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ABSTRACT: This study compares the performance of the model-free adaptive control (MFAC) and H-infinity 

control strategies for terminal voltage control of synchronous generators under dynamic load conditions. The 

AVR system, incorporating a lead-lag compensator as a stabilizer, was tested under no-load, 20%, 50%, and 80% 

load scenarios using MATLAB/Simulink simulations. The results demonstrate that MFAC offers faster response 

times (0.36 s rise time at no-load) compared to the H-infinity controller (1.56 s) and exhibits significantly higher 

overshoot (40.14%) compared to the H-infinity controller (17.15%). The H-infinity controller provides superior 

stability with minimal overshoot and robust performance across all load conditions. Therefore, the H-infinity 

controller emerges as the optimal solution for power systems requiring precise voltage regulation under varying 

loads, particularly in unstable grids such as Nigeria’s. 

Keywords: H-infinity, model-free adaptive control, terminal voltage regulation, synchronous generator, 

automatic voltage regulator 

 

1. INTRODUCTION 

The global demand for a stable and reliable supply of electricity is increasing, emphasizing the crucial role of 

effective control techniques in power systems [1]. The synchronous generator, which is a critical component 

responsible for converting mechanical energy into electrical energy, lies at the heart of electricity generation [2]. 

The automatic voltage regulator (AVR) plays a critical role in maintaining a steady terminal voltage to ensure the 

easy integration of this power into the power grid, even in the face of load and external disturbances [3]. 

Power system stability is greatly dependent on the effective regulation of terminal voltage, and the AVR becomes 

a central component in synchronous generator operations [1]. The frequency and power composition in various 

realms of power system operations are influenced by the load variations and faulty conditions [4]. One of the 

main issues in the management of power systems is maintaining the stability and consistency of the standard 

voltage level so that all the related equipment is designed for the same pre-established voltage level [5]. Since the 
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terminal voltage of the synchronous generator (SG) is affected by unavoidable variations in load demands, a 

control system that can react to such changes [6] while maintaining voltage stability is important [7]. An automatic 

voltage regulator (AVR) is intended to regulate the excitation of synchronous generators in such a way that a 

steady terminal voltage is preserved [1]. However, the inherent high inductance of synchronous generator field 

windings coupled with load variations makes it difficult for the AVR to provide a steady and quick response. The 

addition of a Lead-lag feedback compensator is of paramount importance. This compensator improves the 

stability of the AVR by improving the dynamic response characteristics of the system [1]. Although stability 

enhancement has improved, the intrinsic dynamic nature of power systems demands adaptive control methods 

that can effectively handle generator characteristic changes [8]. 

An appropriate controller is necessary to enhance the dynamic performance of the automatic voltage regulator 

(AVR); however, the choice of an appropriate controller is one of the most challenging parts in AVR system 

development [9]. Various controllers have been developed and optimized to enhance the performance of the 

synchronous generator automatic voltage regulator (AVR), i.e., proportional integral derivative (PID) and linear 

quadratic Gaussian (LQG), among others; however, they have all demonstrated limitations in terms of accuracy 

in response time when there are changing load conditions [10]. A more dynamic voltage-controlling mechanism 

is crucial for improving the performance of an SG AVR system. 

MFAC techniques is a viable way of withstanding uncertainty and changing operating condition parameters. 

Integration of MFAC into an AVR adds a vital element of adaptability, which remains crucial for real-time 

feedback against generator parameter changes. Compared with traditional control systems based on preestablished 

models, MFAC has a tendency to adjust automatically to the changing characteristics of the generator and thus 

maximizes performance under a wide variety of operating conditions [11]. 

Additionally, the H-infinity controller is another method implemented in the system to implement the optimal 

control policy, chosen based on its suitability in handling disturbances and uncertainties. The controller reduces 

the impact of disturbances by reducing a certain performance measure, thus offering stable and optimal control 

when there is uncertainty [12]. 

To confirm the effectiveness of the proposed control methods, the simulations were conducted using 

MATLAB/SIMULINK version 2023b. The model used in the simulation includes mathematical modeling of the 

AVR system, the lead-lag controller, and the other two controllers. Simulation enables a thorough examination of 

the system’s response under various loads, thus reflecting its dynamic performance and behavioral characteristics 

[13]. The system performance was investigated by examining aspects such as peak time, rise time, settling time, 

and percentage overshoot. 

Several researchers have contributed to the control approaches for SG terminal voltage regulation, some of them 

are as in Table 1, which covered works from 2014 to 2024. 

Table 1. Key Findings 

Authors Controller 

Type 

Optimization 

algorithm (OA) 

Key Contribution Limitation 
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[14] PID, IC, and 

FOPID 

Various group with 

OA such as PSO, 

GA, GWO, and 

ABC) 

Comprehensive review of group with 

OA for optimizing AVR controller 

parameters (PID, IC, and FOPID) to 

improve stability and time-domain 

response (OS, RT, ST, and SSE). 

Focuses on 

controller 

optimization 

[15] FOPIDD² 

(Novel) 

Reptile search 

algorithm (RSA) 

Proposed novel FOPIDD² controller 

tuned by RSA outperformed 22 recent 

studies. Improved transient response. 

We did not 

examine load 

changes or 

disturbances. 

[16] LQGTC LQG LQG-tuned controller (LQGTC) was 

used to reduce oscillations and 

guarantee stable performance across 

various parameters. 

Did not account 

for load variations 

or external 

disturbances. 

[17] PID PSO, CS Optimized PID gains using PSO and CS 

with a novel objective function (IAE, 

RT, ST, and OS). CS achieved the best 

time-domain performance. 

Did not account 

for load changes or 

perturbations. 

[18] PID, FOPID, 

PIDD² 

SA-MRFO (Hybrid) Proposed hybrid simulated annealing-

manta-ray foraging optimization (SA-

MRFO) for PID parameterization. 

PIDD² showed the largest improvement 

(79% faster RT/ST, 58% lower OS vs. 

conventional PID). 

Focuses on the 

optimization 

method. 

