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1. Introduction  

In many decades, the controllers are playing a major role for an efficient control and reliable 

operation of an industrial process, especially the integer controller is dominating in time domain 

approaches for the controlling the electrical systems.  Several researchers have been concentrating 

the design of the non-integer order controller [1], [2] in the frequency domain approaches. The 

noninteger order controller has shown its superiority over the controller that developed naturally in 

the environment in recent years and has played a significant role in the industry, particularly in the 

automation sector. Alian Oustaloup first made the non integer controller public in 1991 [3], [4].  

He introduced the controller community to the CRONE controller, a specialized non-integer 

type of controller. It stands for “Commande Robuste d'Ordre Non Entire,” a robust controller based 

on a frequency domain approach. The FGC [5] controller maintains the plant's robustness and offers 

a steady phase margin around the gain cross over frequency (Ꞷgc) when the plant parameter 

changes. However, the SGC [6]-[12] controller guarantees a consistent damping ratio and resonance 

ratio by directly removing phase variation during reparameterization. The CRONE controller for 

heat exchangers has been proposed to maintain and manage parameter fluctuation in the specified 
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process. The CRONE controller was tweaked using meta-heuristic methods, such as the Whale 

Optimization Algorithm (WOA) and Grey Wolf Optimization (GWO) algorithms [13]. 

A time delayed system using CRONE controller has been designed to obtain a robust stability 

of the system by interval analysis method. The controller has designed for SISO system, which is the 

limitation of this paper [14]. The mathematical expression for the Fractional- Order controller (FOC) 

has been derived in continuous and discrete form to design a controller. The designed FOC 

implemented to control the speed of permanent magnet DCM and the results have examined in 

terms of stability. A detailed study of introduction to FC and their background control theory has 

been presented [15], [16]. A fractional order Proportional Integral Controller (FO-PIC) has been 

designed and implemented for a liquid level system and the performances have examined in terms of 

ISE and IAE [17].  

The FOC (PIλDµ) controller has been developed to fulfill five different design specifications for 

the closed-loop system, taking their advantages if the fractional order of λ and µ towards to obtain 

robust performance [18]. The FOC has been implemented utilizing an operational transconductance 

amplifier and the controller allows finding the control characteristics of the DCM [19]. The industry 

commonly use a novel technique for effective speed regulation of micro motors, known as 

Fractional-Order Proportional Integral Derivative (FOPID) controller, which is based on the Gazelle 

Optimization Algorithm (GOA). Finally, the performance of the GOA controller and other heuristic 

advanced controllers were compared [20]. The nonlinearities of DCM have been discussed and 

identified the robustness of various controllers by comparative result of the four different model 

[21]-[23]. Multivariable robust controller has been proposed to regulate an angular speed of DCM 

and active current sharing in DC/DC buck converter. The converter connected serially to the 

armature of DCM, besides the controller rejects internal and external disturbances [24]. 

The new discrete type of generalized proportional-integral observer (GPIO) has been used to 

measure the uncertainties and output speed prediction of DC-DC buck converter driven DCM. The 

uncertainties are regulated by using discrete-time model predictive control algorithm [25]. It has 

been reported to control speed of brushed DCM with small armature is difficult using PWM signal 

owing development of heat during the operation. However, the speed of the system can be regulated 

by back emf and the performance verified in simulation and measurement. Although, the author 

suggested that PI controller required to control speed of small armature using PWM [26]-[29]. A 

controller has been designed to control the speed of permanent magnet DCM and the performances 

compared with solutions obtained by prototype experiment model [30], [31].  

The vehicle longitudinal motion control was obtained by Cruise Control system with need of 

CRONE controller and comparison made with classical PI and H-α controller solutions [32]. A 

novel fractional-order robust lead-lag controller was designed for an unstable system and its 

performance compared with Hα controller through simulation results [33]. The performance analysis 

for the discrete fractional order PID controller in the presence of nonlinearities and output backlash 

has been discussed [34], [35]. The predictive control algorithm has been proposed for controlling the 

speed of a DC motor using a DC-DC converter and exhibiting the performance of its utilization in 

electrical vehicles [36]. The speed control of DCM has been achieved using a classical PID 

controller and has been tested at various loads to obtain performance characteristics [37]-[39].The 

FO-PID controller has been designed to control the speed of armature-controlled DCM and liquid 

level control. The comparative solutions have presented [40]-[42].  

