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Abstract. The application of electro-hydraulic actuator servo systems in various industrial and aerospace settings demands 

a level of precision and adaptability that is often challenging to achieve with conventional control methods. The Proportional 

Integral Derivative (PID) controller has long been the cornerstone of control solutions, offering the promise of accurate 

regulation in the face of complex system dynamics. However, traditional PID controllers are constrained by their static 

parameters, rendering them less effective in addressing the intricacies and nonlinearities inherent in electro-hydraulic 

actuators. In response to this challenge, this article introduces a ground breaking approach; the Ultimate Gain Adaptive 

PID controller. This novel control strategy fuses the fundamental principles of PID control with adaptive algorithms, 

enabling the PID parameters to dynamically adjust in real-time in response to the system's behavior and external influences. 

The article first describes the mathematical model of the system, followed by the design methodology of the adaptive PID 

controller. The proposed adaptive PID controller is based on the Ultimate Gain method, and it adapts the controller gains 

based on the output of the system using feedback. The article also presents simulation results indicating the performance 

of the proposed control scheme compared to a conventional PID controller tuned with Genetic algorithm and Ziegler-

Nichols method. The results suggest that the proposed adaptive PID controller provides better tracking performance, 

reduced overshoot, and improved stability for the electro-hydraulic actuator servo system. The article concludes that the 

proposed adaptive PID controller can be a potential solution for precise control of such complex systems.is compulsory.   
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1. INTRODUCTION 

Electro-hydraulic Servo actuator systems are widely 

used in various industrial applications to perform 

precise movements, such as robotic arms, hydraulic 

presses, and aerospace control systems [1][2][3]. 

Accurate and efficient control of these systems is 

critical to ensure the safe and proper functioning of the 

equipment [1][4][5]. Proportional integral derivative 

(PID) control is a common control algorithm used in 

industry due to its ability to provide stable and robust 

control of dynamic systems [6][7]. However, tuning 

the PID gains can be challenging, and traditional 

methods, such as Ziegler-Nichols, can lead to under-

damped responses and may not provide optimal 

performance [4][8]  

From the review of LI et al., (2023) [10], there have 

been different improvements in the PID control system 

of electro-hydraulic servo actuator system. Such as 

patents innovations on improvement of PID gain 

parameters, and the improvement of the Ziegler 

Nichols method with the adaptive gain approach. 

This paper, presents the development of an ultimate 

gain Ziegler-Nichols tuned proportional integral 

derivative (PID) controller for controlling electro-

hydraulic actuator servo systems. This method builds 

upon the traditional Ziegler-Nichols tuning method by 

considering the system's ultimate gain value, which is 

determined experimentally from the system's response 

to an oscillating input. The ultimate gain value is then 

used to calculate the PID gains, resulting in a 

controller that achieves fast and accurate response 

with less overshoot. 
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II. LITERATURE REVIEW 

Electro-hydraulic actuator systems are widely used in 

various industries for motion control tasks that require 

high precision, speed, and reliability (Soon et al., 

2020; Phan et al., 2021; Ly et al., 2022; & Li & Li, 

2023). These systems often employ servo valves to 

control the flow of hydraulic fluid, with an electric 

signal controlling valve motion that regulates the 

 

 

 

 

 

 

 

actuator's position or force as seen in Figure 1 

(Othman et al., 2022; & Fadel et al., 2023). 

Proportional integral derivative (PID) control is a 

commonly used control algorithm in servo valve 

systems [7]. PID control involves adjusting the valve 

position based on the difference between the desired 

actuator position and the actual position, with a 

proportional term that determines the valve's 

movement magnitude, an integral term that integrates 

previous error values to counteract steady-state errors, 

and a derivative term that provides a stabilizing effect 

to the system (Soon et al., 2020; Do et al., 2020; & 

Devendiranath et al., 2021). 

PID is a robust and versatile control method, but it can 

be challenging to tune the PID gains to achieve 

optimal performance (Dyah & Halim, 2021; Nawawi 

et al., 2022; & Gulzar et al., 2023). The traditional 

Ziegler-Nichols method is a popular technique for 

tuning PID gains, but it can result in under-damped 

responses with high overshoot and slow settling times 

(Ghosh et al., 2021; Dyah & Halim, 2021; & Muresan 

& Keyser, 2022). Some researchers have proposed 

modifications to the traditional Ziegler-Nichols 

method to improve control performance in electro-

hydraulic servo systems. 

