔𝑖(𝑠) are related to the command reference 

𝜔0𝑖 by 

𝜔𝑖(𝑠) = 𝑇𝑖(𝑠)𝜔0𝑖         (5.21) 

and  

∆𝜔𝑖(𝑠) = 𝑆𝑖(𝑠)𝜔0𝑖         (5.22) 

 

The feedback linearizing control input (5.16) and the linear control (5.16) together form a 

double loop feedback system with the inner feedback linearizing control loop and outer linear 

control loop. The same as SMIB case, with a properly designed 𝐶𝑖(𝑠), the feedback control 

loop renders full control of ∆𝜔𝑖(𝑠) towards 0 in steady-state, which guarantees the desired 

control objective and also the stability of the hidden internal state 𝛿𝑖. The excitation controller 

for each synchronous generator can be designed using the above partial feedback linearization 

scheme and a linear controller design technique.  
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5.2 Analysis of Feedback Linearization of Multimachine Power System under Parametric 

Uncertainty and Measurement Noise  

Similar to the SMIB case discussed in Section 4.2, the parameters in (5.1)-(5.3) are subject to 

change all the time. These changes introduce unstructured model perturbation and external 

disturbance into the feedback linearized model (5.17). This can be shown similarly to that of 

Section 4.2 for the SMIB system. A brief description is given below. 

 

With parametric changes the parameters in (5.15) can be written as  

𝐷𝑖+∆𝐷𝑖

2(𝐻𝑖+∆𝐻𝑖)
= 𝑚1𝑖 + ∆𝑚1𝑖, 

𝑃𝑚+∆𝑃𝑚

2(𝐻𝑖+∆𝐻𝑖)
= 𝑚2𝑖 + ∆𝑚2𝑖, 

1

2(𝐻𝑖𝑥𝑑𝑖Σ
′ +∆𝐻𝑖𝑥𝑑𝑖Σ

′ )
= 𝑚3𝑖 + ∆𝑚3𝑖, and 

1

(𝑇𝑑𝑜𝑖+∆𝑇𝑑𝑜𝑖)
= 𝑚4𝑖 + ∆𝑚4𝑖  

where 

𝑚1𝑖 =
𝐷𝑖

2𝐻𝑖
> 0, 𝑚2𝑖 =

𝑃𝑚

2𝐻𝑖
> 0, 𝑚3𝑖 =

1

2𝐻𝑖𝑥𝑑𝑖Σ
′ > 0, and 𝑚4𝑖 =

1

𝑇𝑑𝑜𝑖
> 0 

are the nominal parameters of the multimachine power system, and   

 ∆𝑚1 =
∆𝐷𝑖−∆𝐻𝑖𝐷𝑖/𝐻𝑖

2(𝐻𝑖+∆𝐻𝑖)
, ∆𝑚2 =

∆𝑃𝑚−∆𝐻𝑖𝑃𝑚/𝐻𝑖

2(𝐻𝑖+∆𝐻𝑖)
 , ∆𝑚3 =

∆𝐻𝑖𝑥𝑑Σ
′ /𝐻𝑥𝑑Σ

′

2(𝐻𝑖𝑥𝑑𝑖Σ
′ +∆𝐻𝑖𝑥𝑑𝑖Σ

′ )
 and ∆𝑚4 =

∆𝑇𝑑𝑜𝑖/𝑇𝑑𝑜𝑖

(𝑇𝑑𝑜𝑖+∆𝑇𝑑𝑜𝑖)
  

are respectively the uncertainties of 𝑚1𝑖, 𝑚2𝑖, 𝑚3𝑖 and 𝑚4𝑖, which reduce to zero when ∆𝑚1𝑖 =

∆𝑚2𝑖 = ∆𝑚2𝑖 = ∆𝑚2𝑖 = 0. 

 

With the above defined parameters and parametric uncertainties, the linearized (5.15) becomes   

∆�̈�𝑖 = −(𝑚1𝑖 + ∆𝑚1𝑖)�̇�𝑖 − (𝑚3𝑖 + ∆𝑚3𝑖)𝜔0𝑖𝑄𝑒𝑖∆𝜔𝑖      

−(𝑚3𝑖 + ∆𝑚3𝑖)𝜔0𝑖𝑃𝑒𝑖 − (𝑚5𝑖 + ∆𝑚5𝑖)𝜔0𝑖
𝑃𝑒𝑖

𝐸𝑞𝑖
′ 𝑢𝑖     (5.23) 

Using (5.14), (5.23) can be simplified to  
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∆�̈�𝑖 = 𝑣𝑖 − ∆𝑚1𝑖�̇�𝑖 − ∆𝑚3𝑖𝜔0𝑖𝑄𝑒𝑖∆𝜔𝑖 − ∆𝑚3𝑖𝜔0𝑖𝑃𝑒𝑖 − ∆𝑚5𝑖𝜔0𝑖
𝑃𝑒𝑖

𝐸𝑞𝑖
′ 𝑢𝑖  (5.24) 

and the feedback linearized control input (5.15) for the nominal system can be written as  

𝑢𝑖 =
1

𝑚5𝑖𝜔0𝑖
𝑃𝑒𝑖

𝐸𝑞𝑖
′ 𝑢𝑖

(𝑣𝑖 − 𝑚1𝑖∆�̇�𝑖 − 𝑚3𝑖𝜔0𝑖𝑄𝑒𝑖∆𝜔𝑖 − 𝑚3𝑖𝜔0𝑖𝑃𝑒𝑖)    (5.25) 

where 𝑚3𝑖𝑚4𝑖 = 𝑚5𝑖. 