[19] PID Symbiotic Organism 

Search 

Optimized PID with SOS using an 

enhanced cost function Improved 

stability and robustness to parameter 

variations and external disturbances. 

The increased third 

weighting factor 

degraded the rise 

and settling times. 

[20] PID N/A Improved digital excitation control 

system (DECS) performance, reducing 

overshoot from 75% to 16%. 

Focuses on the 

DECS problem. 

[21] PIDD + 

Prefilter 

(Novel) 

N/A Proposed PIDD with a prefilter to 

address large overshoot from PIDD 

alone. The pre-filter setup provided 

optimal performance (fast response, 

minimum overshoot). 

Performance was 

not verified under 

actual load 

changes or 

disturbances. 
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[22] PID, 

Cascade, and 

IMC 

N/A Comparative study: IMC provided 

optimal stability (0% overshoot) but 

was slower than other methods. The 

cascade was well balanced. PID was the 

fastest but had a high overshoot. 

We did not 

examine 

performance under 

load variation. 

While numerous studies focus on optimizing controller parameters (PID, FOPID, PIDD², etc.) to enhance AVR 

performance, a common limitation is the failure to address performance under varying loading conditions and 

external disturbances. Conventional PID controllers struggle to maintain optimal performance under these real-

world conditions. Only [19] and [22] explicitly tested robustness, with [19] showing success but a trade-off in 

response speed, and [22] noting the lack of load variation testing and external disturbance as a research gap. The 

trend shows a shift toward adaptive (H-infinity) and robust (MFAC) control strategies capable of maintaining 

voltage stability under varying loads and disturbances. 

2. MATERIALS AND METHODS 

2.1 Automatic Voltage Regulator 

Figure 1 shows a typical AVR system of a synchronous generator. Four essential components constitute an AVR 

system: amplifier, exciter, generator, and the output voltage measurement sensor [23]. 

 
Figure 1. Schematic of an AVR of a Synchronous Generator [19] 

A. Amplifier model 

The amplifier is a model first-order differential system with a time constant 𝑇𝑎 and gain𝐾𝑎. According to [21], the 

differential equation representing the relationship between the output voltage 𝑉𝑅(𝑡) and the input voltage 𝑉𝑒(𝑡) 

of the amplifier according to [21] is given as equation (1). 

𝑉𝑅(𝑡) + 𝑇𝑎
𝑑𝑉𝑅(𝑡)

𝑑𝑡
= 𝐾𝑎𝑉𝑒(𝑡)                           1 

This differential equation is converted into the frequency domain using the Laplace transform, and let 𝐺𝑎(𝑠) be 

the ratio of the output voltage 𝑉𝑅(𝑠) to the input voltage𝑉𝑒(𝑠), then the amplifier model is given by equation (2). 

𝐺𝑎(𝑠) =
𝐾𝑎

1+𝑠𝑇𝑎
                      2 

Where, 𝐾𝑎 is the amplifier gain and 𝑇𝑎 is the time constant of the amplifier. 𝐾𝑎 Has a typical value ranging from 

10 to 40, and the time constant is negligible but ranges from 0.02 to 0.1 s. 
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B. Exciter model 

Modern generator exciters use an AC power source through solid-state rectifiers [24]. The exciter’s output voltage 

is usually a nonlinear function of the generator field voltage because of the usual magnetic circuit. This implies 

that there is no simple relationship between the exciter’s terminal voltage and field voltage [25]. The IEEE 

committee on excitation system recommended a reasonable linearized model that includes most of the time 

constants and ignores the saturation and nonlinearity effect. A time constant 𝑇𝑒 and gain 𝐾𝑒 is used in the transfer 

function of the exciter [26]. According to [21], the differential equation representing the relationship between the 

output voltage 𝑉𝑓(𝑡)and the input voltage 𝑉𝑅(𝑡) of the exciter according to [21] is given as equation (3). 

𝑉𝑓(𝑡) + 𝑇𝑒
𝑑𝑉𝑓(𝑡)

𝑑𝑡
= 𝐾𝑒𝑉𝑅(𝑡)                           3 

Equation (2.3) is converted into the frequency domain using the Laplace transform, and let 𝐺𝑒(𝑠) be the ratio of 

the output voltage 𝑉𝑓(𝑠) to the input voltage 𝑉𝑅(𝑠),  then the exciter model is given by Equation (4): 

𝐺𝑒(𝑠) =
𝐾𝑒

1+𝑠𝑇𝑒
                     4 

Where: 

𝐾𝑒 is the exciter gain and  

𝑇𝑒 is the exciter time constant. 

The typical values of 𝐾𝑒 and 𝑇𝑒 are in the range of 1.0–10 and 0.4–1.0 s, respectively. 

C. Generator model 

The generated e.m.f. of the synchronous machine is usually a function of the machine magnetization curve, and 

its terminal voltage depends on the generator [27]. According to [28], the differential equation representing the 

relationship between the generator output voltage 𝑉𝑡(𝑡) and the field voltage 𝑉𝑓(𝑡) for the generator according to 

[28] is given as equation (5). 

𝑉𝑡(𝑡) + 𝑇𝑔
𝑑𝑉𝑡(𝑡)

𝑑𝑡
= 𝐾𝑔𝑉𝑓(𝑡)                            5 

By converting this differential equation into the frequency domain using Laplace transform, and let 𝐺𝑎(𝑠) be the 

ratio of the output voltage 𝑉𝑡(𝑠) to the input voltage𝑉𝑓(𝑠), then the amplifier model is given by the equation (6). 

𝐺𝑔(𝑠) =
𝐾𝑔

1+𝑠𝑇𝑔
                       6 

The typical values of the gain and time constant are in the range of 0.7–1.0 and 1.0–2.0 s, respectively, from full 

load to no load. However, in this study, the internal dynamic of the generator is neglected to consider the external 

load, and it is assumed that 𝐾𝑔 = 1.0 and 𝑇𝑔 = 0 for the generator to respond instantaneously to changes in the 

field volatage with no time delay. 

