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Abstract 

 In recent years, derivatives and integrals with fractional order and the structure of 

conventional proportional-integral-derivative (PID) controllers have been used to construct 

fractional-order PID controllers for improving the performance of controlled systems. This 

study focuses on reducing the overshoot for second-order systems with small damping ratio or 

underdamped systems by using a fractional-order proportional-derivative controller. The 

proposed design method is direct given the use of a simple formula for selecting a single 

parameter. A case study based on control the transmitted power of wireless communication 

network (WCN) to solve the problem, which caused by the large number of data transmissions 

in wireless network by using construct fractional-order PID controllers to improving the 

performance of controlled systems.  This study focuses on reducing consume power by reducing 

the overshoot for second-order systems with small damping ratio or underdamped systems. 

Keywords: Second-order dynamic systems; wireless communication network; proportional-

derivative controller; fractional-order control. 
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 الملخص  

كاملة وهيكل وحدات التحكم التقليدية للمشتقات النسبية المت كسريةال بالرتبةفي السنوات الأخيرة ، تم استخدام المشتقات والتكاملات 

(PID ) لإنشاء وحدات تحكمPID  تركز هذه الدراسة على الحد من . سيطرةلتحسين أداء الأنظمة الخاضعة لل كسريةال الرتبةذات
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جة الثانية ذات نسبة التخميد الصغيرة أو الأنظمة منخفضة التخميد باستخدام وحدة تحكم المشتق النسبي ذات التجاوز لأنظمة الدر

حث يتضمن هذا الب. واحدة املطريقة التصميم المقترحة مباشرة بالنظر إلى استخدام صيغة بسيطة لاختيار مع. كسريةال الرتبة

لحل المشكلة ، والتي تسببها العدد الكبير من ( WCN)كة الاتصالات اللاسلكية دراسة تعتمد على التحكم في الطاقة المرسلة لشب

لتحسين أداء الأنظمة الخاضعة  كسريةال الرتبةذات  PIDعمليات إرسال البيانات في الشبكة اللاسلكية باستخدام وحدات تحكم 

ز لأنظمة الدرجة الثانية ذات نسبة التخميد الصغيرة تركز هذه الدراسة على تقليل استهلاك الطاقة عن طريق تقليل التجاو. سيطرةلل

 .أو الأنظمة منخفضة التخميد

 

1. Introduction  

Many practical dynamics in engineering, such as robot, crane, vibration controls, and 

power-system electronics, are expressed as second-order systems [1]–[4]. Such 

systems in their applications may suffer from very high peak values in their measured 

response curve relative to the required response curve. This situation may lead to the 

collapse of these systems. Therefore, minimization of the maximum overshoot is 

required to control such systems optimally [2]. Undesirable vibrations in these systems 

should also be attenuated in less time.  

Proportional-integral-derivative (PID) controllers are the most widely used 

controllers in control engineering because of their simple structure and limited number 

of parameters with numerous tuning methods. A PID controller is developed using the 

Ziegler–Nichols method, wherein the controller parameters are derived from the 

controlled model while the maximum overshoot is maximized [5]. Employing 

fractional-order derivatives and integrals leads to a new type of controller called 

fractional-Order PID (FO-PID) controller.    

The FO-PID controller has been receiving interest in recent years as a result of its 

robust performance [6]. Refs [7], [8] reveal the relationship between the maximum 

overshoot and the order of differentiation, which motivates this work to solve the 

parameterization issues of the controller. 
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2. Literature review and problem statement 

Four main fractional-order techniques are considered in literature, namely, tilted 

proportional and integral (TID), non-integer-order robust control, FO-PID, and 

fractional lead-lag controllers. The TID controller shares a similar structure with a 

standard PID controller but replaces the proportional unit with a fractional-order 

transfer function [9]. The non-integer-order robust control or CRONE, which stands 

for “CommandeRobusted'Ordre Non Entier” in French, is a preferred control 

approach-based frequency domain. CRONE established three generations of 

approaches with many applications [10]. The FO-PID controller is a well-designed 

and effective fractional-order alteration of classical PID controllers. This controller 

proposes increased diversity of parameters for the controller. Finally, the integer 

order of the lead-lag controller is extended by using fractional order [10]. 

The parameters of an FO proportional derivative (PD) controller can be tuned with 

genetic algorithm [11], [12], artificial bee colony algorithm [13], particle swarm 

optimization technique [14], [15], or Nelder–Mead simplex method [16]. The 

downside of these techniques is the lack of guarantee of optimal results, which may 

utilize a large amount of processor resources.  