 

Substituting (5.25) into (5.24) gives  

∆�̈�𝑖 = 𝑣𝑖 − ∆𝑚1𝑖�̇�𝑖 − ∆𝑚3𝑖𝜔0𝑖𝑄𝑒𝑖∆𝜔𝑖 − ∆𝑚3𝑖𝜔0𝑖𝑃𝑒𝑖      

−
∆𝑚5𝑖

𝑚5𝑖
(𝑣𝑖 − 𝑚1𝑖�̇�𝑖 − 𝑚3𝑖𝜔0𝑖𝑄𝑒𝑖∆𝜔𝑖 − 𝑚3𝑖𝜔0𝑖𝑃𝑒𝑖)     (5.26) 

 

Defining 𝑅1𝑖 = 𝜔0𝑖𝑄𝑒𝑖 and 𝑅2𝑖 = 𝜔0𝑖𝑃𝑒𝑖, (5.26) can be simplified to 

∆�̈�𝑖 = 𝑣𝑖 − ∆𝑚1𝑖∆�̇�𝑖 − ∆𝑚3𝑖𝑅1∆𝜔𝑖 − ∆𝑚3𝑖𝑅2       

−
∆𝑚5𝑖

𝑚5𝑖
(𝑣𝑖 − 𝑚1𝑖∆�̇�𝑖 − 𝑚3𝑖𝑅1∆𝜔𝑖 − 𝑚3𝑖𝑅2)     (5.27) 

Equation (5.27) can be further simplified as  

∆�̈�𝑖 = 𝐾1𝑖𝑣𝑖 − 𝐾2𝑖𝑅1𝑖∆𝜔𝑖 − 𝐾3𝑖∆�̇�𝑖 − 𝐾4𝑖𝑅2𝑖     (5.28) 

where 

𝐾1𝑖 = 1 −
∆𝑚5𝑖

𝑚5𝑖
, 𝐾2𝑖 = ∆𝑚3𝑖 +

∆𝑚5𝑖𝑚3𝑖

𝑚5𝑖
= 𝐾4, and 𝐾3𝑖 = ∆𝑚1𝑖 +

∆𝑚5𝑖𝑚1𝑖

𝑚5𝑖
.  

 

Taking the Laplace transform of (5.28) yields 

𝑠2∆𝜔𝑖(𝑠) = 𝑉𝑖(𝑠)𝐾1𝑖 − ∆𝜔𝑖(𝑠)𝑅1𝑖𝐾2𝑖 − 𝑠∆𝜔𝑖(𝑠)𝐾3𝑖 − 𝑅2𝑖𝐾4𝑖   (5.29) 

which can be further rewritten as 

∆𝜔𝑖(𝑠) =
1

𝑠2+𝑠𝐾3𝑖+𝑅1𝑖𝐾2𝑖
(𝑉𝑖(𝑠)𝐾1𝑖 − 𝑅2𝑖𝐾4𝑖)                 (5.30) 
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Defining ∆𝑖=
(𝐾1𝑖−1)𝑠2−𝑠𝐾3𝑖−𝑅1𝑖𝐾4𝑖

𝑠2+𝑠𝐾3𝑖+𝑅1𝑖𝐾4𝑖
 and 𝐾𝑖 =

𝐾4𝑖

𝐾1𝑖
, (5.30) can be written as 

∆𝜔𝑖(𝑠) =
1

𝑠2
(1 + ∆𝑖)(𝑉𝑖(𝑠) − 𝑅2𝑖𝐾𝑖)      (5.31) 

which is exactly the same as its SMIB counterpart (4.25). The perturbed system (5.31) and the 

linear controller (5.18) form a closed-loop system shown in Fig. 5.1.   

 

Fig. 5.1. Linear of the feedback linearized multimachine power system with model 

uncertainties and measurement noises 

 

5.3 𝐇∞ Mixed-Sensitivity Loop Shaping Controller for Multimachine System 

As shown in Section 5.1 and 5.2, the interconnected multimachine system (5.1)-(5.3) can be 

feedback linearized and the linearized systems are independent of each other without coupling 

and have the same 𝐺𝑖(𝑠) =
1

𝑠2
. In the presence of parameter changes in (5.1)-(5.3), each 

linearize control system becomes that of Fig. 5.1, with model perturbation ∆𝑖(𝑠) and external 

disturbance 𝑅2𝑖𝐾𝑖. These individual linear control systems are exactly the same as the linear 

control system of the SMIB case shown in Fig. 4.2. Therefore, the same  𝐻∞ mixed-sensitivity 

loop shaping controller designed in Section 4.4 can be applied to each machine in the 

multimachine power system as the linear controller 𝐶𝑖(𝑠).   