A Fuzzy PID controller has been developed to control the BLDC motor during the load 

removal condition of dynamic characteristic and the solutions compared with PID controller 

performance. Also, PI and Fuzzy controller has been utilized for multilevel inverter [43]-[47]. The 

FO-PID controller has been designed using constant phase technique. The parameters of the 

controllers have identified based on particles swarm optimization technique and implemented using 

floating point digital signal processor for controlling the speed of separately excited DCM [48]. An 

artificial intelligence has been presented to estimate the power consumption of brushless DC motor 

based on finite element analysis [49].  A FO-PID controller has now been designed to control torque 
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and speed of brushless DCM. Firefly algorithm has employed in order to tune the controller for 

obtaining the effective control torque and speed. The performance of proposed FO-PID controller 

has compared with GA based FO-PID controller through solutions [50]. 

Based on the above findings, it is decided to propose a special kind of controllers in this work. 

Two generations of CRONE control strategies named as FGC and SGC are designed to control the 

speed of DC motor. In addition, relay PI controller is designed in order to make comparative 

analysis. The simulation is carried out using in MATLAB/Simulink environment and expedited by 

CRONE CSD (Control System Design) toolbox [51], [52]. 

The research work is explained as follows: In Section 2 described process description and 

determination of DCM transfer function model using analytical approach. The control strategy for 

the two generation of CRONE controller and relay PI controller is considered in Section 3. Section 4 

discusses design methodology of CRONE controller. The simulation results of two generation of 

CRONE controller and relay PI controller deliberated in Section 5.  Finally, the declaring results are 

given in Section 6. 

2. Process Description 

Fig. 1 gives information on speed control of DCM [19], which includes separately excited 

DCM, DC chopper unit, optocoupler sensor, personal computer and V-MAT card. The speed is 

controlled by armature voltage applied through chopper element since its conversion of Pulse Width 

Modulated (PWM) signal from personal computer. The V-MAT card interface DCM with personal 

computer. Optocoupler is used to sense the motor speed and converts in the form of pulses, then 

which is feed to computer through chopper circuit along with V-MAT card. Further the signal is 

compared with predefined signal to generate error signal. The error signal is applied to controller 

and generates controller output and it is applied to DCM [21] with help of chopper circuit in form of 

voltage. The DCM speed is controlled and monitored by the computer with need of MATLAB 

Simulink environment. Table 1 shows the real-time parameters of a DCM [22]. 
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Fig. 1. Block diagram of speed control of DCM 

Table 1.  The Experimental setup parameters of DCM 

Moment of Inertia of the rotor J =0.04 kgm2 

Maximum Speed of the motor 1600 rpm 

Damping (friction) of the mechanical system b =0.021 Nms 

Kb=KT=K K =0.1341 

Electric Resistance R = 7Ω 

Electric Inductance L = 4.6 mH 
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2.1. Mathematical Modelling of DCM Speed Control System 

In this research work, separately excited DCM is considered to control the speed by varying 

voltage applied to the armature. The armature voltage is obtained by converting the PWM signal 

received from computer. The mathematical model of armature voltage controlled DCM is developed 

by considering equivalent circuit of DCM [23] as shown in Fig. 2.  
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Fig. 2. Control circuit of the DC motor (armature voltage control) 

It is known that the back emf is directly proportional to speed of the DCM as follows, 

 
𝑒𝑏(𝑠) = 𝑘𝑏

𝑑𝜃

𝑑𝑡
= 𝑘𝑏𝜔(𝑡) (1) 

By applying KCL law, 

 
𝑒𝑎(𝑡) = 𝑅𝑎𝑖𝑎(𝑡) + 𝐿𝑎

𝑑𝑖𝑎(𝑡)

𝑑𝑡
+ 𝑒𝑏(𝑡) (2) 

and making use of Newton law, the torque is  

 
𝑇𝑚 = 𝑗

𝑑2𝜃(𝑡)

