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Abstract—In order to manage a one-link robot arm, 

this research proposes a unique control architecture 

based on the Synergetic Control (SC) principle. The 

synergetic control design is initially developed using 

known system parameters and subjected to external 

disturbances. However, in practical robotic systems, 

uncertainties are inherent in the system parameters. As a 

result, an algorithm known as Adaptive Synergetic 

Control (ASC) is presented and developed for a robot arm 

that encounters parameters uncertainty. To estimate 

disturbances and guarantee the asymptotic stability of the 

monitored system, adaptive synergetic laws are 

developed. The adaptive laws and control of the ASC 

were established to ensure the stability of the controlled 

robotic arm. The recommended controller addresses the 

tracking problem of a single-degree-of-freedom (SDOF) 

robot arm, and disturbance control scenario was 

conducted and simulated. Additionally, the paper 

compares the ASC method with the adaptive 

backstepping control technique to evaluate the 

effectiveness of ASC, this comparison demonstrated the 

efficiency of the recommended strategy in terms of 

maximum tracking error and maximum control effort. 

The performance of both SC, ASC is demonstrated 

through computer simulations, showing that the adaptive 

controller can handle uncertainties as well as disturbance 

and maintain system stability. 

Keywords—Synergetic Control; Adaptive Synergetic 

Control; Robotic ARM; Stability Analysis. 

I. INTRODUCTION 

Robotic arm control systems are a critical aspect of new 

robotics, enabling precise and efficient motion in a variety of 

applications across industries, including manufacturing, 

healthcare, aerospace, and time-saving everyday life 

applications. As robotic applications increase, the demand for 

more sophisticated control systems is increasing, increasing 

the need for advanced solutions and robust control strategy 

design [1][2]. Additionally, nonlinear systems with 

unpredictable dynamic features are found in robotics [3][4]. 

Therefore, it is essential to force the robot arm track the 

desired path with the least possible tracking error through the 

design of controller [5][6].  

Consequently, durable and high-performance controllers 

are required. many controllers are designed to control robot 

arm, these include classical, intelligent and robust 

controllers’ schemes. PID control for a robotic manipulator 

arm is designed by numerous researchers [6][7]. Okubanjo, 

A. A. et al. [8] A suggested PID control scheme to control a 

2-degree-of-freedom (2-DOF) robotic arm. Scaff et al. [9] 

introduced an optimal PID controller for position control in a 

single-link robot driven by McKibben Pneumatic Artificial 

Muscles (PAM). The optimization of the PID controller gains 

was achieved through a Simulated Optimization Algorithm. 

K. Bai and colleagues [10] introduced an adaptive 

backstepping control method based on fuzzy approximation 

for the dual arms of a humanoid robot Sure! Here's a 

rephrased version of the sentence in English: 

"Moreover, Y. Pan et al. [11] proposed an adaptive 

command-filtered backstepping control strategy for a robotic 

arm equipped with compliant actuators. Additionally, M. 

Junaid R and L. Beebi M [12] developed an Adaptive 

Backstepping Controller (ABC) for regulating the position of 

a robotic arm.  P. Neto et al. [13] applied an Artificial Neural 

Network (ANN) with a back-propagation algorithm for 

controlling robots. A model predictive control method was 

implemented by A. Carron et al. [14] to manage an industrial 

robot. Furthermore, K. Liu et al. [15] introduced a posture 

synergy-based approach to design the kinematic transmission 

method of a multi-joint upper-limb exoskeletal rehabilitation 

robot with two actuators. In [16], Al-Jodah and Khames 

evaluated the performance of first- and second-order sliding 

mode control (SMC) to for angular position tracking of a 1-

DOF robotic arm powered by Pneumatic Artificial Muscles. 

Additionally, in [17], Lilly and Yang applied SMC for angle 

tracking of planar PAM-actuated manipulators arranged in an 

agonist/antagonist configuration under load conditions. 

Moreover, several other control strategies for robotic systems 

have been proposed [18]-[23]. These studies contribute to the 

evolving field of control methods for robotic arms, with each 

having its own limitations in specific areas. Similar to 

systems that are subjected to external disturbances, a robotic 

arm requires a robust control technique capable of managing 

both external factors and model uncertainties. While some 

classical controllers can handle tracking, they are not 

effective at resisting external disturbances on the robot arm. 

Therefore, a robust control mechanism is necessary for this 
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system to address uncertainties in parameters and external 

influences [24]-[25]. Robust control techniques, such as 

Sliding Mode Control (SMC), have been utilized in the 

literature due to their ability to withstand disturbances. 