Several researchers have also proposed other methods 

of tuning PID controllers for electro-hydraulic 

actuator servo systems. For instance, some have 

proposed the use of the fuzzy logic algorithm in PID  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

controllers, which provides an adaptive tuning 

mechanism for better system performance in servo 

systems [14]. Fuzzy logic allows for better control of 

nonlinearities and uncertainties often present in 

hydraulic systems. 

Almawlawe & Kovandžić, (2016) presented a 

valuable contribution to the field of power electronics 

and control systems. By customizing the Ziegler-

Nichols method for buck-boost converters. The 

modified method was aimed at addressing the 

limitations of traditional Ziegler-Nichols tuning, 

providing improved performance, stability, and 

responsiveness in controlling the buck-boost 

converter. 

Aung et al., (2020), modified Ziegler Nichols tuning 

rules for the tuning of proportional integral derivative 

(PID) controller (ZN-PID). The effectiveness of the 

modified ZN-PID rules was demonstrated through the 

assessment of transient response and disturbance 

 

Fig. 1. Ultimate Gain PID Electro-Hydraulic Servo Actuator 
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rejection capabilities in the context of a solar tracking 

system. To validate the superiority of the ZN-PID 

technique, a comprehensive comparative analysis was 

conducted, encompassing simulation results and error 

indices in relation to various existing techniques. 

Ghosh et al., (2021), used a particle swarm optimized 

Ziegler-Nichols (ZN) method-based proportional-

integral-derivative (PID) controller to address 

Variations of load demands, expansion of power 

system by interconnections among different areas and 

integration of renewable energy sources. It was 

recorded that components played pivotal role in 

ensuring the stable and reliable operation of modern 

power systems, especially in the context of variable 

load demands and the integration of renewable energy 

sources.  

Muresan & Keyser, (2022), presented a fractional 

order approach as an improvement to Ziegler-Nochols 

method. The Ziegler-Nichols method was enhanced 

for fractional order PID controllers presents a 

promising avenue for achieving improved control 

performance in industrial processes, emphasizing the 

need for specialized tuning techniques in the ever-

changing landscape of process control. 

LI et al., (2023) provided a review on Improved PID 

Control in Electro-hydraulic Servo System. Recent 

patents were presented and novel literatures were 

reviewed. It was suggested that ultimate gain 

development will enhance the performance of Ziegler-

Nichol. 

Moreover, the adaptive control approach has been 

used in PID tuning for electro-hydraulic systems, 

where a self-tuning method is used to update the 

controller parameters based on changes in the system. 

This approach has been shown to improve system 

stability and provide better tracking performance in 

servo systems [9]. 

In addition, recent studies have explored the 

application of advanced control algorithms, such as 

model predictive control (MPC), to electro-hydraulic 

actuator systems [13][4]. MPC involves formulating a 

model of the system's dynamics to predict future 

behavior, which allows for feedback control based on 

the predicted behavior. MPC has been shown to 

provide better control of nonlinear and time-varying 

systems, especially in applications where multiple 

constraints need to be taken into account [13] [24]. 

In summary, while PID control is effective in 

controlling electro-hydraulic actuator servo systems, 

its tuning can be challenging, often leading to poor 

performance and instability [18]. Several researchers 

have proposed various modifications to the traditional 

Ziegler-Nichols method for improving PID control 

performance in hydraulic systems, and other advanced 

control algorithms such as fuzzy logic, adaptive 

control, and MPC are emerging as viable alternatives 

for hydraulic servo systems control [14]. 

One such modification is the use of the ultimate gain 

method, which determines the system's ultimate gain 

value through experiments and uses this value to 

calculate the PID gains. The ultimate gain method is 

prospecting to provide better control performance than 

traditional Ziegler-Nichols tuning in certain servo 

systems, including hydraulic actuator systems and 

rotary motion control systems.  

III. METHOD   

The electro-hydraulic actuator system can be modeled 

as a second-order system with damping ratio ζ and 

natural frequency ωn. The transfer function of the 

system can be expressed as follows [1][4][5]:  

𝐺(𝑠) =
𝐾𝑝

[𝑠2 + 2ζω𝑛𝑠 + ω𝑛
2 ]

               1 

where Kp is the hydraulic gain proportional to the 

actuator load and s represents the Laplace variable. [4] 

The PID controller transfer function can be expressed 

as [25]: 

𝐶(𝑠) = 𝐾𝑝 (1 +
1

(𝑇𝑖𝑠)
+ 𝑇𝑑𝑠)             2 

 

where Kp, Ti, and Td are the proportional gain, 

integral time constant, and derivative time constant, 

respectively. 

The ultimate gain method involves exciting the system 

with a step input and measuring the system's steady-

state response. The ultimate gain is defined as the ratio 

of the steady-state output to the step input as presented 

in equation 4. The ultimate gain method calculates the 

controller gains based on the ultimate gain value, 

which is used to determine the system's critical gain 

and critical period. 

