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1. Introduction 

Robotic arms are widely used in industry, and they are robotic 

manipulator that consists of links connected by joints. These 

manipulators can do either rotational or translational 

movements. Commonly, the robotic arm is designed to perform 

many tasks depending on the application, such as assembly, 

welding, spinning welding, gripping, painting, polishing, 

transporting materials around a building, grinding, etc. [1]. An 

autonomous repetitive robot is a robot that can execute one task 

repeatedly according to preplanned movements and fixed 

objects.  

Start and stop commands are found based on robot position, 

acceleration, deceleration, distance, and direction. Meanwhile, 

for more complex actions, such as when the object orientation 

or position is unknown, machine vision and artificial 

intelligence are used to help the robot locate the object and 

control the robotic arm. Various control designs for 

autonomous robots have been developed to overcome problems 

such as robot localization, motion planning, and working in 

different environments under different constraints. Among 

these designs, robust and adaptive controllers are well 

considered in relevant literature [2]. 

Usually, the performance of the robot arm is found according to 

the specifications of the DC motors used to drive the robot [3]. 

Being able to control the robot arm motion accurately is a 

fundamental concern. To obtain an efficient control system 

operation, it is required to know the exact amount of torque and 

force (generated by the DC motor) applied at a given time to be 

able to move the robot arm to a desired location [4]. Due to this, 

studying DC motors for this purpose has become an active area 

of research. However, much of this research is focused only on 

the performance of the DC motor model, ignoring the effect of 

the arm load. This had resulted in a gap between the simulation 

findings and the actual performance of the robot arm [3], as 

illustrated in ref. [5] by W.M. Wan et al., and ref. [6] by Widi 

A. and et.al.  

Hence, not many controls design work is included for DC motor 

model with load (robot arm) which focuses on reducing the 

differences between real and simulation results, as in [7] and 

[8], where artificial neural network is used instead of 

conventional PID controller (that is used by [9]) for single 

motorized robot arm. Therefore, in this paper, we suggest a new 

controller that can be used to control a DC motor model with a 

load (robot arm). 
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In this paper, the model of a signal joint horizontal robot arm 

driven by a DC motor is first built using MATLAB Simulink. To 

improve the response of the arm, Robust PID (RPID), Adaptive 

Robust PID (ARPID), and a Modified Adaptive Robust PID 

(MARPID) are suggested to control this arm. The results 

obtained were used to compare these methods and identify the 

most effective controller.  

This paper is organized as follows: The model of the SMRA is 

first presented in Section 2. The procedure for designing the 

RPID is described in Section three. Section four establishes the 

details of the suggested MARPID. The simulation results for 

the overall controlled motorized robot arm with uncertainty and 

disturbance are presented in Section 5. Finally, conclusions are 

drawn in section six. 

2. Single Motorized Robot Arm Description and Modeling  

The robot arm considered in this paper is a single-joint robot 

arm system, shown in Fig. 1. This system consists of a robot 

arm, connected horizontally to an actuator using a gear train 

with a gear ratio, n [10]. The dynamic equation of the robot arm 

is given as [11]: 

𝑇𝑚(𝑡) =  𝐽
 𝑑2𝜃𝑚

𝑑𝑡2 + 𝐷
𝑑𝜃𝑚

𝑑𝑡
                                  (1) 

 Where 𝜃𝑚 is the motor shaft angle position. Meanwhile,  𝐽 

represents all inertia, and 𝐷 all friction (air friction, bearing 

friction, etc.) connected to the motor shaft. Taking the Laplace 

transformation for (1): 

𝑇𝑚(𝑠) = 𝐽𝑠2𝜃𝑚(𝑠) + 𝐷𝑠 𝜃𝑚(𝑠)                        (2) 

 

Figure 1. A signal joint robot horizontal arm driven by a DC 

motor [1]. 

To drive the single robot arm, a DC motor with armature control 

and a fixed field is used [11]. Here, the armature voltage control 

scheme for the DC motor considers varying the voltage applied 

to the armature without varying the voltage applied to the field 

[12].  

Fig. 2 shows the electrical model for this DC motor. The 

parameters of the considered DC motor are given in Table 1. 

In this table, the armature voltage (Ea(t)) is the voltage supplied by 

an amplifier to control the motor. 

The back emf (kb) is proportional to the speed of the motor with a 

fixed field strength. That is [9]-[11], [13]: 

𝑣𝑏(𝑡) = 𝑘𝑏
𝑑𝜃𝑚

𝑑𝑡
                                                        (3) 

 

Figure 2. The electrical model of a DC motor [5]. 