D. Sensor model 

The voltage is sensed through a potential transformer and rectified through a bridge rectifier.  According to [28], 

the differential equation representing the relationship between the sensor output voltage 𝑉𝑠(𝑡) and the generator 

terminal voltage 𝑉𝑡(𝑡) for the sensor according to [28] is given as equation (7). 

𝑉𝑠(𝑡) + 𝑇𝑠
𝑑𝑉𝑠(𝑡)

𝑑𝑡
= 𝐾𝑠𝑉𝑡(𝑡)                           7 

The differential equation is converted into the frequency domain using the Laplace transform, and let 𝐺𝑠(𝑠) be 

the ratio of the output voltage 𝑉𝑠(𝑠) to the input voltage𝑉𝑡(𝑠), then the amplifier model is given by Eq. (8). 

          𝐺𝑠(𝑠) =
𝐾𝑠

1+𝑠𝑇𝑠
               8 
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Where, 𝐾𝑠𝑒𝑛 is the sensor gain and 𝑇𝑠𝑒𝑛 is the time constant of the sensor. The typical values are in the range of 

1.0–2.0 and 0.001–0.006 s. 

Therefore, by combining all the models’ transfer functions in Equations (2), (4), (6), and (8), and finding the 

closed-loop equation, we obtain Equation (9) which is the transfer function of the AVR system of a synchronous 

generator shown in Figure 2. 

∆𝑉𝑡(𝑠)

∆𝑉𝑟𝑒𝑓(𝑠)
= 

𝐾𝑎𝐾𝑒𝐾𝑔(1+𝑠𝑇𝑠)

(1+𝑠𝑇𝑎)(1+𝑠𝑇𝑒)(1+𝑠𝑇𝑔)(1+𝑠𝑇𝑠)+𝐾𝑎𝐾𝑒𝐾𝑔𝐾𝑠
                 9 

The generator's terminal voltage 𝑉𝑡(𝑠) is constantly detected by the sensor and then compared with the reference 

voltage𝑉𝑟𝑒𝑓(𝑠). The distinction between the reference and the sensed terminal voltage (called error voltage) is 

amplified by the amplifier and used up by the exciter to excite the generator [29]. 

 
Figure 2. Automatic voltage regulator block diagram 

2.2 Modeling of the Compensated AVR Model with Load 

The preliminary findings in the literature show that the steady-state error of a typical AVR system is always high, 

which can also lead to a higher steady-state error, especially the overshoot and taking longer time to settle. 

Therefore, to reduce this error, the amplifier gain must be increased. However, this increment in the amplifier 

gain can also make the system unstable due to the arbitrary nature of selecting the value [30]. Therefore, a lead-

lag compensator [31] is introduced as feedback to the AVR in Figure 2 between the input 𝑉𝑒(𝑠) and the output 

𝑉𝑓(𝑠) of the block diagram to stabilize the system, as shown in Figure 3. The Lead-lag compensator is 

mathematically represented as equation (10). 

𝐺𝑛(𝑠) =
1+𝑠(𝛼𝑇𝑛1)

1+𝑠𝑇𝑛2
                    10 

where, 𝐺𝑛 is the Lead-lag transfer function, 𝑇𝑛1 is the lead time constant, 𝑇𝑛2 is the lag time constant, and 𝛼 is the 

scaling factor. 

Since the dynamic load is considered in this article, the generator 𝐺𝑔 internal dynamic is ignored and considered 

as an ideal voltage source with no internal dynamic. The load 𝐺𝐿 connected to the generator terminals introduces 

dynamic variations (sudden change) in the system that influence the terminal voltage based on the time it stays 

connected to the system. The load will be model as first order dynamic load (time-dependent), given as Equation 

(11). 

𝐺𝐿(𝑠) =
𝐾𝐿

1+𝑠𝑇𝐿
                  11 

where, 𝐾𝐿 is the proportional effect of the load on the terminal voltage typically between 0.5 and 1.0, 𝑇𝐿 is the 

time taken for the load to impact the terminal voltage, and 𝐺𝐿 is the load response. 
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Figure 3. Compensated AVR Synchronous Generator System 

Given the Lead-lag compensator and load in Figure 3, the system input, output, error signal, and control signal 

are 𝑉𝑟𝑒𝑓(𝑠), 𝑉𝑡(𝑠), 𝑉𝑒(𝑠), and 𝑈(𝑠), respectively. The error signal from the first summing is given by equation 

(12), the control signal from the second summing is given by equation (13), and the forward path𝑉𝑅(𝑠)𝑧, 𝑉𝑓(𝑠), 

and  𝑉𝑡(𝑠) are given as equation (14), (15), and (16), respectively. 

    𝑉𝑒(𝑠) = 𝑉𝑟𝑒𝑓(𝑠) − 𝐺𝑠𝑉𝑡(𝑠)                  12 

         𝑈(𝑠) = 𝑉𝑒(𝑠) − 𝐺𝑛𝑉𝑓                             13 

𝑉𝑅(𝑠) = 𝐺𝑎𝑈𝑠(𝑠)                   14 

𝑉𝑓(𝑠) = 𝐺𝑒𝑉𝑅(𝑠)                              15 

     𝑉𝑡(𝑠) = 𝐺𝑔𝑉𝑓(𝑠) − 𝐺𝐿(𝑠)                  16 

Substituting Eq. (12) into Eq. (15) resulted in Eq. (17). Substituting Eq. (17) into Eq. (16) and after simplifying 

and finding the common factors, the final expression is given as Eq. (18). 

𝑉𝑓(𝑠) = 𝐺𝑎𝐺𝑒 (𝑉𝑟𝑒𝑓(𝑠) − 𝐺𝑠𝑉𝑡(𝑠) − 𝐺𝑛𝑉𝑓(𝑠))               17 

    𝑉𝑡(𝑠) =
𝐺𝑎𝐺𝑒𝐺𝑔𝑉𝑟𝑒𝑓(𝑠)−𝐺𝑎𝐺𝑒𝐺𝑔𝐺𝑛𝑉𝑓(𝑠)−𝐺𝐿(𝑠)

1+𝐺𝑎𝐺𝑒𝐺𝑔𝐺𝑠
                18 

Finding and substituting the expression for 𝑉𝑓 given in Eq. (17) as Eq. (19), and also Eq. (19) into Eq. (18) to 

eliminate𝑉𝑓, resulted in Eq. (20). 