  Ultimate gain =
Steady State Output

Step input
            3  

Critical gain = Ultimate gain × 0.6          4 

 

The critical gain, Ku, is calculated by multiplying the 

ultimate gain by 0.6. The critical period is denoted by 

Tu, and it is the time that the system takes to complete 

one cycle of oscillation. The values of Kp, Ti, and Td 

can now be calculated based on the critical gain and 

period as follows: 
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    Kp = 0.6 Ku            5 

Ti = 0.5 Tu       6 

d = 0.125 Tu       7 

The tuning of the PID controller is optimized by 

adjusting the gains to minimize the steady-state error 

and improve the transient response. The Ziegler-

Nichols tuning method can be used to adjust the gains 

based on the system's time response characteristics 

[2][9]. 

The closed-loop transfer function of the system with 

the PID controller can be obtained by multiplying the 

transfer function of the system and the transfer 

function of the controller as follows [26][27]; 

    H(s)=C(s)G(s)/[1+C(s)G(s)]                          8 

By substituting the transfer function of the PID 

controller and the transfer function of the electro-

hydraulic actuator system into the above equation, the 

closed-loop transfer function can be expressed as: 

𝐻(𝑠) =
(𝐾𝑝 +

𝐾𝑝

𝑇1𝑠
+ 𝐾𝑝𝑇𝑑𝐹(𝑠)𝑠)

[𝑠2 + (2ζω𝑛 + 𝐾𝑝𝑇𝑑𝐹(𝑠)) 𝑠 + (ω𝑛
2 +

𝐾𝑝

𝑇1
)]

     9 

 

The performance of the ultimate gain Ziegler-Nichols 

tuned PID controller can be evaluated through 

simulation studies. The simulation model incorporates 

an electro-hydraulic actuator system and the ultimate 

gain Ziegler-Nichols tuned PID controller. The system 

can be excited using different input signals, and the 

performance of the controller can be evaluated using 

standard metrics such as steady-state error, rise time, 

settling time, overshoot, and stability. 

To further improve the performance of the ultimate 

gain Ziegler-Nichols tuned PID controller, the 

derivative filter is be added to the system. The 

derivative filter reduces the effect of high-frequency 

noise on the derivative term and helps eliminate the 

derivative kick problem, which can destabilize the 

system. 

The derivative filter can be expressed as: 

             𝐹(𝑠) =
1

[1 + α 𝑇𝑓𝑠]
             10 

where α is the filter coefficient, and Tf is the filter time 

constant. 

To implement the derivative filter in the PID 

controller, the derivative term of the PID transfer 

function is multiplied by the filter transfer function 

F(s). Therefore, the PID controller transfer function 

with the derivative filter can be expressed as: 

𝐶(𝑠) = 𝐾𝑝 (1 +
1

𝑇1𝑠
+ 𝑇𝑑𝐹(𝑠)𝑠)        11 

 

The derivative filter can be tuned by adjusting the filter 

time constant and the filter coefficient based on the 

system's time response characteristics. 

In conclusion, the ultimate gain Ziegler-Nichols tuned 

PID controller with a derivative filter is a robust and 

effective control strategy for electro-hydraulic 

actuator servo systems. The proposed mathematical 

methodology provides a systematic approach for 

designing and evaluating the performance of the 

controller. The simulation studies can help optimize 

the controller gains and derivative filter parameters for 

better system performance. 

 

 

Fig. 2. Ultimate Gain Ziegler-Nichols PID Controller 

Discussion and Result 

 

IV. RESULT 

The result of this article will be measured against 

existing concepts in tuning PID. The Genetic 

Algorithm and the Ziegler Nichols will be evaluated. 

Genetic Algorithm (GA) gain, is obtained through a 

GA optimization process, which aims to find the 

optimal gain values that minimize the overshoot and 

settling time of the system. More information on GA 

can be found in the literatures of Yun et al., (2021)  

[29] and Dai et al., (2022) [31]. 

This developed scheme is tested in MATLAB and the 

codes are presented in the appendix. 
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Fig. 3. Step Respond of GA, Ultimate, and Ziegler 

Nichols PID Gains 

 

Fig. 4. Actuator Position Response with Ultimate 

Gains 

Discussion 

The development of the Ultimate Gain Adaptive PID 

controller offers a promising trajectory for control 

system engineering. By embracing adaptability and 

intelligence in control systems, as this is evident in the 

displayed result. In Figure 3, the step response of the 

Ultimate, Ziegler-Nichols and the GA gains for PID 

control system is presented. The GA gain displayed an 

overshoot of 0.1unit which is a significant misfit in the 

control of electro-hydraulic servo actuator system, and 

settled at 5s. The Ziegler Nichols gain showed 8.8s 

with no overshoot. While the ultimate gain displayed 

step response and settled in 6s, with no overshoot. 