 

Vi(s)∆ωi(s)

Σ
Ni(s)

Ci(s) ΣΣ

-1

Gi(s)
ωi(s)ω0i

∆i (s)

Σ

R2i

-Ki



75 
 

Based on this approach, the same 𝑊𝑝𝑖(𝑠) and 𝑊∆𝑖(𝑠) as given below are used to design each 

𝐶𝑖(𝑠) 

𝑊𝑝𝑖(𝑠) =
0.52632 (𝑠+1.9)

(𝑠+0.0001)
        (5.32) 

𝑊∆𝑖(𝑠) =
10000 (𝑠+8.333)

     (𝑠+105)
        (5.33) 

The resultant robust controller for the multimachine power system using the above weights 

𝑊𝑝𝑖(𝑠) and 𝑊∆𝑖(𝑠) is 

𝐶𝑖(𝑠) =
4.9728×106 (𝑠+×105) (𝑠+0.0001549)(𝑠+0.4.508×10−5)

(𝑠+9.979×104) (𝑠+6413) (𝑠+127.6) (𝑠+9.829×10−5)
    (5.34) 

This linear output feedback controller is used in conjunction with the feedback linearizing 

control law (5.16) to robustly stabilize each machine, which in turn stabilizes the entire system 

under different operating conditions. The performance of the designed controller is evaluated 

in the following section and compared with the conventional PSS and LQR-based feedback 

linearizing controller in [6]. 

 

5.4 Controller Performance Evaluation 

Since the partial feedback linearization decouples the nonlinear multimachine power system 

into separate subsystem, the multimachine control problem is decomposed into several single 

machine problems. From the control design process for the multimachine power system, it can 

be seen that the controller can be designed for individual machine and implemented in a similar 

way to that of the SMIB system. Therefore, the implementation block of the each controller is 

exactly the same as that in Fig. 4.6. 
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Fig. 5.2. A two-area four machine test power system 

 

The performance of the feedback linearization plus 𝐻∞ mixed-sensitivity loop shaping 

excitation controller for the multimachine power system (𝐻∞-PFBL) is evaluated on a two-

area four machine power system shown in Fig. 5.2. There are two areas in the system. Each are 

has two connected SG to share power. The details of this system can be found in [1] and the 

parameters used in the simulation are provided in Appendix-II. 

 

While implementing advanced controllers in multimachine power systems, the controllers are 

not implemented with all machines as this is not a cost-effective approach. For this reason, the 

generators which affect the stability of the system are selected through the modal analysis. This 

is beyond the scope of this thesis and hence omitted. In [1, 6], it has been identified that the 

synchronous generator G1 along with other synchronous generator G3 are more sensitive to 

the overall stability of the system. Therefore, the designed 𝐻∞-PFBL is implemented with on 

these two generators instead of all four generators. The synchronous generator G2 is considered 

as the reference generator. In this simulation, the limits of all excitation systems are considered 

as ±6 pu.   
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The performance of the designed controller is evaluated by considering different operating 

conditions. The following case studies are considered in this chapter to demonstrate the designed 

feedback linearizing 𝐻∞ mixed-sensitivity loop shaping controller (𝐻∞-PFBL):  

i. Controller performance evaluation in the case of a three-phase short-circuit fault at the 

terminal of G1, 

ii. Controller performance evaluation in the case of a three-phase short-circuit fault at the 

middle of one of the two parallel transmission lines between bus-7 and bus-8, 

iii. Controller performance evaluation in the case of a step change in the mechanical power 

input to G3, and  

iv. Controller performance evaluation with changes in the parameters and the presence of 

external disturbances and measurement noises in G3.  

 

The first three cases are analyzed based on the nominal model of the two-area four machine 

system while the last case considers the parametric uncertainties, external disturbances, and 

measurement noises. For these first two cases, faults occur at 𝑡 = 10 s and sustain for 0.15 s, 

i.e., till 𝑡 = 10.15 s. For this third case, the change in the mechanical power input occurs at 𝑡 =

10 s to G3 and the system continues to operate with this change in the mechanical power input. 

For the last case, the changes are considered from the beginning of the operating, i.e., from 𝑡 =

0 s. In all cases, the performance of the designed controller (𝐻∞-PFBL) is compared with an 

existing PSS [1] and a feedback linearizing controller with an LQR approach (LQR-PFBL) [6]. 

The following subsections provide more details about these case studies. It is worth to note that 

the significances of the responses are exactly similar to those for the SMIB system though this 

section includes the responses for both G1 and G3. Therefore, all case studies are briefly 

explained in this chapter. Moreover, some quantitative results are included at the end of this 

section to analyze the superiority of the designed controller.  
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5.4.1 Case 1: Controller performance evaluation in the case of a three-phase short-circuit fault 

at the terminal of G1 

In this case study, a three-phase short-circuit fault is applied at the terminal of G1 at 𝑡 = 10 s 

and the fault is cleared 𝑡 = 10.15 s. During the faulted period, the terminal voltage of the G1 

will be zero which can be seen from Fig. 5.3 though the terminal voltage of G3 will also be 

disturbed as shown in Fig. 5.4.  Fig. 5.3 clearly shows that that the terminal voltage is zero 

during the faulted period with any controller. The impact of this fault will not be severe from 

the voltage response of G1 and G3 as the stability problem is an angle stability. However, the 

post-fault oscillations in the terminal voltages are more with the PSS (red line) while it is still 

visible with the LQR-PFBL (blue line). But there are less oscillations in the voltage response 

when the designed 𝐻∞-PFBL (black line) is used. 