    𝑉𝑓(𝑠) =
𝐺𝑒𝐺𝑎(𝑉𝑟𝑒𝑓(𝑠)−𝐺𝑠𝑉𝑡(𝑠)

1+𝐺𝑒𝐺𝑎𝐺𝑛
                19 

         𝑉𝑡(𝑠) =
𝐺𝑎𝐺𝑒𝐺𝑔𝑉𝑟𝑒𝑓(𝑠)−𝐺𝑎𝐺𝑒𝐺𝑔𝐺𝑛(

𝐺𝑒𝐺𝑎(𝑉𝑟𝑒𝑓(𝑠)−𝐺𝑠𝑉𝑡(𝑠)

1+𝐺𝑒𝐺𝑎𝐺𝑛
)−𝐺𝐿(𝑠)

1+𝐺𝑎𝐺𝑒𝐺𝑔𝐺𝑠
           20 

Let 𝐺𝐶𝐴𝑉𝑅 be the relationship between the 𝑉𝑡 and the 𝑉𝑟𝑒𝑓, the transfer function 𝐺𝐶𝐴𝑉𝑅(𝑠) of the CAVR of the 

synchronous generator; therefore, the resulting closed-loop transfer function of the CAVR system is given as 
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equation (21), where parameters such as 𝐺𝑎, 𝐺𝑒, 𝐺𝑔, 𝐺𝑠, 𝐺𝑛 and 𝐺𝐿 are all represented in equations (2), (4), (6), 

(8), (10) and (11), respectively. 

          𝐺𝐶𝐴𝑉𝑅(𝑠) =
𝐺𝑎𝐺𝑒𝐺𝑔(1+𝐺𝑒𝐺𝑎𝐺𝑛)

(1+𝐺𝑎𝐺𝑒𝐺𝑔𝐺𝑠)(1+𝐺𝑎𝐺𝑒𝐺𝑛)+𝐺𝑎
2𝐺𝑒

2𝐺𝑔𝐺𝑛𝐺𝑠 
−

𝐺𝐿

1+𝐺𝑎𝐺𝑒𝐺𝑔𝐺𝑠
                        21 

2.3 Model-free adaptive control 

The model-free adaptive control (MFAC) strategy is employed in the CAVR system to manage uncertainties and 

nonlinearities without a direct mathematical model of the system. MFAC real-time adaptation is applied to control 

actions based on input-output data; thus, it can manage complex, nonlinear systems like the AVR system. MFAC 

combines adaptive control and reinforcement learning principles for iterative system optimization [32]. The AVR 

system is a nonlinear system, and its dynamic equation can be represented by Eq. (22). 

𝑦(𝑡 + 1) = 𝑓[𝑦(𝑡), 𝑦(𝑡 + 1), … , 𝑦(𝑡 − 𝑛𝑦), 𝑢(𝑡), 𝑢(𝑡 − 1), … , 𝑢(𝑡 − 𝑛𝑢)]                 22 

Where y(t) is the system output (Vt), u(t) is the control input (excitation voltage), 𝑛𝑦 and 𝑛𝑢 are the system orders, 

and finally f[⋅] is the unknown nonlinear function. 

The dynamic system is simplified into a compact form of dynamic linearization using input-output variations 

given in Eq. (23). 

          ∆𝑦(𝑡 + 1) = 𝜙(𝑡)∆𝑢(𝑡)               23 

Where, 𝜙(𝑡) is the estimated iterative pseudo-gradient parameter, Equation (24) is the incremental change in 

output, and Equation (25) is the incremental change in input.  

        ∆𝑦(𝑡 + 1) = 𝑦(𝑡 + 1) − 𝑦(𝑡)                    24 

            ∆𝑢(𝑡) = 𝑢(𝑡) − 𝑢(𝑡 − 1)                 25 

The pseudo-gradient 𝜙(𝑘) for parameter estimation is iteratively estimated as equation (26). 

      𝜙̂(𝑡) = 𝜙̂(𝑡 − 1) + 𝜂 (
[∆𝑦(𝑡)−𝜙̂(𝑡−1)∆𝑢(𝑡−1)]∆𝑢(𝑡−1)

𝜇+|∆𝑢(𝑡−1)|2
)              26 

where 𝜂 is the learning rate of the step size between (0 < 𝜂 ≤ 2), 𝜇 is the small positive constant that prevents 

division by zero, and 𝜙̂(𝑡) is the pseudo-gradient at step t. 

The MFAC control law aims to minimize the performance criterion [33] given in Equation (27), whereas the 

optimal control increment is given in Equation (28). 

𝐽(𝑢(𝑡)) = |𝑦𝑟(𝑡 + 1) − 𝑦(𝑡 + 1)|2 + 𝜆|∆𝑢(𝑡)|2               27 

         ∆𝑢(𝑡) =
𝜌𝜙̂(𝑡)[𝑦𝑟(𝑡+1)−𝑦(𝑡)]

𝜆+|𝜙̂(𝑡)|2
                 28 

where, 𝑦𝑟(𝑡 + 1) is the desired reference voltage, 𝜆 is the weighing factor to trade off tracking accuracy and 

control effort, and 𝜌 id the step factor of between 0 < 𝜌 ≤ 1. 

The control input 𝑢𝑀𝐹𝐴𝐶  is updated iteratively as equation (29), and a reset criterion is introduced to ensure 

stability and prevent divergence, as if equations (30) and (31) are true, then equation (32). The MFAC algorithm 

is given as Algorithm 1. 