𝑑𝑡
+ 𝐵

𝑑𝜃

𝑑𝑡
= 𝐾𝑇𝑖𝑎(𝑡) (3) 

Applying Laplace transform on both sides of the above equations we get as, 

 𝐸𝑏(𝑠) = 𝐾𝑏𝜔(𝑠) (4) 

 𝐸𝑏(𝑠) = (𝑅𝑎 + 𝐿𝑎𝑠)𝐼𝑎(𝑠) + 𝐸𝑏(𝑠) (5) 

 𝑇𝑚(𝑠) = 𝐽𝑠2𝜔(𝑠) + 𝐵𝑠𝜔(𝑠) = 𝐾𝑇𝑖𝑎(𝑠) (6) 

Fig. 3 shows the block diagram for the DCM speed control system.  
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Fig. 3. Block diagram of armature voltage control of DC motor  
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The transfer function of speed control of DCM with applied input armature voltage is given as, 

 
𝐺(𝑠) =

𝜔(𝑠)

𝐸𝑎(𝑠)
=

𝐾𝑇
(𝐿𝑎𝑠 + 𝑅𝑎)(𝐽𝑠 + 𝐵) + 𝐾𝑏𝐾𝑇

 (7) 

2.2. Final Transfer Function Model of the Speed Control DCM System 

The transfer function is determined by substitution of obtained practical value given in the 

Table 1 The system transfer function model is, 

 
𝐺(𝑠) =

𝜔(𝑠)

𝐸𝑎(𝑠)
=

1.01

0.001025𝑠2 + 1.367𝑠 + 1
 (8) 

3. CRONE Methodology  

A MATLAB and Simulink toolbox devoted to fractional (or noninteger) derivative applications 

in science and engineering is called CRONE (Commande Robuste d'Ordre Non Entier), and it was 

progressively created by the CRONE research group during the 1990s. 

The toolbox is designed for both researchers and the industrial community, who are increasingly 

interested in fractional systems and willing to engage in application development. It is a frequency 

domain approach and is based on the common unity – feedback configuration. Three methods are 

available named as FGC, SGC and third generation CRONE (TGC) controllers. 

3.1. FGC Controller  

Fig. 4 demonstrates the block diagram of FGC [5] controller, which is based on the constant 

phase controller within a frequency range ωA and ωB around open loop gain cross over frequency 

(ωcg). 
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Fig. 4. Block diagram of FGC controller 

The transfer function of ideal fractional order FGC controller is as follows, 

 𝐶(𝑠) = 𝐶0𝑠
𝑛 , with n and   𝐶0𝜖♣ (9) 

It is noticed from Fig. 5, FGC controller confirm the constant phase (nπ/2) around open loop 

gain cross over frequency. 

Fig. 5 represents bode plot of FGC [5] controller. The constant phase controller (CF(s)) does not 

alter the phase margin when the plant gain or plant corner frequency changes. Since the gain 

crossover frequency ωcg changes within a certain range, the frequency range [ωA, ωB] must also 

equal that range. In the event that the plant exhibits order p behaviour asymptotically, the phase 

margin Mp is equivalent to (n+p)/2. Another way to define the FGC controller CF(s) is by a band-

limited transfer function that uses the corner frequencies ωl and ωh as. 
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Fig. 5. Bode plot of FGC controller 

 𝐶𝐹(𝑠) = 𝐶0 (
1+𝑠/𝜔𝑙

1+𝑠/𝜔ℎ
)
𝑛

, ωl < ωA and ωh > ωB. (10) 

The above-mentioned transfer function does not exist in an implementable form and must be 

changed into an implementable form using the recursive distribution technique. The introduction of 

the real negative poles and zeros for the method of recursive distribution converts non achievable 

fractional order form of band limited transfer function into achievable rationalized model transfer 

function and it is, 

 

𝐶𝐹𝑅(𝑠) = 𝐶𝐹𝑅𝐺∏(
𝑠 +𝜔𝑖

′

𝑠 + 𝜔𝑖
)

𝑁

𝑖=1

 (11) 

Where, 

 𝜔𝑖+1
′

𝜔𝑖
′
=
𝜔𝑖+1

𝜔𝑖
= 𝛼𝜂 (12) 