 

 

Fig. 5.3. Terminal voltage of G1 under a three-phase short-circuit fault at the terminal of G1 
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Fig. 5.4. Terminal voltage of G3 under a three-phase short-circuit fault at the terminal of G1 

 

During the faulted period (from 𝑡 = 10 s to 𝑡 = 10.15 s), the speed deviations of both G1 and 

G3 will be disturbed with any controller. Fig. 5.5 and Fig. 5.6 show the speed deviation of G1 

and G3, respectively from where it can be seen that the speed deviations are more oscillating 

with larger overshoots (red line) when the PSSs are used. The amplitudes of the oscillations are 

quite less when LQR-PFBL (blue line) is used. But the oscillations are less with faster settling 

time when the designed 𝐻∞-PFBL (black line) is in operation.   

 

Fig. 5.5. Speed deviation of G1 under a three-phase short-circuit fault at the terminal of G1 
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Fig. 5.6. Speed deviation of G3 under a three-phase short-circuit fault at the terminal of G1 

 

 

Fig. 5.7. Rotor angle of G1 under a three-phase short-circuit fault at the terminal of G1 

 

Fig. 5.8. Rotor angle of G3 under a three-phase short-circuit fault at the terminal of G1 
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In such a condition, the rotor angle responses of G1 and G3 are shown in Fig. 5.7 and Fig. 5.8, 

respectively from where it can be seen that these rotor angle responses are noisier than the 

speed deviation responses. The rotor angle responses are taking longer time when the PSSs 

(red line) and LQR-PFBL (blue line) are used while the oscillations are well-damped with the 

designed 𝐻∞-PFBL (black line). Since the active power is related to the rotor angle of the 

synchronous generator, the active power response will also exhibit similar characteristics to 

that of the rotor angle responses which can be seen from Fig. 5.9 and Fig 5.10. The designed 

𝐻∞-PFBL (black line) stabilizes both rotor angle and active power responses by adding extra 

damping through the excitation systems of G1 and G3. 

 

Fig. 5.9. Active power of G1 under a three-phase short-circuit fault at the terminal of G1 

 

Fig. 5.10. Active power of G3 under a three-phase short-circuit fault at the terminal of G1 
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Fig. 5.11. Terminal voltage of G1 under a three-phase short-circuit fault at the middle of one 

of the two parallel transmission lines bus-7 and bus-8 

 

Fig. 5.12. Terminal voltage of G3 under a three-phase short-circuit fault at the middle of one 

of the two parallel transmission lines bus-7 and bus-8 

 

5.4.2 Case 2: Controller performance evaluation in the case of a three-phase short-circuit fault 

at the middle of one of the two parallel transmission lines bus-7 and bus-8  

In this case study, a three-phase short-circuit fault is applied at the middle of one of the two 

parallel transmission lines between bus-7 and bus-8 for a period of 0.15 s (from 𝑡 = 10 s to 𝑡 =

10.15 s). In this condition, the terminal voltages of both G1 and G3 will not be zero as shown 

in Fig. 5.11 and Fig. 5.12, respectively. From these figures, it can be seen that the terminal 



83 
 

voltages exhibit less or no oscillations due to this fault though the settling time for the PSS (red 

line) and the LQR-PFBL (blue line) is more than the designed  𝐻∞-PFBL (black line). The speed 

deviation responses corresponding to this situation are shown in Fig. 5.13 and Fig. 5.14 from 

where it can be seen that G1 and G3 exhibit more oscillating characteristics with more settling 

times when the PSS (red line) and the LQR-PFBL (blue line) are used though the amplitudes of 

oscillations are lower with the LQR-PFBL (blue line). However, the designed 𝐻∞-PFBL ensures 

the zero speed deviation in a much faster way as compared to the PSS and LQR-PFBL.  

 

Fig. 5.13. Speed deviation of G1 under a three-phase short-circuit fault at the middle of one of 

the two parallel transmission lines bus-7 and bus-8 

 

Fig. 5.14. Speed deviation of G3 under a three-phase short-circuit fault at the middle of one of 

the two parallel transmission lines bus-7 and bus- 
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Fig. 5.15. Rotor angle of G1 under a three-phase short-circuit fault at the middle of one of the 

two parallel transmission lines bus-7 and bus-8 

  

Fig. 5.16. Rotor angle of G3 under a three-phase short-circuit fault at the middle of one of the 

two parallel transmission lines bus-7 and bus-8 

 

Fig. 5.17. Active power of G1 under a three-phase short-circuit fault at the middle of one of 

the two parallel transmission lines bus-7 and bus-8 
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The rotor angle and active power responses are shown from Fig. 5.15 to Fig. 5.18 for both G1 

and G3. From these figures, it can be seen that the rotor angle responses are more oscillating 

with the PSS and LQR-PFBL as these controllers provide less synchronizing torque as 

compared to the designed 𝐻∞-PFBL while the similar effects are visible from the active power 

responses. 