 𝑢𝑀𝐹𝐴𝐶(𝑡) = 𝑢𝑀𝐹𝐴𝐶(𝑡 − 1) + ∆𝑢(𝑡)                       29 

                                |𝜙̂(𝑡)| ≤ ∈𝑁                   30 

|∆𝑢(𝑡 − 1)| ≤ ∈𝑁                    31 

𝜙̂(𝑘) = 𝑠𝑖𝑔𝑛(𝜙̂(𝑡)) ∈𝑁                   32 

Where, ∈𝑁 is the small threshold value required to maintain stability under noisy conditions. 
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Algorithm 1: MFAC algorithm 

 

𝑺𝒆𝒕 𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝒄𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏𝒔: 

𝜑̂(1):  𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 

𝑢𝑀𝐹𝐴𝐶(1):  𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 

𝑭𝒐𝒓 𝒕 ≥  𝟏: 

𝑆𝑡𝑒𝑝 1:  𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝛥𝑢(𝑡 −  1) 𝑎𝑛𝑑 𝛥𝑦(𝑡) 

𝑆𝑡𝑒𝑝 2:  𝑈𝑝𝑑𝑎𝑡𝑒 𝜑 (𝑡) 𝑢𝑠𝑖𝑛𝑔 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛 

𝜙̂(𝑡) = 𝜙̂(𝑡 − 1) + 𝜂 (
[∆𝑦(𝑡) − 𝜙̂(𝑡 − 1)∆𝑢(𝑡 − 1)]∆𝑢(𝑡 − 1)

𝜇 + |∆𝑢(𝑡 − 1)|2
) 

𝑆𝑡𝑒𝑝 3:  𝐴𝑝𝑝𝑙𝑦 𝑟𝑒𝑠𝑒𝑡 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑠𝑚 

            If 

|𝜙̂(𝑡)| ≤ ∈ or  |∆𝑢(𝑡 − 1)| ≤ ∈ is true 

          𝑡ℎ𝑒𝑛a reset 

𝜙̂(𝑡) = 𝑠𝑖𝑔𝑛(𝜙̂(𝑡)) ∈𝑁 

𝑆𝑡𝑒𝑝4:  𝐶𝑜𝑚𝑝𝑢𝑡𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡 𝛥𝑢(𝑡) 

∆𝑢(𝑡) =
𝜌𝜙̂(𝑡)[𝑦𝑟(𝑡 + 1) − 𝑦(𝑡)]

𝜆 + |𝜙̂(𝑡)|2
 

5.  𝑈𝑝𝑑𝑎𝑡𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑖𝑛𝑝𝑢𝑡 

𝑢𝑀𝐹𝐴𝐶(𝑡) =  𝑢𝑀𝐹𝐴𝐶(𝑡 −  1) +  𝛥𝑢(𝑡) 

6.  𝐶ℎ𝑒𝑐𝑘 𝑓𝑜𝑟 𝐶𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 

𝑖𝑓 𝑐𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑑, 𝑝𝑟𝑜𝑐𝑒𝑒𝑑 𝑡𝑜 𝑒𝑛𝑑, 𝑒𝑙𝑠𝑒 𝑟𝑒𝑡𝑢𝑛 𝑡𝑜 𝑠𝑡𝑒𝑝 1 

 𝑬𝒏𝒅 

2.4 H-infinity Controller 

The H-infinity (𝐻∞) controller is designed to ensure the robust performance and stability [34] of the CAVR system 

under varying load conditions. The generalized plant 𝐺𝐶𝐴𝑉𝑅 is represented in a state-space form. The state 

equation is given as equation (33), the performance output as equation (34), and the measured output as equation 

(35). 

    𝑥̇(𝑡) = 𝐴𝑥(𝑡) + 𝐵1𝑤(𝑡) + 𝐵2𝑢ℎ∞(𝑡)                 33 

  𝑧(𝑡) = 𝐶1𝑥(𝑡) + 𝐷11𝑤(𝑡) + 𝐵12𝑢ℎ∞(𝑡)                 34 

 𝑦(𝑡) = 𝐶2𝑥(𝑡) + 𝐷21𝑤(𝑡) + 𝐷22𝑢ℎ∞(𝑡)                 35 

where A, 𝐵1, 𝐵2, 𝐶1, 𝐶2, 𝐷𝑖𝑗 are the state-space matrices derived from 𝐺𝐶𝐴𝑉𝑅(𝑠),  𝑥(𝑡) is the state vector of the 

CAVR system, A is the system matrix, 𝐵1 is the load disturbance input matrix, 𝐵2 is the control input matrix, 𝐶1 

is the performance output matrix, 𝐶2 is the measured output matrix, 𝐷11 is the direct disturbance-to-performance 

matrix, 𝐷12 is the direct control-to-performance, 𝐷21, is the direct disturbance-to-measured matrix, and 𝐷22 is the 

direct control-to-measured matrix. 

The 𝐻∞ controller is represented in a standard configuration, as shown in Figure 4. Plant P has two inputs: the 

exogenous input w, which includes both reference signals r and disturbances d, and the manipulated variables u. 

The system also has two outputs: the error signal z, which is to be minimiped, and the measured variable y, which 
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is used to control the system [35]. The relationship between the system’s outputs and inputs in Figure 4 can be 

expressed as equations (36) and (37), while the controller K(s) computes the control action 𝑢ℎ∞(𝑠) as equation 

(38). 

          [
𝑧
𝑦] = 𝐺𝐶𝐴𝑉𝑅(𝑠) [

𝑤
𝑢
]                     36 

        [
𝑧
𝑦] = [

𝐺𝐶𝐴𝑉𝑅11 𝐺𝐶𝐴𝑉𝑅12
𝐺𝐶𝐴𝑉𝑅21 𝐺𝐶𝐴𝑉𝑅22

] [
𝑤
𝑢
]                  37 

 
Figure 4. H-infinity Controller Block Diagram 

        𝑢𝐻∞(𝑠) = 𝐾(𝑠)𝑦(𝑠)                   38 

Where, 𝐺𝐶𝐴𝑉𝑅 is the CAVR transfer function, 𝑤 is the exogenous inputs (𝑟 and 𝑑), 𝑟 is the reference signals, 𝑑 is 

the load disturbances. 