Table 1. The DC motor model parameters. 

Symbol Description Value Unit 

Ra armature resistance 1 Ω 

Kb electromotive force 

constant 

1 V-s/rad 

Ia Armature current ----- A 

Kt Motor torque constant 1 N-m/A 

Jm moment of inertia of 

the rotor 

0.001 Kg- m2 

ωm Angular Speed ----- rad/s 

Va Armature voltage ----- V 

Dm motor viscous friction 

constant 

0.01 Nms/ra

d 

La electric inductance 0 H 

 

Taking the Laplace transformation for (3), this gives: 

𝑉𝑏(𝑠) = 𝐾𝑏𝑠𝜃𝑚(𝑠)                                                 (4) 

The electrical portion of the motor equation is: 

𝑉𝑎(𝑠) = 𝑅𝑎𝐼𝑎(𝑠) + 𝐿𝑎𝑠𝐼𝑎 + 𝑉𝑏(𝑠)                      (5) 

This may also be written as;  

𝐼𝑎(𝑠) =
𝑉𝑎(𝑆)− 𝐾𝑏𝑠𝜃𝑚(𝑠)

𝐿𝑎𝑠 + 𝑅𝑎
                                          (6) 

And the torque, supplied by the motor, which moves the armature 

and load, is proportional to the armature current [11]: 

𝑇𝑚(𝑠) = 𝐾𝑡𝐼𝑎(𝑠)                                                    (7) 

Now, solving (2) for the shaft angle, we get 

𝜃𝑚(𝑠) =  
𝑇𝑚(𝑠)  

𝐽𝑠2+𝐷𝑠
                                                      (8) 

Using (3)-(8), the block diagram for the armature-controlled 

DC motor can be built in MATLAB Simulink as shown in Fig. 

3. Simplifying the block diagram in Fig. 3, the armature-

controlled motor transfer function can be obtained as: 
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𝐺(s) =
𝜃L(s)

E𝑎(s)
=

Ktn

s[(Js+D)(Las+Ra)+kbkt]
                (9) 

This model is a third-order system; however, in the servomotor 

case, the inductance of the armature La can usually be ignored. 

Thus, the model can be reduced to a second-order system [11]. 

 

    Figure 3. Armature-controlled DC motor block diagram. 

 

Now, suppose the robot arm in Fig. 1 has a length L = 1 m, a 

viscous damping factor D = 0.1, a mass M = 5 kg, and consider 

a system with a gear ratio (n) = 1. The inertia of the rigid arm is 

defined as [11]. 

𝐽𝐿 =
𝑀𝐿2

12
=

5×12

12
= 0.4167 𝑘𝑔 𝑚2                      (10) 

The total inertia J and total damping factor D of the robot arm 

(𝐽𝐿, 𝐷𝐿), and the motor parameters (𝐽𝑚, 𝐷𝑚) in Table 1 are [11]:  

𝐽 = 𝐽𝑚 + 𝐽𝐿 = 0.4177 𝑘𝑔𝑚2                             (11) 

𝐷 = 𝐷𝑚 + 𝐷𝐿 = 0.01 + 0.1 = 0.11                  (12) 

Substituting the DC motor parameters in Table 1 and the 

parameters of (11) and (12) into (9), we obtain: 

𝐺(𝑠) =
𝜃𝐿(𝑠)

V𝑎(𝑠)
=

1

𝑠[(0.4177𝑠 + 0.11)(1 + 0 × 𝑠) + 1 × 1]
 

𝐺(𝑠) =
1

𝑠(0.4177𝑠+1.11)
=

2.394

𝑠(𝑠+2.6574)
                   (13) 

This equation shows that the motorized arm plant has two roots, 

one at the origin and the other on the left-hand side of the s-

plane (𝑠 =  −2.6574).  

3. Robust PID Controller Design  

Generally, the control law for an ideal PID controller is [14], 

[15]: 

u(𝑠) = G𝑐(𝑠)𝑒(𝑠) = (𝑘𝑝 +
𝑘𝑖

𝑠
+ 𝑘𝑑𝑠) 𝑒(𝑠)   (14) 

Where 𝑒(𝑠) is the error signal, in this paper, 𝑒(𝑠) will be 

considered as the difference between the 𝑟(𝑠) signal (desired 

position) and 𝑡ℎ𝑒 𝑦(𝑠) signal (actual position) of the robot arm. 