 

Fig. 5.18. Active power of G3 under a three-phase short-circuit fault at the middle of one of 

the two parallel transmission lines bus-7 and bus-8 

 

5.4.3 Case 3: Controller performance evaluation in the case of a step change in the mechanical 

power input to G3 

In all previous cases, the generator G3 is delivering 0.8 pu active power which also corresponds 

to a similar mechanical power input to the synchronous generator. In this case study, it is 

considered that G3 is operating with 𝑃𝑚 = 0.8 pu till 𝑡 = 10 s. At 𝑡 = 10 s, the mechanical 

power input changes from 𝑃𝑚 = 0.8 pu to 𝑃𝑚 = 0.9 pu and the whole system continues to 

operate with this change in the mechanical power input. 
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Fig. 5.19. Terminal voltage of G1 under a step change in the mechanical power input to G3 

 

Fig. 5.20. Terminal voltage of G3 under a step change in the mechanical power input to G3 

 

In such an operating condition, G1 and G1 will still have the same terminal voltage through 

these will be disturbed at 𝑡 = 10 s as shown in Fig. 5.19 and Fig. 5.20. Since the PSS is 

designed to operate a fixed operating point, the terminal voltage will be severely disturbed 

which can also be seen from these figures (red line). But the LQR-PFBL still provides 

reasonably acceptable performance in terms of maintaining the voltage as this controller is 

designed based on the independency of the operating points though there exist some 



87 
 

oscillations. But the terminal voltage responses are more stable with faster settling time when 

the designed 𝐻∞-PFBL is in operation.  

 

Fig. 5.21. Speed deviation of G1 under a step change in the mechanical power input to G3 

 

Fig. 5.22. Speed deviation of G3 under a step change in the mechanical power input to G3 

 

Similarly, the speed deviation still needs to be maintained as zero due to the change in the 

mechanical power input as the synchronous generator always operates at the synchronous 

speed.  Fig. 5.21 and Fig. 5.22 show the speed deviation responses of the synchronous generator 

from where it can be seen that there are more oscillations when the PSS (red line) and LQR-

PFBL (solid line) are used as compared to the 𝐻∞-PFBL (black line). This clearly indicate the 
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capability of adding extra damping torque of the designed 𝐻∞-PFBL into the SMIB system 

while comparing with the PSS and LQR-PFBL. 

 

Fig. 5.23. Rotor angle of G1 under a step change in the mechanical power input to G3 

 

Fig. 5.24. Rotor angle of G3 under a step change in the mechanical power input to G3 

In this operating condition, the rotor angle and corresponding active power will settle down to 

their new steady-state values only for G3 while these remain same for G1. The speed of settling 

down the rotor angle and active power responses for G3 depend on how fast the excitation 

control act on this change in the mechanical power input to G3. The designed controller settles 

down these responses in a much quicker way as compared to the PSS and LQR-PFBL which 

can be seen from Fig. 5.23 to Fig. 5.26 
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Fig. 5.25. Active power of G1 under a step change in the mechanical power input to G3 

 

Fig. 5.26. Active power of G3 under a step change in the mechanical power input to G3 

 

5.4.4 Case 4: Controller performance evaluation with the changes in system parameters and 

the presence of external disturbances and measurement noises in G3  
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From Fig. 5.27, Bode diagram the complementary sensitivity function 𝑇(𝑗𝜔) for LQR 

controller and 𝐻∞ loop shaping controller. 

 

Fig. 5.27. Bode diagram of the complementary sensitivity function 𝑇 for LQR controller and 

loop-shaping based 𝐻∞ controller. 

For LQR controller ‖𝑇(𝑗𝜔)‖∞ = 1.3649  and for the designed controller is ‖𝑇(𝑗𝜔)‖∞ =

1.0246. Robust stability margin of the synchronous generator is determined by ‖𝑇(𝑗𝜔)‖∞
−1, 

which equals the |∆(𝑠)| the close loop system can tolerate. As can be seen, for LQR controller 

the robust stability margin is ‖𝑇(𝑗𝜔)‖∞
−1 = 0.7327,  and that of the designed controller 

is‖𝑇(𝑗𝜔)‖∞
−1 = 0.9743. The stability margin of the designed controller is  0.9743

0.7327
 tines larger 

than that of LQR controller. 

 

In this case study, the parameters as indicated during the design steps are varied from their 

nominal values from the beginning of the simulation and this has been done only for G3. The 
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variations are considered as ∆𝑚1 = 2.1%, ∆𝑚2 = 1.09%, ∆𝑚3 = 0.53%, ∆𝑚4 = 2.5%, 

∆𝑚5 = 2.9%, and ∆𝑚6 = 2.5%. These variations clearly indicate that the parameters are 

slightly varied from their nominal values of G3. Moreover, some external disturbances are 

included within the system while the measurement noises are incorporated with the speed 

deviation which are considered as white Gaussian noises with variances of 0.01.  