The objective is to design K(s) that minimizes the 𝐻∞ norm of the closed-loop transfer function𝑇𝑧𝑤(𝑠) such that 

the transfer function from exogenous inputs 𝑤 to the error signals z satisfies the controller 𝐾(𝑠) condition in Eq. 

(39) under given performance constraints. The closed-loop relationship between 𝑧 and 𝑤 is given by the lower 

linear fractional transformation (LLFT) as equation (40), where, 𝐹ℓ(𝐺𝐶𝐴𝑉𝑅 , 𝐾) is given as equation (41). 

   ||𝑇𝑧𝑤(𝑠)||∞ = 𝑠𝑢𝑝𝜎(𝑇𝑧𝑤(𝑗𝜔)) ≤ 𝛾                 39 

𝑇𝑧𝑤(𝑠) = 𝐹ℓ(𝐺𝐶𝐴𝑉𝑅 , 𝐾)                   40 

     𝐹ℓ(𝐺𝐶𝐴𝑉𝑅 , 𝐾) = 𝐺𝐶𝐴𝑉𝑅11 + 𝐺𝐶𝐴𝑉𝑅12𝐾(𝐼 − 𝐺𝐶𝐴𝑉𝑅22𝐾)
−1𝐺𝐶𝐴𝑉𝑅21            41 

Where, 𝐹ℓ is the lower linear fractional transformation, 𝜎 is the maximum singular value of the matrix of 𝑇𝑧𝑤, 

𝛾 > 0 is the performance bound, and 𝑇𝑧𝑤(𝑠) closed-loop transfer function of the system from 𝑤 to 𝑧. 

The weighting function is incorporated to shape the system’s performance and ensure trade-offs between tracking 

accuracy, disturbance rejection, and control effort [36]. The sensitivity weight 𝑊1 in equation (42) minimizes the 

tracking error, the complementary sensitivity weight 𝑊2 in equation (43) suppresses the load variation effect, and 

the control input weight 𝑊3 in equation (44) limits the excessive control effort. Therefore, the weighted plant 

𝐺𝑊(𝑠) is constructed by augmenting the original 𝐺𝐶𝐴𝑉𝑅(𝑠) with𝑊1, 𝑊2, and 𝑊3 functions to incorporate the 

performance criteria to the original plant and expressed as equation (45), while the resulting augmentation is given 

as equation (46). 
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  𝑊1(𝑠) =
𝑠+𝜔𝑏

𝑀(𝑠+𝜔𝑎)
                     42 

  𝑊2(𝑠) =
𝑀(𝑠+𝜔𝑎)

𝑠+𝜔𝑏
                    43 

  𝑊3(𝑠) =
𝑠+𝜔𝑐

∈
                    44 

        𝐺𝑊(𝑠) = [
𝑊1(𝑠) 0
0 𝑊2(𝑠)

] [
𝐺𝐶𝐴𝑉𝑅11(𝑠) 𝐺𝐶𝐴𝑉𝑅12(𝑠)

𝐺𝐶𝐴𝑉𝑅21(𝑠) 𝐺𝐶𝐴𝑉𝑅22(𝑠)
] [
𝐼 0
0 𝑊3(𝑠)

]             45 

        𝐺𝑊(𝑠) = [
𝑊1(𝑠)𝐺𝐶𝐴𝑉𝑅11(𝑠) 𝑊1𝐺𝐶𝐴𝑉𝑅12(𝑠)𝑊3(𝑠)

𝑊2𝐺𝐶𝐴𝑉𝑅21(𝑠) 𝑊2(𝑠)𝐺𝐶𝐴𝑉𝑅22(𝑠)𝑊3(𝑠)
]              46 

Where 𝜔𝑎a 𝜔𝑏 and 𝜔𝑐 are the controlled frequency response, ∈ is the small value that ensures that the control 

effort remains within acceptable limits, 𝑀 > 1: desired maximum sensitivity. 

The controller synthesis problem is formulated as an LMI optimization problem, and a positive definite matrix is 

introduced to ensure stability. The condition that ensures the stability of the system is given in equation (47), and 

the constraints are incorporated into the LMI framework to ensure the performance objectives are met, resulting 

in equation (48). 

      𝐴′𝑋 + 𝑋𝐴 + 𝐵2𝐾 + 𝐾′𝐵2
′ < 0               47 

                                           [

𝐴′𝑋 + 𝑋𝐴 + 𝐵2𝐾 + 𝐾′𝐵2
′ 𝑋𝐵1 𝐶1

′

𝐵1
′ −𝛾𝐼 𝐷11

′

𝐶1 𝐷11 −𝛾𝐼
] < 0          48 

Where 𝑊1 sensitivity weight used to minimize the tracking error, 𝑊2 is the complementary sensitivity weight 

used to shape the response of the system to disturbances, and 𝑊3 is the control input weight used to limit the 

control effort, 𝐼 represents the identity matrix, and 𝑋 > 0 is the positive definite matrix. 

The state-space representation of the controller is given by Equation (49) and (50). 

    𝑥 ̇∞(𝑡) = 𝑃𝑥∞(𝑡) + 𝑄𝑦(𝑡)                          49 

          𝑢ℎ∞(𝑡) = 𝑅𝑥∞(𝑡) + 𝑇𝑦(𝑡)            50 

where 𝑃, 𝑄, 𝑅, and 𝑇 are controller matrices obtained from the LMI, 𝑥∞(𝑡) is the state vector of the controller, 

𝑦(𝑡) is the plant’s measured output, and 𝑢(𝑡) is the plant’s input. 

The simulation results were analyzed to assess the controller’s ability to regulate the generator’s output voltage 

under various load conditions. 

𝑡𝑝 =
𝜋

𝜔𝑑
                               51 

𝑡𝑟 =
𝜋−𝜙

𝜔𝑛
                    52 

𝑡𝑠 =
4

𝜁𝜔𝑛
                    53 

𝑀𝑝 = 𝐸𝑥𝑝 −
𝜁𝜋

√1−𝜁2
× 100%                       54 

where 𝑡𝑝 is the peak time, 𝑡𝑟 is the rise time, 𝑡𝑠 is the settling time, 𝑀𝑝 is the percentage overshoot, 𝜔𝑑 is the 

damped natural frequency of the system, 𝜙 is the phase angle (radians), 𝜁 is the damping ratio, and 𝜔𝑛 is the 

underdamped natural frequency. 