On the other hand, kp, ki, and kd are the proportional, integral, 

and derivative gains, respectively. In literature, many methods 

were used to tune the parameters of the PID controller. The 

controller design approach presented in [16] is considered in 

this paper. This approach ensures low sensitivity and robust 

stability for the overall controlled system for a wide range of 

parameter uncertainties. In this paper, (14) can be rearranged to 

be: 

u(𝑠) = G𝑐(𝑠)𝑒(𝑠) = 𝑘𝑑(
s2+𝑎s+𝑏

𝑠
) 𝑒(𝑠)          (15) 

where a = kp/kd and 𝑏 = 𝑘𝑖/𝑘𝑑. Hence, the PID controller has 

one pole (s=0) at the origin and two zeros which can be placed 

on the left-hand side of the s-plane. Here, the value of kd and 

the location of the two zeros are chosen so that the resulting 

settling time (ts=4/ ζ ωn) is ≤ 1 sec and the damping ratio is (ζ ≥ 

1). For example, if kd is selected to be equal to 5 and the real 

zeros are chosen to be (z1 -8.8730, z2 = -1.1270) with ζ=1.58, 

then ts will be 0.8 and the overall open loop transfer function 

becomes: 

G𝑛(𝑠) = G𝑐(𝑠)G(s) 

=
5(s + 8.873)(s + 1.127)

𝑠
.

2.394

𝑠(𝑠 + 2.6574)
  

=
5(s2+10s+10)

𝑠
.

2.394

𝑠(𝑠+2.6574)
                             (16) 

The parameters ((kp,and ki) can be determined by comparing 

Gc(s) of (15) with Gc(s) of (16), therefore: 

a= kp/kd= 10                            𝑘𝑝 = 50 

 b= ki/kd =10                         𝑘𝑖 = 50 

Plotting the root locus for the system in (16), as shown in Fig. 

4, demonstrates that the robot arm model will be stable with the 

designed robust PID controller for any positive kd value. 

 

Figure 4. Root locus plot of the open-loop transfer function 

Gn(s). 

4. Modified Adaptive Robust PID (MARPID) Controller 

Design 

The block diagram for the suggested MARPID for a single 

motorized robot arm (SMRA) is shown in Fig. 5. This controller 

is designed based on RPID and adaptation laws of APID.  

The control law of the APID in the time domain is [17]: 

𝑢(𝑡) = 𝑘𝑝̂(𝑡) + 𝑘𝑖̂(𝑡) ∫ 𝑒(𝑡)𝑑𝑡
𝑡

0
+ 𝑘𝑑̂(𝑡)

𝑑𝑒(𝑡)

𝑑𝑡
      (17) 

Where (𝑘𝑝̂(𝑡), 𝑘𝑖̂(𝑡), and 𝑘𝑑̂(𝑡)) are respectively, the 

proportional, integral, and derivative estimated controller 

parameters. Using the law of chain and the gradient descent 

sϴm ϴm ϴL 
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approaches, these parameters are found by the following 

adaptation laws [18]-[20]:  

𝑘𝑝̇
̂(𝑡) = 𝛽𝑝𝑠(𝑡)𝑒(𝑡)                                       (18) 

𝑘𝑖̇
̂ (𝑡) = 𝛽𝑖𝑠(𝑡) ∫ 𝑒(𝑡) 𝑑(𝑡)

𝑡

0
                           (19) 

𝑘𝑑̇
̂(𝑡) = 𝛽𝑑𝑠(𝑡)

𝑑𝑒(𝑡)

𝑑𝑡
                                  (20) 

 

Figure 5. Block diagram of the suggested MARPID for 

SMRA. 

Here, 𝛽𝑝, 𝛽𝑖, and 𝛽𝑑 are positive learning values, and s(t) is the 

sliding function defined as:  

s(𝑡) = c1𝑒(𝑡) + 𝑒̇(𝑡)                                     (21) 

𝑐1 is a positive constant value. The learning values (𝛽𝑝, 𝛽𝑖, and 

𝛽𝑑) should be selected correctly to achieve optimal system 

performance. Then, these values should be adjusted manually 

or using a suitable optimization technique [17].  