 𝜔𝑖

𝜔𝑖
′ = 𝛼 and 

𝜔𝑖+1
′

𝜔𝑖
= 𝜂 (13) 

 
𝛼𝜂 = (

𝜔ℎ

𝜔𝑙
)
1/𝑁

 
(14) 

Where, 

 
𝛼 = (𝛼𝜂)𝑛      and        𝜂 = (𝛼𝜂)1−𝑛 

𝜔𝑖
′ = 𝜔𝑙𝜂

1/2   and        𝜔𝑁 = 𝜔ℎ𝜂
−1/2 

(15) 

The elimination of phase undulation, it is to be selected value of N around 6. To achieve 

desired controller effort and elimination of steady states error to make series connection of band 
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limited integrator of order nI and differentiator order of nF. After that the complete transfer function 

of fractional order FGC is, 

 
𝐶𝐹(𝑠) = 𝐶0 (

𝜔𝐼

𝑠
+ 1)

𝑛𝐼
(
1 + 𝑠/𝜔𝑙

1 + 𝑠/𝜔ℎ

)
𝑛 1

(1 + 𝑠/𝜔𝐹)
𝑛𝐹

 (16) 

and the condition of, 

𝜔𝐼 < 𝜔𝑙 < 𝜔𝑐𝑔 > 𝜔ℎ > 𝜔𝐹 , 𝑛𝐼 = 𝑛𝐹 = 1 

Where the low pass filter and integrators are added for the purpose of reject the input noise 

disturbance and eliminate high frequency noise. 

The steady state performance of FGC is achieved only proper selection of constant phase 

around ωcg. But it is difficult to select ωcg within the frequency band due controller effort limitations. 

So this will lead to development of SGC controller.  

3.2. SGC Controller 

Fig. 6 illustrates the block diagram of SGC [6] controller. The fractional order integrator open 

loop transfer function βs(s) is as follows, 

 
𝛽𝑆(𝑠) = 𝐶𝑆(𝑠) ∗ 𝐺(𝑠) = (

𝜔𝑐𝑔

𝑠
)
𝑛

, 𝑛 ∈ [1,2] (17) 

 

 +  

 e(s) 

dy(s) 

   y(s) 

+ - 

 Cs(s) 

βs(s) 

 G(s) 

 

Fig. 6. Block diagram of SGC controller 

The fractional order open loop transfer function of βs(s) is plotted in Black locus or Nichols 

plane [7] within range of frequency limit [ωA, ωB] and it is shown in Fig. 7. The vertical straight line 

is formed in Nichols plane βs(s) is determined by the order of n around ωcg. If any change in plant 

parameter will change the location of frequency template βs(s) vertically around ωcg and this make 

assurance of quality of SGC [10] controller steady state response.  

The overall fractional order open loop transfer function βs(s) is, 

 
𝛽𝑆(𝑠) = 𝐾 (

𝜔𝐼

𝑠
+ 1)

𝑛𝐼
(
1 + 𝑠/𝜔ℎ

1 + 𝑠/𝜔𝑙
)
𝑛 1

(1 + 𝑠/𝜔𝐹)
𝑛𝐹

 (18) 

Where ωI < ωl < ωcg > ωh > ωF. The chosen nI and nF values are depends on asymptotic 

behaviour of plant magnitude at the lower and higher value of frequencies. 

The determined fractional order open loop transfer function of SGC [9] controller Cs(s) from 

equation (17) is, 

 
𝐶𝑆(𝑠) =

𝛽𝑆(𝑠)

𝐺(𝑠)
 (19) 

Substituting the value of βS(s) from (10) in (11) becomes. 
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Fig. 7. Frequency template of βs(s) 

 

𝐶𝑆(𝑠) =
𝐾 (

𝜔𝐼
𝑠
+ 1)

𝑛𝐼
(
1 + 𝑠/𝜔𝑙
1 + 𝑠/𝜔ℎ

)
𝑛 1
(1 + 𝑠/𝜔𝐹)

𝑛𝐹

𝐺(𝑠)
 

(20) 