 

Fig. 5.28. Terminal voltage of G1 with changes in the parameters and the presence of external 

disturbances and measurement noises in G3 

 

Fig. 5.29. Terminal voltage of G3 with changes in the parameters and the presence of external 

disturbances and measurement noises in G3 
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The terminal voltage response will not be affected much with these changes while nonlinear 

controllers (both LQR-FBL and 𝐻∞-PFBL) are used which can also be seen from Fig. 5.28 and 

Fig. 5.29. The speed deviation responses are also disturbed with any controller. However, it 

more oscillating with the PSS (red line in Fig. 5.30 and Fig. 5.31). Moreover, the amplitudes 

of the oscillations for the speed deviation is more when the LQR-PFBL is used while it is 

considerably less with the designed 𝐻∞-PFBL which are due to the extra robustness properties 

of the proposed scheme. 

 

Fig. 5.30. Speed deviation of G1 with changes in the parameters and the presence of external 

disturbances and measurement noises in G3 

 

Fig. 5.31. Speed deviation of G3 with changes in the parameters and the presence of external 

disturbances and measurement noises in G3 
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The rotor angle and the active power responses of both G1 and G3 are shown from Fig. 5.32 to 

Fig. 5.35.  All these responses are more oscillating when the PSS is used. However, the 

oscillations are less when LQR-PFBL and 𝐻∞-PFBL are used though the later provides more 

stable responses for both rotor angle and active power responses. 

 

Fig. 5.32. Rotor angle of G1 with changes in the parameters and the presence of external 

disturbances and measurement noises in G3 

Fig. 5.33. Rotor angle of G3 with changes in the parameters and the presence of external 

disturbances and measurement noises in G3 
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Fig. 5.34. Active power of G1 with changes in the parameters and the presence of external 

disturbances and measurement noises in G3 

 

 

Fig. 5.35. Active power of G3 with changes in the parameters and the presence of external 

disturbances and measurement noises in G3 

 

5.4.5 Quantitative comparison of the controller performance 

The performance of the designed controllers for G1 and G3 are also evaluated by considering 

the percentage overshoots, peak time, and settling time of all responses under four different 

case studies as discussed in the previous subsections. 
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Table 5.1. Percentage overshoot for different responses of G1 under different case studies 

 

 

 

Table 5.2. Percentage overshoot for different responses of G3 under different case studies 

 

The percentage overshoots of G1 and G3 are shown in Table 5.1 and Table 5.2, respectively. 

From these tables, it can be seen that these overshoots in all responses (terminal voltages, speed 

deviations, rotor angle, and active power) are quite similar for the first two cases where the 

nominal values of the system parameters are used. In some cases, the existing controllers 

perform better than the designed controller for the first two cases. The main reason behind 

Cases Terminal Voltage Speed Deviation Rotor Angle Active Power 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

Case 1 6 7.1 3.8 0.11 0.8 0.63 17.67 20.04 21.69 39.78 27.52 19.15 

Case 2 15 10 10 0.92 0.79 0.35 13.4 5.16 6.77 26.7 19.76 26.75 

Case 3 15.7 10 9.7 0.3 0.3 0.5 12.48 11.9 21.1 40.7 41.3 43.75 

Case 4 1.4 0.5 0.1 0.5 0.2 0.05 14.78 9.96 4.48 50 22.5 3.75 

Cases Terminal Voltage Speed Deviation Rotor Angle Active Power 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

Case 1 6 15 12 0.62 0.79 0.5 4.16 2.2 1.42 47.4 59.2 38.7 

Case 2 15 8.8 8.8 0.9 0.7 0.6 11.95 9.08 1.77 33.9 24.35 32.9 

Case 3 15.5 9.1 7.3 0.32 0.32 0.32 8.34 8.34 1.26 31.3 31.3 32.39 

Case 4 1.5 0.5 0.1 0.3 0.2 0.07 2.88 2.53 1.23 4.63 2.83 0.5 
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these is that the existing controllers are mainly designed specifically for these nominal 

parameters. However, the performance of the designed controller are much better in terms of  

the overshoots in all responses for the last two cases when model uncertainties, external 

disturbances and measurement noises are considered. 