The transmitting signals in wireless network systems can detect and process the 

information in real-time environments, thise can be causes consume power because 

the effect of many parameters[17].  Wireless networks have a wide range of 

applications such as, remote areas, cell phone, wireless local area, satellite 

communication, personal communication, wireless sensor, and microwave networks 

etc[2]. The power control technology of the wireless network is to reduce the 

consume power as much as possible without sacrificing the performance of the 

system, thereby reducing the energy consumption of the improving the survival in 

real-time of the network and the energy efficiency of the system[18]. Power 

algorithms in wireless system are considered as making control adjustable. using 

negative feedback control from receiver to transmitter to get constant power 

level[19]. 
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3. The aim and objectives of the study 

The proposed FO-PD controller with three design parameters is recommended to 

improve the time response specifications of the conventional PD controller with two 

design parameters. The proposed controller has been given attention for the same 

conditions. The simple and direct design procedure considers an extra parameter for 

the FO-PD controller. The objective of this procedure is to minimize the maximum 

overshoot. A case study is used to validate the requirements illustrated in this work. 

The paper is organized as follows. Section 2 presents the concerned second-order 

system, description of the FO-PD controller, and theoretical background for the 

processed method. Section 3 explains the design of the FO-PD controller. Section 4 

discusses the case study, which is numerically simulated to prove the efficiency of 

the proposed design method. Finally, Section 5 presents the concluding remarks. 

 

4. Materials and methods 

4.1. Considered Second-order System  

The general form of linear systems with second order is as follows [20]:  

                                        (1) 

where 𝜔𝑛 is the natural frequency, and 𝜁 is the damping ratio. The characteristic 

equation of the closed loop with Eq. (1) is the transfer function of the controlled 

plant for unity feedback and is given as 

𝑠2 + 2𝜁𝜔𝑛𝑠 + 𝜔𝑛
2.                                                   (2)  

The roots of the characteristic equation given in Eq. (2) are 

−𝜁𝜔𝑛 ± 𝜔𝑛√𝜁2 − 1. (3) 

The second-order system has an underdamped response if the damping ratio is 

less than 1. In this case, the roots are complex conjugate and described as follows 

[2]: 

   −𝜎 ± 𝑗 𝜔𝑑,        (4) 

𝑃(𝑠) =
𝜔𝑛

2

𝑠(𝑠+2𝜁𝜔𝑛)
,                                       
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where 𝜎 = 𝜁𝜔𝑛, and 𝜔𝑑 = 𝜔𝑛√1 − 𝜁2 is the underdamped natural frequency. 

The transfer function of the open-loop 𝐺(𝑠) is constructed by cascading the 

transfer function of the plant 𝑃(𝑠) given in Eq. (1) and the transfer function of the 

controllers 𝐶(𝑠). This arrangement is formulated as 

                                          (5) 

Fig. 1 shows a simple feedback loop of the second-order system given in Eq. (1), 

which is composed of a plant and a controller. 𝑟 represents the setpoint, 𝑒 is the 

control error, 𝑢 is the control input, and 𝑦 is the control output [21]. 

 

Fig. 1. Plant with a controller for the second-order closed loop [21] 

For the underdamped system (𝜁 < 1), the step response of the uncontrolled 

system is  

𝑦(𝑡) = 1 −
1

√1−𝜁2
𝑒𝑛

−𝜁𝜔𝑛𝑡 
cos(𝜔𝑑𝑡 − 𝜙).                             (6) 

Then, the exact formula for the maximum overshoot value of 𝑦(𝑡) is described by 

the following equation:  

𝑀𝑃 = 𝑒

−
𝜋𝜁

√1−𝜁2
. 

(7) 

Moreover, the approximate formula is as follows: 

𝑀𝑃 ≅ 1 −
𝜁

0.6
,        for 0 ≤ 𝜁 ≤ 0.6 .               

         (8) 

 

 

4.2. Fractional-order Control Systems and Overshooting Step Responses  

The differintegral operator to an arbitrary order is the generalized integer-order 

differentiation and integration [10]: 

   G(s)=C(s) P(s).                                 
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𝐷𝑡
𝛼 = {

𝑑𝛼

𝑑𝑡𝛼
Re 𝛼 > 0

1         Re 𝛼 = 0

∫ (𝑑𝜏)−𝛼1

𝑎
Re 𝛼 < 0

, (9) 

where α represents the differintegration order and the 𝑎 initial conditions are 

constant.  