3.3. Integer Order (IO) Relay Feedback PI Controller Design  

Ziegler-Nichols method is widely used for PID, PI, and P controller tuning. In order to achieve 

instability in the system, this strategy first zeroes the integral and differential gains before increasing 

the proportional gain. Ultimate gain (Ku) is the value of Kp at the unstable point and Ultimate 

period (Pu) is the oscillation frequency. Astrom and Hagglund [46] have been recommended the 

generation of sustained oscillation by relay feedback method which is an alternative method to 

conventional continuous cycle technique to determine Ku and Pu of the system. By considering 

switch on and switch off points as 0.6 and 0.4 using relay feedback test method to compute ultimate 

period. The ultimate gain is finding out by making use of height (h) and amplitude (a) of oscillation. 

 
𝐾𝑢 =

4ℎ

𝜋𝑎
 (21) 

The area a= 0.3, h=0.55 and Pu=2.6 are obtained by using simulated response in Fig. 8 and 

substitute these values in equation (13), we get Ku=2.335. Finally the Ku and Pu values are used in 

closed loop transient Zeigler Nichols PID tuning rule [47] and find the PI [45] parameters of 

Kc=1.43 and KI=0.78. The finding PI controller transfer function is, 

 
𝐺𝑐(𝑠) = 1.42 +

0.76

𝑆
 (22) 

4. Design of CRONE Controller  

The speed of the DCM speed can be controlled through CRONE MATLAB [51] and Simulink 

CSD toolbox, which is designed by CRONE research group. 

4.1. FGC Controller 

The transfer function of FGC controller is gained through speed control of DCM transfer 

function. For further analysis plant information of speed control DCM is applied in CRONE CSD 

toolbox and considered different perturbation of DCM. The perturbation gain change between the 

range is 0.09 < 1.01 < 1.1. The CRONE CSD toolbox [51], [52] is applicable to solve for many 

problems like allowing, calculating, displaying and changing the parameters of fractional order and 
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rational form of CRONE controller and it has the Controller predefinition command allows setting 

the values of the parameters imposed by the user. The parameter predefinition of CRONE 

controllers are tabulated in Table 2. 
 

 
 

 

 

(a) (b) 

Fig. 8. (a) Relay output (b) Closed loop feedback output 

Table 2.  Parameter predefinition of CRONE fractional controller  

Required nominal open loop gain 

cross over frequency - ω
cg

 4 ω
A 

/ ω
l 
  ratio 10 

Required nominal phase margin - P
m

 54.432 ω
h 

/ ω
B
 ratio 10 

Integral order – n
i
 1 ω

AB 
/ ω

cg 
  ratio 1 

Low-pass filter order - n
f
 1 ω

cg 
/ ω

i
 ratio 30 

Fractional effect width - ω
A 

/ ω
B
 ratio 2.1612 ω

f 
/ ω

cg
 ratio 30 

Approx. Cell no 5 - - 

 
The computed FGC values are given in Table 3.  

Table 3.  Fractional controller parameters of FGC 

Gain C0 17.3658 

Integral order ni 1 

Frequency ωi (rad/sec) 0.1 

Fractional order n -0.5569 

Fequency ωl (rad/sec) 0.20234 

Fequency ωh (rad/sec) 42.1679 

Low pass filter order nf 1 

Filter Frequency ωf (rad/sec) 90 

 

Upon substituting values from Table 3 into equation (16), the fractional order FGC controller 

equation is presented below as, 

 
𝐺(𝑠) = 17.3658(

0.20234

𝑠
+ 1)

1

(
1 + (𝑠/0.1)

1 + 𝑠/42.1679
)
−0.5569 1

(1 + 𝑠/90)1
 (23) 

Similarly calculate the values of FGC rational controller given in the Table 4. By applying the 

rational values in the controller is further analysis as, 

Fig. 9 depicts the responses of the FGC controller for applying various perturbations while 

using a simple unit step signal. The rational and fractional open loops Nichols charts of the SGC 

shown in Fig. 10. 
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 𝐶𝑅(𝑠) = 91.0123𝑋
(𝑠 + 0.1)(𝑠 + 0.4778)(𝑠 + 1.237)(𝑠 + 3.8786)(𝑠 + 11.2334)(𝑠 + 32.59784)