In this work, the control law for the suggested MARPID 

depends on RPID (17) and the adaptation laws of the APID 

parameters. (18)-(20). Then, the control law of the APID (17) 

is modified to: 

𝑢(𝑡) = 𝑘𝑑̂(𝑡)[𝑎̂(𝑡) + 𝑏̂(𝑡) ∫ 𝑒(𝑡)𝑑𝑡
𝑡

0
+

𝑑𝑒(𝑡)

𝑑𝑡
]     (22) 

The estimated parameters (𝑎̂(𝑡), 𝑏̂(𝑡), and 𝑘𝑑̂(𝑡)) are updated 

according to the following new proposed adaptation laws:  

𝑎̂(𝑡) = 𝑎0 + 𝑢𝑎(𝑡)                                     (23) 

𝑏̂(𝑡) = 𝑏0 + 𝑢𝑏(𝑡)                                     (24) 

𝑘𝑑̂(𝑡) = 𝑘𝑑0 + 𝑢𝑑(𝑡)                                 (25) 

Where 𝑎0 =a, 𝑏0 = 𝑏, 𝑘𝑑0 = 𝑘𝑑, while  𝑢𝑎(𝑡), 𝑢𝑏(𝑡), and  

𝑢𝑑(𝑡) are: 

𝑢𝑎(𝑡) = ∫ 𝛽𝑝𝑠(𝑡)𝑒(𝑡) 𝑑𝑡 +
𝑡

0
𝑢𝑎(𝑡 − 1)             (26) 

𝑢𝑏(𝑡) =  ∫ (𝛽𝑝𝑠(𝑡) ∫ 𝑒(𝑡) 𝑑(𝑡))
𝑡

0
𝑑𝑡 +

𝑡

0
𝑢𝑏(𝑡 − 1)       (27) 

𝑢𝑑(𝑡) =  ∫ (𝛽𝑝𝑠(𝑡)
𝑑𝑒(𝑡)

𝑑𝑡
) 𝑑𝑡 +

𝑡

0
𝑢𝑎(𝑡 − 1)         (28) 

With the sliding function equal to: 

s(𝑡) = 𝑒(𝑡) + c2 ∫ 𝑒(𝑡)𝑑𝑡
𝑡

0
)                        (29) 

And 𝑐2 is a positive constant value. 

5. Simulation Results and Discussion 

In this section, simulation trials are performed using MATLAB 

facilities (version R2015a). The efficiency of the RPID, APID, 

and MARPID was evaluated by calculating the peak time tp, 

maximum peak Mp, settling time ts based on 2% criteria, error 

at steady state es.s, control signal at steady states us.s, in addition 

to the Integral Time Absolute Error (ITAE), which is formed 

as: 

𝐼𝑇𝐴𝐸 = ∫ 𝑡|𝑒(𝑡)|
∞

0
𝑑𝑡                              (29) 

The RPID was designed based on 𝑘𝑑 = 5, and two different 

zero locations are given in Table 2. 

Table 2. The controller parameters of the RPID controller. 

RPID  z1 z2 𝑘𝑝 𝑘𝑖 

RPID1  -8.873  -1.127 50 50 

RPID2  1 2 -15 10 

 

The RPID2 was simulated to observe the performance of the 

SMRA system controlled by RPID, APID, and MARPID when 

the zero locations are chosen to be on the right side. Here, kd 

=5 and the real zeros are chosen as (z1 +1, z2 = +2), therefore 

the overall open loop transfer function becomes: 

G𝑛(𝑠) =
5(s2−3s+2)

𝑠
.

2.394

𝑠(𝑠+2.6574)
                             (30)  

By comparing Gc(s) of (15) with Gc(s) of (30), the parameters 

of kp and ki are: 

a= kp/kd= -3                         𝑘𝑝 = −15 

 b= ki/kd =2                         𝑘𝑖 = 10 

The parameters 𝛽𝑝, 𝛽𝑖, and 𝛽𝑑 for the APID were selected equal 

to kp, ki, and kd values of the RPID, respectively, i.e., (𝛽𝑝 =

𝑘𝑝 = 50,  𝛽𝑖 = 𝑘𝑖 = 50, 𝛽𝑑 = 𝑘𝑑 = 5) based on RPID1 and 

(𝛽𝑝 = 𝑘𝑝 = −15,  𝛽𝑖 = 𝑘𝑖 = 10, 𝛽𝑑 = 𝑘𝑑 = 5) based on 

RPID2. Meanwhile, for the suggested MARPID, these values 

were selected as 𝛽𝑝 = 1,  𝛽𝑖 = 5, 𝛽𝑑 = 1. Also, the values 

chosen for c1 = 2 and  c2 = 5.                                                           