The differintegral is expressed using the Riemann–Liouville form as [10] 

𝐷𝑡
𝛼 𝑓(𝑡) =

1

Γ(𝑛−𝛼)

𝑑𝑛

𝑑𝑡𝑛 ∫
𝑓(𝜏)

(𝑡−𝜏)𝛼−𝑛+1
𝑑𝜏

𝑡

𝑎
,    (10) 

where Γ(∙) is the Gamma function. Eq. (6) is considered with an assumption(𝑛 −

1 < 𝛼 < 𝑛). 

For the intention of presenting the influence of the FO-PD controller on governing 

the overshoot of the second-order system given in Eq. (1), the following transfer 

function of the FO-PD is considered [22]: 

𝐶1(𝑠) = 𝐾𝑝1 + 𝐾𝑑1𝑠𝜇,     (11) 

where 𝜇 ∈ (1,2)[23]. 

The classical PD controller, which is presented for the sake of comparison, is 

formulated as 

𝐶2(𝑠) = 𝐾𝑝2 + 𝐾𝑑2𝑠.            (12) 

 

4.3 Design of the FO-PD Controller 

Consider a second-order system as given in Eq. (1) with𝜔𝑛 = 5 Rad/s. This 

system is controlled via an FO-PD controller [as given in Eq. (11)] with the 

controller parameters 𝑘𝑝1 = 2 and 𝑘𝑑1 = 0.25. The step response is evaluated by 

applying a unit step reference signal to the input of the considered control system. 

The maximum overshoot is evaluated for different values of 𝜁 and 𝜇 in the ranges of 

[0,1] and [1, 5], respectively. The result of the previous consideration is illustrated 

in Fig. 2.  
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Fig. 2. Maximum percentage overshoot in terms of 𝜁 and 𝜇 

 

MATLAB®’s surface fitting tool (Fig. 3) is applied to create a surface and 

determine the best fit to the data points of Fig. 2. This tool is utilized to obtain the 

surface function of the maximum percentage overshoot in 𝜁 and 𝜇 for the considered 

control system. The resulting function of the maximum percentage overshoot is 

described as the continuous functions of 𝜁 and 𝜇 and is described as follows:  

𝑀𝑃(%) = 𝑐00 + 𝑐10𝜇 + 𝑐01𝜁 + 𝑐20𝜇2 + 𝑐11𝜇𝜁 + 𝑐02𝜁2 +

 𝑐21𝜇2𝜁 + 𝑐12𝜇𝜁2 + 𝑐03𝜁3. 
(13) 

The values of the parameters in Eq. (13) are listed in Table 1. 

 

Fig. 3.  MATLAB® surface fitting tool 
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Table 1.  Parameters of the obtained surface function given in Eq. (13) 

      Coefficient Value 

𝑐00 186.6 

𝑐10 -226.2 

𝑐01 -338 

𝑐20 73.17 

𝑐11 317.5 

𝑐02 167.9 

𝑐21 -75.56 

𝑐12 -80.88 

𝑐03 -24.66 

As a verification step, Eq. (13) is plotted for the same value ranges of 𝜁 and 𝜇, 

and the result is illustrated in Fig. 4. The data points of Fig.s 2 and 4 are compared, 

and the result is shown in Fig. 5. As illustrated in Fig. 5, the fitting error is about 

1%, which allows proceeding to the next step. 

 

Fig. 4.  Verified maximum percentage overshoot surface 
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Fig. 5. Error surface results from comparing the original and the verification for 

the maximum percentage of overshoot surfaces 

In Eq. (13), the damping ratio 𝜁 is considered as a design specification and the 

fractional order is regarded as a design parameter 𝜇. As a result, the following 

quadratic formula is obtained: 

𝑘2𝜇2 + 𝑘1𝜇 + 𝑘0 − 𝑀𝑃(%) = 0, (14) 

where the values of the parameters 𝑘0, 𝑘1, and 𝑘2 are expressed as 

𝑘0 = 𝑐00 + 𝑐01𝜁 + 𝑐02𝜁2 + 𝑐03𝜁3 (15) 

𝑘1 =  𝑐10 + + 𝑐11𝜁 + 𝑐12𝜁2 (16) 

𝑘2 = 𝑐20 +  𝑐21𝜁. (17) 