Table 5.3. Peak time for different responses of G1 under different case studies 

 

Table 5.4. Peak time for different responses of G3 under different case studies 

The peak times also exhibit the similar characteristic to that of that percentage overshoots 

which are shown in Table 5.3 and Table 5.4 for G1 and G3, respectively. From these two tables, 

it can be seen that the designed controller performs better for the last two cases while comparing 

Cases Voltage Speed Deviation Rotor Angle Active Power 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PF

BL 

Case 1 10.46 10.51 10.27 11.5 11.5 11.8 10.9 11.26 11.36 11.0 10.98 11.0 

Case 2 10.29 10.23 10.3 11.3 11.3 10.8 10.5 10.7 11.33 10.5 10.21 10.5 

Case 3 10.29 10.31 10.28 10.1 10.15 10.15 10.8 10.99 11.33 10.5 10.42 10.4 

Case 4 0.29 0.17 0.14 0.15 0.10 0.10 0.38 0.36 0.36 0.29 0.22 0.23 

Cases Terminal Voltage Speed Deviation Rotor Angle Active Power 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

Case 1 11.77 10.76 10.76 11.1 11.1 11.1 11.9 11.6 11.07 10.3 10.3 10.33 

Case 2 10.3 10.44 10.28 11.1 11.1 10.9 10.5 10.7 11.32 10.5 10.26 10.46 

Case 3 10.31 10.1 10.1 10.1 10.1 10.1 10.7 10.7 11.37 10.4 10.49 10.58 

Case 4 0.28 0.15 0.09 0.51 0.63 0.58 0.52 0.44 0.42 0.81 0.8 0.78 
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with the PSS and LQR-PFBL. However, the settling time provides more inside for such 

oscillating responses.  

Table 5.5. Settling time for different responses of G1 under different case studies 

 

Table 5.6. Settling time for different responses of G3 under different case studies 

 

The settling times for different responses of G1 and G3 are shown in Table 5.5 and table 5.6, 

respectively. From these tables, it can be seen that the settling times are less than 5 s for a large-

scale multimachine power system when the designed controller is used. However, there are 

some cases when the settling times are more than 5 s with the existing PSS and LQR-PFBL. 

According to the timeframe for the transient stability as mentioned in [1], the settling time 

needs to be within 5 s. However, the existing controllers cannot guarantee the transient stability 

Cases Voltage Speed Deviation Rotor Angle Active Power 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

Case 1 5.63 5.1 3.13 7.8 3.3 3.3 8.7 6.31 4.51 10.2 5.8 4.52 

Case 2 3.98 3.44 2.74 2.6 4.3 3.2 3.7 3.68 2.31 5.52 3.74 3.14 

Case 3 3.02 2.86 2.2 4.73 5.02 3.37 3.7 3.03 2.92 3.58 3.58 2.93 

Case 4 5.3 3.76 1.01 5.39 3.56 1.63 4.52 4.51 1.58 3.09 3.09 1.54 

Cases Voltage Speed Deviation Rotor Angle Active Power 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

PSS LQR-

PFBL 

𝐻∞-

PFBL 

Case 1 4.1 4.1 2.1 7.8 4.8 4.8 5.3 5.32 2.77 5.73 4.35 4.35 

Case 2 3.52 3.32 0.67 2.3 3.3 2.4 2.9 2.7 2.22 5.15 2.65 2.65 

Case 3 3.68 2.64 1.4 5.1 4.35 2.75 3.83 3.71 2.06 2.75 2.73 2.68 

Case 4 5.54 3.75 0.89 5.32 3.22 0.27 5.55 4.2 1.3 5.16 4.2 2.85 
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of multimachine power systems in some cases. But the designed controller always ensures the 

transient stability. 

 

5.5 Chapter Summary 

This chapter has extended the results of Chapter 4 for SMIB system to the multimachine system. 

Using the MIMO system feedback linearization technique discussed in Section 3.2, this chapter 

has shown that the nonlinearity of an interconnected multimachine power system can be 

cancelled and the subsystems can be decoupled by the feedback linearization. As the feedback 

linearized subsystems are decoupled, the same analysis and controller design technique used in 

Chapter 4 for SMIB system can be applied to the multimachine system. Based on this, this 

chapter has used the same technique as that used in Section 4.3 to analyze the impact of 

parametric changes in the original mutlimachine system on the feedback linearized subsystems. 

It has shown that these parametric changes introduce the unstructured model perturbation and 

external disturbance into the linearized subsystems, which again calls for the same 𝐻∞ mixed-

sensitivity loop-shaping controller to improve the control perform and robustness of the closed-

loop subsystems.  An 𝐻∞ mixed-sensitivity loop-shaping controller has therefore been designed 

and used in conjunction with the feedback linearization control for each subsystem (machine). 

The designed controller has been evaluated on a two-area power system and compared with 

the existing PSS and an LQR-based feedback linearizing controller results under different 

operating conditions. Simulation results clearly indicate that the designed controller performs 

the PSS and LQR-based feedback linearizing controller for multimachine power system.  
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Chapter 6 
Conclusions and Future Research 

Directions 
6.1 Conclusions 

It was clear that the designed robust feedback linearizing 𝐻∞ mixed-sensitivity loop shaping 

excitation controller outperforms the existing excitation controllers. The control problem has 

been formulated by considering model uncertainties, external disturbances, and measurement 

noises. A brief overview feedback linearization and  𝐻∞ mixed-sensitivity loop shaping 

controller design has been presented as the excitation controllers for the SMIB system and 

multimachine power system has been designed based on these approaches.  

 

From this study, the following generalized conclusions can be made 

 The existing power system stabilizers do not have the capability to provide robustness 

against changes in operating conditions as well as against modeling uncertainties, 

external disturbances, and measurement noises. 