To test the efficiency of these controllers, the following 

simulation cases were investigated: 

5.1. Simulation Result for Linear Position Signal Based on 

Designed RPID1 

In this case, two linear desired position inputs (continuous unit 

step signal and mixed step signal) are used to test the 

performance of the SMRA system controlled by the RPID, 

APID, and MARPID controllers. The simulation results, which 

are the actual position signal, control signal, and ITAE for these 

cases, are shown in Figs. 6 and 7. For the continuous unit step 

input, the performance evaluation parameters for the SMRA 

with the suggested controllers are shown in Table 3.  
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Table 3. The performance evaluation parameters for SMRA 

with RPID, APID, and MARPID controllers for unit step 

input. 

Control 

method 

Mp tp ts es.s 

 

RPID  0.1677 0.394 1.9 0.0001 

APID 0.0 ------ 2.1716 0 

MARPID  0.1678 0.3467 2.03 0 

 

(a) 

 

(b) 

 

(c) 

Figure 6. The response of the SMRA system controlled by 

RPID, APID, and MARPID controllers for a unit step input, 

where (a) actual position, (b) control signal, and (c) ITAE 

performance index. 

 

(a) 

 

(b) 
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(c) 

Figure 7. The response of the SMRA system controlled by 

RPID, APID, and MARPID controllers for the desired input 

rate, where (a) actual position, (b) control signal, and (c) ITAE 

performance index.           

Simulation results show that the suggested controllers RPID, 

APID, and MARPID successfully made the system follow the 

desired position quickly (with small ts) and had nearly zero es.s, 

slight overshoot (Mp), and an acceptable control signal with 

minimum IATE, especially when using the MARPID 

controller.  

5.2. Simulation Result for Nonlinear Position Signal based 

on the designed RPID1 

The performance of the SMRA system controlled by RPID, 

APID, and MARPID controllers is tested using the nonlinear 

input signal 𝑟(𝑡) = 5 sin(2𝑡). The simulation results for this 

case, as well as the actual position signal, control signal, and 

ITAE, are shown in Fig. 8. As can be seen in this figure, the 

performance of the SMRA system with the MARPID controller 

is much improved over its performance with RPID or APID 

controllers, where the actual robot position follows the desired 

input very closely with an appropriate control signal and 

minimum ITAE. 

 

(a) 

 

(b) 

 

(c) 

Figure 8. The response of the SMRA system controlled by 

RPID, APID, and MARPID controllers for a nonlinear desired 

input, where (a) actual position, (b) control signal, and (c) 

ITAE performance index. 

 

5.3. Simulation Result for Linear and Nonlinear Position 

Signal Based on Designed RPID2 

For the continuous unit step and the nonlinear signal 𝑟(𝑡) =
5 sin(2𝑡), the simulation results are shown in Fig. 9 and Fig. 

10. As can be seen from these figures, the performance of the 

SMRA system using the MARPID controller has improved a 

lot compared to its performance using the ARPID controller 

with an appropriate control signal and minimum ITAE. The 

response of the SMRA system using the RPID becomes 

unstable for both input signals. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 9. The response of the SMRA system controlled by 

RPID, APID, and MARPID controllers for linear desired 

input, where (a) actual position with RPID, (b) actual position 

with ARPID and MARPID, (c) control signal, and (d) ITAE 

performance index. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 10. The response of the SMRA system controlled by 

RPID, APID, and MARPID controllers for a nonlinear desired 

input, where (a) actual position with RPID, (b) actual position 

with ARPID and MARPID, (c) control signal, and (d) ITAE 

performance index. 

6. Conclusions 

In this article, first, an adaptive PID controller has been 

developed for a single motorized robot arm system. The 

performance for this controller has been evaluated using the 

following measures: peak time, maximum peak value, settling 

time, and error at steady state for the controlled system, as 

shown in Table 3. 

To improve the performance of the APID controller, a Modified 

Adaptive Robust PID controller was proposed. This controller 

was built depending on the RPID equation and the adaptation 

laws of the APID parameters.  

The simulation results showed that the proposed MARPID 

controller had more effectively controlled the SMRA system 

compared to the RPID or APID controllers, as given in Table 3, 

especially in the linear position input case. For the nonlinear 

position input, the MARPID controller had a better response, 

since the actual robot position closely followed the desired 

input with an appropriate control signal and minimum ITAE. 

The results in this paper can be applied to build robust 

controllers for other types of robotic systems, including 

nonlinear models for these systems.  
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