 

Finally, the quadratic formula given in Eq. (14) is solved for the design parameter 

𝜇, design specification 𝜁, and maximum percentage overshoot 𝑀𝑃(%). The formula 

is described as  

     𝜇 =
−𝑘1∓√𝑘1

2−4(𝑘0−𝑀𝑃)𝑘2

2𝑘2
. (18) 

 

5. Results 

Considered Second-order For Wireless Communication Systemsas[24]: 

G(s) =
b

s2+as+b
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𝑠 =
−𝑎 ± √𝑎2 − 4𝑏

2
=

−𝑎

2√𝑏
√𝑏 ± √𝑏√(

𝑎

2√𝑏
)

2

− 1 

ζ =
a

2√b
 

ωn = √b 

s = −ζωn ± ωn√ζ2 − 1 

Then equation is become: 

G(s) =
ωn

2

s2+2ζωns+ωn
2 

The present second order transfer function depending on frequency which 

effect on consumed power to produce Gp(s) which is represent wireless 

communication system response. X(s) + E(s)G(s)G𝑃(s) 

As a case study, consider a second-order system as given in Eq. (1) with 𝜔𝑛 =

5Rad/s and𝜁 = 0.1. This system is controlled via the PD and FO-PD controllers 

provided by Eqs. (12) and (11), respectively, with controller parameters 𝑘𝑝1 =

𝑘𝑝2 = 2 and 𝑘𝑑1 = 𝑘𝑑2 = 0.25. The suitable value of the design parameter 𝜇 is 

required to complete the design of the FO-PD controller, given that the value of the 

maximum percentage overshoot 𝑀𝑃(%)  = 12 is based on Eq. (18).  

First, the values of parameters 𝑘0, 𝑘1, and 𝑘2 are evaluated using the value of 

the damping ratio 𝜁 and the constants listed in Table 1. Next, the value of the design 

parameter \mu is evaluated on the basis of Eq. (18), which is 𝜇 = 1.28. Finally, the 

time response for the conventional PD and FO-PD controllers are established via 

MATLAB®.  

 

Fig. 6. Step response of the second-order system for 𝜁 = 0.5 
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  Fig. 6 shows that the time-response specifications of the FO-PD controller are 

better than that of the PD controller in terms of time specifications and maximum 

percentage overshoot, which is the minimum value, as listed in Table 2. The effect 

of changing the value of the natural frequency 𝜔𝑛 is shown in Figures 7 and 8, with 

the percentage maximum overshoots listed in Tables 2 and 3, respectively. 

Table 2. Evaluated and maximum percentage overshoot 

 

 

 

 

Fig. 7. Step response of the second-order system for 𝜁 = 0.5 and 𝜔𝑛 = 4.5 

 

Table 3. Evaluated and maximum percentage of overshoot (𝜔𝑛 = 4.5) 

 

 

 

 

 

 

 

 

 

 

 

Controller MP (%) 

PD 22.918 

FO-PD 9.953 

Controller MP (%) 

PD 27.832 

FO-PD 14.322 
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Fig. 8. Step response of the second-order system for 𝜁 = 0.5 and 𝜔𝑛 = 5.5 

 

Table 4. Evaluated and maximum percentage of overshoot (𝜔𝑛 = 5.5) 

 

 

 

6. Discussion of results 

The FO-PD controller expands and generalizes the conventional PD controller 

from point to plane. This development enhances the time response by reducing the 

maximum overshoot and increasing the robustness against parameter variation, as 

shown in Figures 6 to 8. This advantage results in improved accuracy for control in 

industrial processes. 

7.  Conclusion 

A simplified second-order model with an FO-PD controller is considered for the 

wireless networks power control for showing adjust the transmitted power effect on 

power consume in wireless communication system to solving problems when the 

service flow routing is determined  and an algorithm performance is designed based 

on the fractional-order control method. The FO-PD controller is represented by three 

parameters. Two parameters are the same as those of the conventional PD controller. 

The key point in this research is to simplify the process of obtaining the extra 

parameter of the controller by respecting the maximum overshoot as a design 

parameter. FO-PD has one additional parameter that offers further degrees of 

freedom to the dynamic properties of the controlled model. A comparison of the PD 

and FO-PD controllers through numerical simulations illustrated that the latter can 

reduce the maximum percentage overshoot.  

Controller MP (%) 

PD 25.221 

FO-PD 11.902 
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