3. RESULTS AND DISCUSSION 
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The performance of the two employed H-infinity and MFAC control schemes in regulating the terminal voltage 

of the synchronous generator through the AVR system was investigated by investigating the performance of the 

controllers under four load conditions (no-controller, 20% load, 50% load, and 80% load) under four controlling 

situations (compensated-controller, and with controllers-H-infinity and MFAC). Moreover, the performance 

validation is examined by comparing the performance of the H-infinity controller, MFAC, No-controller, and 

Compensated-No-controller situations against each other to determine the best strategy under the four loading 

conditions. The AVR, and the controllers and the Lead-lag compensation parameters are shown in Tables 2 and 

3, respectively, and the MATLAB/SIMULINK R2023a software was used for the implementation. The time 

vector for the simulation was initially 100 s but was later reduced to 60 s to improve the visibility of the graphs. 

The desired voltage was 220 V. 

Table 2. AVR System Component Parameters 

Component Amplifier 

𝑲𝒂 

 

𝑻𝒂 

Exciter 

𝑲𝒆 

 

𝑻𝒆 

Generator 

𝑲𝒈 

 

𝑻𝒈 

Sensor 

𝑲𝒔 

 

𝑻𝒔 

Value 27 0.07 4.5 0.72 1.00 0.00 1.34 0.002 

Table 3. Controllers’ Parameters 

Parameters 𝑻𝒏𝟏 𝑻𝒏𝟐 𝜶 𝜼 𝝆 𝝀 ∈𝑵 𝜸 𝑾𝟏 𝑾𝟐 𝑾𝟑 𝝐 𝑴 

 0.65 0.34 1.87 0.11 0.93 0.06 0.02 2.4 0.21 0.34 1.6 0.002 80 

              

3.1 No-Controller Situation 

The response of the system in the absence of any controller shows that the terminal voltage of the synchronous 

generator exhibits significant deviations from the desired voltage of 220 V as the load increases. For instance, the 

terminal voltage remains at the desired level (220 V) under no-load conditions, indicating that the system is stable 

without any external disturbances. However, as the load increases to 20%, 50%, and 80%, the terminal voltage 

begins to drop to 208, 190, and 172 V, respectively, as shown in Figure 5 and Table 4. This demonstrates the AVR 

system’s inherent inability to maintain voltage regulation under dynamic load conditions without a control 

mechanism. The results highlight the need for a control strategy to mitigate voltage deviations, especially under 

higher load conditions. 

Table 4. No-controller Condition 

Load Condition 𝑲𝑳 𝑻𝑳 (s) Control 

Strategy 

Terminal 

voltage (V) 

Control 

Strategy 

Terminal 

voltage (V) 

No-load 0 0  220.0  220.0 

20% Load 0.2 30 No-

controller 

208.0 No-controller 

with lead lag 

210.4 

50% Load 0.5 30  190.0  196.0 

80% Load 0.8 30  172.0  181.6 
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Figure 5. Terminal Voltage in the All-load No-controller Situation  

3.2 No-Controller with Lead-Lag Compensation 

A stabilizer is also attached to the AVR system to compensate for the deviation in the terminal voltage by 

introducing a lead-lag compensation, which improves the voltage regulation compared to the no-controller 

situation. The terminal voltage remains at 220 V under no-load conditions, similar to the no-controller case. 

However, with 20%, 50%, and 80% load conditions, the terminal voltage improved from no-controller voltage 

deviations of 208, 190, and 172 V to 210.4, 196, and 181.6 V, respectively, as shown in Figure 6 and Table 4. 

Although the Lead-lag compensation provides some improvement, the terminal voltage still significantly deviates 

from the desired value, particularly under higher loads. This indicates that while Lead-lag compensation can 

enhance system performance and reduce the steady-state error, it is insufficient to achieve robust voltage 

regulation across all load conditions. 

 
Figure 6. Terminal Voltage in the All-load Compensator No-controller Situation 

3.3 MFAC Controller Situation 
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The MFAC is then implemented into the CAVR system. The control strategy demonstrates a significant 

improvement in voltage regulation compared to both the No-controller and the No-load controller with lead-lag 

compensation scenarios. Under no-load conditions, MFAC achieves a rise time of 0.36 s, a settling time of 0.42 

s, and a percentage overshoot of 40.14%, as shown in Figure 7 and Table 5. Although the overshoot is relatively 

high, the system quickly stabilizes. Under 20%, 50%, and 80% load conditions, the rise time and settling time 

increased, but the percentage overshoot decreased to 2.19%, 5.47%, and 8.76%, respectively (Figures 8, 9, and 

10). The (a) part of the aforementioned Figures denotes the full response over time, while the (b) part shows the 

load-side response from the load time of 30 s to provide a clearer picture of the load impacts. This indicates that 

the MFAC controller effectively reduces voltage deviations under load variations, although it takes more time to 

settle with higher loads. Notably, the settling times for the 20%, 50%, and 80% load conditions are 30.33, 30.39, 

and 30.45 s, respectively, corresponding to actual settling times of 0.33, 0.39, and 0.45 s after the load impact at 

30 s. This demonstrates the controller’s ability to quickly stabilize the system after a load disturbance. Figure 11 

shows the performance comparison of the MFAC strategy under different load conditions.  