𝑠(𝑠 + 0.2988)(𝑠 + 0.833)(𝑠 + 2.5345)(𝑠 + 6.675)(𝑠 + 19.612)(𝑠 + 90)
 (24) 

Table 4.  Rational controller parameters of FGC 

Gain C 91.0123 

Cell number 5 

Recursive factor η 1.7655 

Recursive factor β 1.767 

Numerator corner frequencies ωni (rad/sec) [ 0.1, 0.4778,1.237,3.8786, 11.2334, 32.59784] 

Denominator corner frequencies ωni (rad/sec) [0, 0.2988, 0.833, 2.5345, 6.675, 19.612, 90] 

 

 

Fig. 9. FGC controller unit step closed loop response with their perturbations 

4.2. SGC Controller 

The technique for designing an SGC controller is similar to that of a FGC controller scheme. 

The simulation and fractional settings are validated and documented in Table 5. 

Table 5.  SGC fractional controller parameter 

Gain K 32.945 

Low frequency order nl 1 

High frequency order nh 3 

Fractional order n 1.207 

Fequency ωl (rad/sec) 0.20234 

Fequency ωh (rad/sec) 42.1567 

Fractional effect width ωA / ωB 2.0569 

ωA / ωl ratio 10 

ωh / ωB ratio 10 

 

Substitute these tabulated values in equation (18) we get fractional order open loop transfer 

function is, 
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𝐺(𝑠) = 32.945 (

0.20234

𝑠
+ 1)

1

(
1 + (𝑠/42.1567)

1 + 𝑠/0.20234
)
1.3307 1

(1 + 𝑠/42.1567)3
 (25) 

The rationalized control parameters are determined and presented in Table 6. 

 

Fig. 10. FGC and rational open loop Nichols chart 

Table 6.  SGC fractional controller parameter 

Gain C 26.678 

Cell number 5 

Recursive factor η 1.321 

Recursive factor β 2.0234 

Numerator corner frequencies ωni (rad/sec) [ 0.436, 0.6938, 1.2615, 3.7834, 10.4289, 30.43896] 

Denominator corner frequencies ωni (rad/sec) [ 0, 0.6889, 0.9552,2.3127, 7.32789,21.5786,43.21] 

 

Depends on above parameters the SGC rationalized open loop transfer function is, 

 𝐺(𝑠) = 26.678𝑋
(𝑠 + 0.436)(𝑠 + 0.6938)(𝑠 + 1.2615)(𝑠 + 3.7834)(𝑠 + 10.4289)(𝑠 + 30.43896)

𝑠(𝑠 + 0.6889)(𝑠 + 0.9552)(𝑠 + 2.3217)(𝑠 + 7.32789)(𝑠 + 21.5786)(𝑠 + 43.21)
 (26) 

Responses of SGC controller with applying simple unit step signal for the different perturbation 

is given in Fig. 11. The fractional and rational open loop Nichols charts of SGC given in Fig. 12. 

5. Results and Discussion 

The speed of DCM is controlled in this work by taking into account FGC, SGC, and Relay PI 

controllers. CSD tool box [51] is used to modify DCM speed during simulation performance, which 

is performed in MATLAB environment. When the DCM operates at varying speeds, the 

performance of the error and time indices is examined and noted. The set point tracking results were 

obtained at 40%, 50%, and 60% operating speeds, with distinct step changes applied to each 

operating speed. Simulation results for all three controllers are shown in terms of error and time 

domain indices. The response demonstrates the superiority of the CRONE controller system over the 

current conventional relay PI controller. Performance outcomes are recorded and summarized in 

Table 7 and Table 8. 
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The simulated comparison responses of the relay PI controller, applied to the plant transfer 

function of DCM, for the three distinct operating speeds, with ±5 and ±10% step change, are 

displayed in Fig. 13. 