Basically the electro-hydraulic servo actuator system 

is a precision based controller which, the selection of 

an appropriate PID gain is crucial for achieving 

optimal performance. The GA response means that the 

system overshoots the desired setpoint by 0.1 unit 

before settling down to the desired value. The settling 

time for the GA gain was found to be 5 seconds which 

is prompt enough to the Ultimate gain and the Ziegler-

Nichols gain. This is in line with the submissions of 

Soon et al., (2020); Mitov et al., (2021); and Rahman 

et al., (2022), on the performance of GA in optimizing 

for optimal tuning gains but not in all systems as 

variation in system dynamics requires different 

optimal gains. The GA response can be said to be good 

for systems where overshoot is a trade-off for swift 

response (Mitov et al., 2021; & Rahman et al., 2022). 

Meanwhile in precision control systems like the 

electro-hydraulic servo actuator system it is unfit. 

While for Ziegler-Nichols method, the step response 

means that the system takes 8.8 seconds to settle down 

to the desired setpoint, without any overshoot, which 

is a good response for electro-hydraulic servo actuator 

systems. Thus this satisfies the findings of Phan et al., 

(2021); G & K, (2022); Nawawi et al., (2022) Ly et al., 

(2022) and Gulzar et al., (2023). Similarly, the step 

response of the Ultimate gain PID control, insights that 

the system takes 6 seconds to respond to the step input, 

but it does not overshoot the desired setpoint, hence 

denoting that; Pavković et al., (2023) view point on 

Ultimate gain PID offering no overshoot is absolute. 

It is concluded that, the Ziegler-Nichols gain and the 

Ultimate gain are more suitable for the PID control of 

an electro-hydraulic servo actuator system than the 

GA gain. With the Ultimate gain method presenting 

the best response for the system. This agrees with the 

literature of Othman et al., (2022), on the electro-

hydraulic servo actuator positioning precisions 

without overshoot. In Figure 4, the system presented 

an actuator position response using the Ultimate gain. 

The actual position response curve showed a perfect 

tracking of the reference response in position control, 

hence inferring that, the Ultimate gain PID control 

system is a significant leap in the improvement of the 

Ziegler-Nichols PID tuning system. This conforms 

with the literature of Ly et al., (2022); Li & Li, (2023) 

and Pavković et al., (2023), on the aptness of the 

ultimate again in the improvement of Ziegler-Nichol 

method. The results of this research demonstrate that 

the Ultimate Gain Adaptive PID controller, with its 

capacity to dynamically adjust control parameters 

based on the ultimate gain, offers a promising solution 

to the challenges posed by electro-hydraulic actuator 

systems. The controller's performance exceeds that of 

traditional PID controllers tuned through GA method 

and the conventional Ziegler-Nichols methods, 

opening new possibilities for precise, efficient, and 

adaptable control in industrial and aerospace 

applications. 

 

V. CONCLUSION  

In the pursuit of refining control strategies for electro-

hydraulic actuator servo systems, the development of 

the Ultimate Gain Adaptive Proportional Integral 

Derivative (PID) controller represents a significant 

leap forward. Through a systematic methodology 

encompassing theoretical foundations, software 

simulations, and real-world experimentation, this 

research has contributed to the enhancement of control 

precision, adaptability to dynamic conditions, and 

improved system stability in a complex and dynamic 

environment. 

In light of these results, it is clear that the development 

of the Ultimate Gain Adaptive PID controller offers 

transformative potential. The research conducted here 

serves as a foundational step towards the integration of 

adaptive and intelligent control solutions in complex 

electro-hydraulic actuator systems. 

To strengthen the findings and validate the adaptive 

PID controller's performance across various scenarios, 

it is recommended to conduct additional real-world 

experiments in diverse industrial and aerospace 
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applications. These experiments can provide valuable 

insights into the practical applicability of the 

controller. 

Continuous research and development should focus on 

optimizing the adaptive algorithms that drive the 

controller's parameter adjustments. Refinement of 

these algorithms can lead to even more precise and 

efficient control. 

Collaboration between academic researchers, industry 

experts, and control system developers can accelerate 

the adoption of the Ultimate Gain Adaptive PID 

controller. Joint research initiatives can lead to 

innovative applications and commercialization. 
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