Table 5. MFAC performance under various load conditions 

Load Condition 𝑲𝑳 𝑻𝑳 (s) Control 

Strategy 

Rise time (s) Settling time (s) Percentage 

Overshoot (%) 

No-load 0 0  0.36 0.42 40.14 

20% Load 0.2 30 MFAC 0.00 0.33 2.19 

50% Load 0.5 30  0.12 0.39 5.47 

80% Load 0.8 30  0.24 0.45 8.76 

 
Figure 7. Terminal Voltage with MFAC in the No-load Condition 
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          (a) Full       (b) Load Side (t = 30) 

Figure 8. Terminal Voltage with MFAC at 20% load 

  
          (a) Full       (b) Load Side (t = 30) 

Figure 9. Terminal voltage with MFAC at 50% load 

 
        (a) Full       (b) Load Side (t = 30) 

Figure 10. Terminal Voltage with MFAC at 80% load 
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         (a) Full       (b) Load Side (t = 30) 

Figure 11. Comparative Terminal Voltage with MFAC under All-load Conditions 

3.4 H-infinity controller situation 

The introduction of the H-infinity controller shows that it outperforms the MFAC in terms of both voltage 

regulation and dynamic response. Under no-load conditions, the H-infinity controller exhibited a rise time of 1.56 

s, a settling time of 1.98 s, and a percentage overshoot of 17.15% (Figure 12). Although it takes a longer time (not 

significantly) to settle compared to the MFAC controller, the overshoot is significantly lower. Under 20%, 50%, 

and 80% load conditions, the H-infinity controller achieves minimal overshoot of 0.78%, 1.95%, and 3.12%, 

respectively, and maintains stable voltage regulation. The settling time increases slightly with higher loads, but 

the overall performance remains robust, demonstrating the superior capability of the H-infinity controller in 

handling load variations, as shown in Figures 13, 14, and 15. Figure 16 compares the performance under different 

load conditions. For instance, the settling time for the 20%, 50%, and 80% load conditions correspond to actual 

settling times of 0.87, 0.47, and 0.65 s, respectively, after the load impact at 30 s. This further underscores the 

ability of the H-infinity controller to quickly stabilize the system after a load disturbance. The metrics are shown 

in Table 6. 

Table 6. H-infinity controller performance under various load conditions 

Load Condition 𝑲𝑳 𝑻𝑳 (s) Control 

Strategy 

Rise time (s) Settling time (s) Percentage 

Overshoot (%) 

No-load 0 0  1.56 1.98 17.15 

20% Load 0.2 30 H-infinity 

Controller 

0.00 0.87 0.78 

50% Load 0.5 30  0.18 1.47 1.95 

80% Load 0.8 30  0.66 1.65 3.12 
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Figure 12. Terminal Voltage with H-infinity controller under No-load Condition 

  
           (a) Full       (b) Load Side (t = 30) 

Figure 13. Terminal Voltage with H-infinity controller at 20% load 

  
           (a) Full       (b) Load Side (t = 30) 

Figure 14. Terminal Voltage with H-infinity controller at 50% load 
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          (a) Full       (b) Load Side (t = 30) 

Figure 15. Terminal Voltage with H-infinity controller at 80% load 

 
         (a) Full       (b) Load Side (t = 30) 

Figure 16. Comparative Terminal Voltage with H-infinity controller under All-load Conditions 

3.5 MFAC and H-infinity 

To compare the performances of the two employed control strategies, the MFAC controller demonstrates a faster 

dynamic response with a shorter rise and also settles quickly across all load conditions, making it suitable for 

applications where quick voltage regulation is required. However, it exhibits a higher percentage overshoot 

(40.14%), particularly under no-load (Figure 17) and heavy load (8.76%) conditions, which may compromise 

stability. In contrast, the H-infinity controller provides superior stability, with significantly lower overshoot of 

0.78% at 20% load in Figure 18 and 3.12% at 80% load in Figure 20, albeit with slightly longer rise and settling 

times, though not much significant. Therefore, the MFAC controller excels in speed, and the H-infinity controller 

offers better robustness and precision, making it the preferred choice for applications demanding reliable voltage 

regulation under varying load conditions. 
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Figure 17. Comparison of the Terminal Voltage between MFAC and H-infinity controller at No-load Condition 

  
           (a) Full       (b) Load Side (t = 30) 

Figure 18. Terminal Voltage Comparison between MFAC and H-infinity controller at 20% load 

 
                (a) Full       (b) Load Side (t = 30) 

Figure 19. Comparison of the terminal voltage between MFAC and H-infinity controller at 50% load 
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                  (a) Full       (b) Load Side (t = 30) 

Figure 20. Terminal Voltage Comparison between MFAC and H-infinity controller at 80% load 

4. RESULTS ANALYSIS 

The results in Tables 4, 5, and 6 show that the H-infinity controller provides the best overall performance in terms 

of voltage regulation and dynamic response under varying load conditions. The No-controller case does not 

exhibit voltage stability with respect to load variations, and the use of lead-lag compensation as a stabilizer yields 

only marginal improvements. The MFAC controller performs satisfactorily but with increased overshoot and 

extended settling time compared to the H-infinity controller. The H-infinity controller, on the other hand, exhibits 

the least overshoot and demonstrates stable voltage regulation under all load conditions; therefore, it offers the 

best control approach. 

These results indicate that the ability of the H-infinity controller to provide stable voltage regulation under varying 

loads makes it a good candidate for real-world applications in power systems with load oscillations. These results 

emphasize the significance of selecting a control strategy based on system-specific requirements and expected 

load conditions. 

5. CONCLUSION 

A comparative study of MFAC and H-infinity controllers for AVR systems provides significant results for power 

system stability. Compared with the no-controller, which has huge voltage fluctuations (dropping to 172 V at 80% 

load) and leadslag compensation offers only marginal improvement, advanced control methods have a significant 

advantage. The fast response of MFAC (settling within 0.42 s at no-load) is offset by its huge overshoot (40.14%), 

limiting its reliability. The H-infinity controller outperforms alternatives with excellent stability (0.78% overshoot 

at 20% load) and stable operation in all test cases. The results verify the feasibility of the H-infinity controller in 

real power systems subject to dynamic load fluctuation. Future research is recommended to study hybrid control 

schemes of the two controllers to further enhance system performance. This paper provides a valuable reference 

for power engineers who seek to enhance grid stability using state-of-the-art voltage regulation techniques. 
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