 

Fig. 11. SGC controller unit step closed loop response with their different perturbations 

 

Fig. 12. SGC Fractional and rational open loop Nichols chart 
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(a) 

 
(b) 

 
(c) 

Fig. 13. DCM Simulation: Set point tracking at (a) 40%, (b) 50%, (c) 60 % speed using R-PI controller 

Fig. 14 displays the responses obtained for three distinct DCM running speeds, each with a 

different FGC controller perturbation and applied step changes of ±5 and ±10% to the system. 
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(a) 

 
(b) 

 
(c) 

Fig. 14. DCM Simulation: Set point tracking at (a) 40%, (b) 50%, (c) 60 % speed using FGC controller 

Fig. 15 illustrates the simulated time domain characteristics behavior of three distinct operating 

points with the SGC controller subjected to step changes of ±5 and ±10%. According to 

observations made of all three controllers, the relay PI controller's settling, rise time, ISE, and IAE 

are significantly lower than those of other CRONE controllers chosen for the mathematical model 

transfer function of the DCM's speed control. The SGC control performs the best out of the three. 
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(a) 

 
(b) 

 
(c) 

Fig. 15. DCM Simulation: Set point tracking at (a) 40%, (b) 50%, (c) 60 % speed using SGC controller 

Table 7 and Table 8 show the time domain characteristics of each of the three controllers for 

different operating points of the DCM's speed control. The robustness of these controllers is 

analyzed and reported in terms of error and time domain index performance through simulation in 

MATLAB using the CSD toolbox. 
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Table 7.  DCM simulation: Set point tracking performance for controllers in terms of ISE and IAE at 40%, 

50% and 60% speed  

Operating 

Point  

Step 

Change  

R-PI  FGC  SGC  

ISE  IAE  ISE  IAE  ISE  IAE  

40%  

+10%  292.6 25.69 260.6 22.47 243.6 13.8 

+5%  279.7 22.42 249.1 20.93 232.9 12.04 

-5%  279.7 22.42 249 20.58 232.9 12.04 

-10%  292.6 25.69 260.4 22.12 243.6 13.8 

50%  

+10%  447.6 30.23 398.5 27.58 372.6 16.05 

+5%  434.7 28.96 387 24.03 361.9 14.71 

-5%  434.7 27.96 386.9 24.87 361.9 14.71 

-10%  447.6 30.23 398.4 27.41 372.6 16.05 

60%  

+10%  636.9 35.77 567 31.65 530.3 18.73 

+5%  624 33.5 555.5 29.13 519.5 17.39 

-5%  624 33.5 555.5 29.05 519.5 17.39 

-10%  636.9 35.77 567 31.58 530.3 18.73 

 
According to Table 7, the Integral Squared Error (ISE) for the R-PI controller is 292.6, while 

the ISE value for the FGC controller is 260.6. This calculation is based on the simulation 

performance analysis for 40% of the running speed of the DCM with a step change of +10% applied 

to the controller. On the other hand, at a value of 243.6, the SGC controller offers the lowest value 

and greatest performance. Comparably, we found that the R-PI controller yielded an ISE value of 

279.7, the FGC controller yielded an ISE value of 249.1, and finally, the SGC controller yielded an 

ISE value of 232.9, which was lower than that of the other selected controllers, at +5% step change 

given for the same operating point. Comparing the other two operating speed is done in the same 

way. The IAE value for the 50% operating speed with a -5% step change simulated results is 27.96 

for the R-PI controller and 24.87 for the FGC controller. The third chosen SGC controller IAE value 

is only 14.71. Similarly, the controller is given a -10% step shift at the same working speed, and the 

IAE value is 30.23 for the R-PI controller, 27.41 for the FGC controller, and finally 16.05.  

Therefore, it is confirmed that in every set point tracking scenario, the SGC controller performs 

better and ranks first due to its extremely low ISE and IAE values. All other findings are reported as 

well. The FGC performs significantly worse than the SGC controller and performs comparably 

better than the relay PI controller. 