 The existing feedback linearizing excitation controller based on the linear quadratic 

regulator (LQR) is independent of the operating points. However, its performance 

degrades when the parameters are even slightly varied from their nominal values. 

 The partial feedback linearization technique allows to use the speed deviation of the 

synchronous generators, which is more realistic and helps to add more damping into 

the system as compared to the unmeasurable rotor angle feedback. 

 The partial feedback linearization simplifies the multimachine excitation problem to 

single machine problems by decomposing the whole system into several subsystems 

with reduced-orders.  
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 The proposed approach does not require any information from the neighboring 

subsystems and thus can be implemented in a decentralized manner. 

 The designed feedback linearizing 𝐻∞ mixed-sensitivity loop shaping excitation 

controller uses only the output feedback of the system as the feedback and thus, avoids 

the measurements of different states in the state feedback controllers. 

 The designed controller provides robustness against different operating conditions as 

well as against model uncertainties, external disturbances, and measurement noises. 

 As the designed controller provides more damping to the system, the settling time is 

faster with less overshoots as compared to the existing controllers. 

 

6.2. Directions for Future Research 

The proposed scheme can be expanded by considering the following points: 

 The synchronous generator models in power system can be considered as higher-order 

models to achieve more accurate control results. 

 The dynamics of the turbine-governor system can be included so that the controller will 

have the capability to respond to the changes in loads.  

 There is a lot of ongoing works on the renewable energy integration. The proposed 

control scheme can be used to design controller for wind and solar generation systems. 

 The proposed control scheme can be applied to hybrid AC/DC microgrids to control 

the microgrids. 
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Appendix 

Appendix-I: Data for the SMIB System 

Table A-I. Data of the SMIB system (in pu) 

Machine AVR 

200 MW 

𝑥𝑑=1.863 

 𝑥𝑑
′ =0.296 

𝑥𝑞=0.474 

 𝑇𝑑
′=6.9 s 

𝜔𝑠 = 314.16 

H=2.5 

D=4 

𝐾𝐴 = 200 

𝑇𝐴 = 0.02s 

𝐸𝑓𝑑
𝑚𝑖𝑚 = −5.43 

𝐸𝑓𝑑
𝑚𝑎𝑥 = 6.03 

 

Appendix-II: Data for the Two-Area Four Machine Power System 

Each area consists of two coupled units, each having a rating of 900 MVA and 20 kV. The 

generator parameters in pu on the rated MVA and kV base are as follows: 

𝑥𝑑 = 1.863, 𝑥𝑑
′ = 0.3, 𝑥𝑑

′′ = 0.25, 𝑥𝑞 = 1.72, 𝑥𝑞
′ = 0.55, 𝑥𝑞

′′ = 0.25, 𝑥𝑙 = 0.2, 𝑅𝑎 = 0.0025, 

𝑇𝑑0
′ = 8 𝑠, 𝑇𝑞0

′ = 0.4 𝑠, 𝑇𝑑0
′′ = 0.03 𝑠, 𝑇𝑞0

′′ = 0.05 𝑠, 𝐴𝑆𝑎𝑡 = 0.015, 𝐵𝑆𝑎𝑡 = 9.6, 𝐻 = 6.5 (for 

G1 and G2), 𝐻 = 6.175 (for G3 and G4) 
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Each step-up transformer has an impedance of 0 + 𝑗0.15 per unit on 900 MVA and 20/230 kV 

base, and has an off-nominal ratio of 1.0. 

The parameters of the transmission line in per unit on 100 MVA, 230 kV base are 

𝑟 = 0.0001 𝑝𝑢/𝑘𝑚, 𝑥𝐿 = 0.001𝑝𝑖/𝑘𝑚, 𝑏𝑐 = 0.00175 𝑝𝑢/𝑘𝑚 

 

The system is operating with area 1 exporting 400 MW to area 2, and the generating units are 

loaded as follows: 

G1:      𝑃 = 700 MW,        𝑄 = 185 MVAr,         𝐸𝑡 = 1.03∠20.2° 

G2:      𝑃 = 700 MW,        𝑄 = 235 MVAr,         𝐸𝑡 = 1.01∠10.5° 

G3:      𝑃 = 719 MW,        𝑄 = 176 MVAr,         𝐸𝑡 = 1.03∠ − 6.8° 

G4:      𝑃 = 700 MW,        𝑄 = 202 MVAr,         𝐸𝑡 = 1.01∠ − 17.0° 

 

The load and reactive power supplied (𝑄𝑐) by the shunt capacitors at buses 7 and 9 are as 

follows: 

Bus 7:      𝑃𝐿 = 967 MW,        𝑄𝐿 = 100 MVAr,         𝑄𝐶 = 200 MVAr 

Bus 9:      𝑃𝐿 = 1767 MW,        𝑄𝐿 = 100 MVAr,         𝑄𝐶 = 350 MVAr 

AVR of each unit 

𝐾𝐴 = 200, 𝑇𝐴 = 0.02s, 𝐸𝑓𝑑
𝑚𝑖𝑚 = 0, 𝐸𝑓𝑑

𝑚𝑎𝑥 = 12.3 
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