Table 8.  DCM simulation: set point tracking performance for controllers in terms of ts and tr at 40%, 50% 

and 60% speed  

Operating 

Point  

Step 

Change  

R-PI  FGC  SGC  

ts tr  ts tr  ts tr  

40%  

+10%  25 16 22 14 15 9 

+5%  22 14 20 12 12 8 

-5%  23 14 20 13 12 7 

-10%  25 17 23 14 14 8 

50%  

+10%  26 16 23 15 16 9 

+5%  23 14 20 13 12 7 

-5%  23 14 20 13 13 8 

-10%  27 17 23 14 15 9 

60%  

+10%  27 17 24 15 17 10 

+5%  24 14 21 13 12 9 

-5%  23 15 22 12 13 8 

-10%  26 16 23 15 16 9 
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Table 8 provides a comparative examination of the selected controller's settling time and rise 

time behaviour throughout three different DCM operation speeds. The R-PI controller is configured 

to operate at 60% of its maximum speed with a 10% step change, resulting in a settled time of 27 

seconds, while the FGC is controlled at 24 seconds. In contrast, the SGC controller reaches steady 

state in just 17 seconds. Comparably, the R-PI controller yields a value of 16 in the case of rise time 

performance at the same operating speed of a -10% step change, whereas the accomplished FGC 

controller yields a value of 15. The SGC reached a rising time of 9.   

Similarly, it is compared to other controller operating speeds. Therefore, it is clear from the 

foregoing data that, in terms of time indices performance, SGC controllers perform better than FGC 

controllers and relay PI controllers. By moving the relay PI controller to the last position, the FGC 

controller stays extremely near to the relay PI controller. 

The error and time domain performance indices for the SGC, FGC, and R-PI controller 

methods are displayed graphically in Fig. 16 and Fig. 17, respectively, for running speeds of 40%, 

50%, and 60% with different step changes. 

ISE IAE 

  
40% 

  
50% 

  
60% 

Fig. 16. Error indices (ISE and IAE) performances criteria 
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ts tr 

  

40% 

  

50% 

  

60% 

Fig. 17. Time Domain (ts and tr) performances criteria 

6. Conclusion 

In this research work, two generation of CRONE controllers and relay PI controllers are 

designed and implemented for speed control of DCM. The design strategy of CRONE controller is 

performed by CSD tool box in the MATLAB Simulink software. Simulations are used to get the 

reponses for three controllers with varied operating points in terms of settling time, rise time, ISE, 

and IAE. Furthermore, the performances are examined and provided. In summary of the solutions, it 

is found that SGC controller bestows improved performance than FGC controller and relay PI 

controller with respect to time indices performance. 
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Nomenclatures: 

Ra - Armature (Electric) resistance (Ω) 

La - Armature (Electric) inductance (H) 

Va - Armature voltage (V) 

J - Mass moment of inertia of motor (kg.m2 ) 

B - Frictional coefficient of motor and load (Nm.s) 

ia - Armature current, (amp) 

if - Field current, (amp) 

ω - Speed of the shaft (angular velocity), (rad/s) 

ea - Input terminal voltage (source), (v) 

eb - Back EMF, (v) 

Tq - Motor torque, (Nm) 

Ө - Motor Speed, (rpm) 

KT - Torque factor constant, (Nm/amp) 

Kb - Motor constant, (v-s/rad)   

ts -Settling time (Seconds) 

tr - Rise time (Seconds) 

KC - Controller proportional gain  

KI - Controller Integral gain 

Ku - Ultimate gain 

Pu - Ultimate period 

yref(s) - reference signal 

n - Fractional order transfer function order 

CS(s) - Second generation CRONE controller 

CR-PI(s) - Second generation CRONE controller 

y(s) - plant output 

βS(s) - Second generation CRONE open loop fractional order transfer function 

dy(s) - Plant output disturbance 

G(s) - Plant transfer function 

C0 - Gain of the First generation CRONE controller 

e(s) – Input reference signal 

u(s) – Controller output  

CF(s)  - First generation CRONE controller 

CFRG  - Gain of the First generation CRONE controller 

CFR(s)  -Transfer function of  Rational order First generation CRONE controller 

α  and η  - Recursive factor 

ωcg  - Open loop gain crossover frequency 

Mp - Phase margin 

Mr - Resonant peak 

nl - Band limited integrator order  

nF - Band limited low-pass filter order 

ωI  - Integrator frequency  

ωF - Low-pass filter frequency  

ωA , ωB , ωl , ωh - Band limited frequency 

ωi  and ω’i  - Distributed poles and zeros 
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