However, these methods suffer from the chattering problem, 

which necessitates the use of approximations to mitigate this 

issue [26]-[32]. Most of the strategies proposed in the 

literature review consider the system transactions to be 

certain and not uncertain, which is far from the reality of 

practical applications. 

Furthermore, the strategy of an Adaptive Backstepping 

Controller was proposed by [12], as this strategy succeeded 

in overcoming the external disturbance, but the tracking error 

is somewhat large and can be reduced, as well as the control 

effort. 

In this study, both classical and Adaptive Synergetic 

Control (SC and ASC) strategies were introduced to regulate 

the robot arm. These strategies were selected because of their 

capability to drive the system’s states towards manifold, 

which is designed according to the required control 

specifications, while accounting for parametric uncertainties 

and external disturbances [33][34]. Furthermore, the SC 

strategy avoids the chattering issue [35][36], while the ASC 

guarantees stability even in the presence of parameters 

uncertainty [37]. In adaptive control performances, the 

parameters of a plant in real time are regulated in order to 

preserve a desired level of dynamic performance when the 

system is exposed to varying and unknown parameters [38]–

[39]. The adaptive form of control based on the synergetic 

approach is dedicated to solving the problem of parameter 

uncertainties in the robotic arm parameters due to the effect 

of external disturbance by modifying the controller value to 

reduce the tracking error.  The stability of the controlled 

robotic arm was proven and examined on the basis of 

Lyapunov theory. 

The main contributions of this work can be summarized 

as follows: 

• An ASC is developed and compared with the SC law for 

a robotic arm. 

• To prove the asymptotic stability of robot arm controlled 

by classical and adaptive synergetic control, such that all 

errors lastly converge to their consequent zero 

equilibrium points based on Lyapunov stability. 

• The performance of the ASC is compared with that of the 

ABC technique. 

• Control effort and tracking error are minimized. 

• The chattering problem is mitigated. 

The structure of the paper is as follows: Section two 

describes the robot arm model, while section three elaborates 

on the control strategy, which combines classical synergetic 

control with an adaptive scheme. Section four showcases the 

computer simulation results, which are used to evaluate the 

effectiveness of the proposed control approach. Lastly, 

section five presents the conclusions and suggests directions 

for future research. 

II. MODELING OF THE ROBOTIC ARM  

Equation (1), as in [12], provides the modeling equation 

for the robotic arm seen in Fig. 1. 

𝜃̈  = − 
𝑔

𝑙
𝑠𝑖𝑛 𝜃 −

𝑣

𝑚𝑙2
 𝜃̇ +

1

𝑚𝑙2
𝑢 (1) 

The applied voltage is represented by 𝑣, the pendulum 

mass is denoted by 𝑚, 𝑢 stands for the control input, 𝑔 is the 

gravitational acceleration, l refers to the length of the robotic 

arm, and 𝜃 indicates the angle of the rod from the vertical 

position. 

 
Fig. 1. Robotic arm [12] 

Let 𝒙𝟏 = 𝜽 and 𝒙𝟐 = 𝜽̇. Then equation (1) is expressed 

as below: 

𝑥̇1 = 𝑥2  

𝑥̇2 = −
𝑣

𝑚 𝑙2
 𝑥2 −

𝑔

𝑙
 sin(𝑥1) +

1

𝑚 𝑙2
 𝑢 (2) 

By introducing additional external disturbances 𝑑(𝑡) to 

the equation above, 𝑑(𝑡) results from the external load, which 

leads to the disruption of the system's parameters, resulting a 

model uncertainty [14]. the robot arm's mathematical model 

will be represented by the equation below: 

𝑥̇1 = 𝑥2  

𝑥̇2 = −
𝑣

𝑚 𝑙2
 𝑥2 −

𝑔

𝑙
 sin(𝑥1) +

1

𝑚 𝑙2
 𝑢 + 𝑑(𝑡) (3) 

Two control strategies will be applied in the next section 

to control rod angle for robotic arm. The robot arm is a 

tracking system so the controller is designed based on the 

error between the actual rod angle and the desired rod angle 

as shown in Fig. 2. 

 
Fig. 2. Control scheme 

III. CONTROL STRATEGY DESIGN 

The tracking control problem is addressed by suggesting 

two control strategies of the rod angle in a robotic arm. The 

first approach is based on conventual SC, while the second 

involves ASC which is a control technique that can be applied 

to several dynamical models, primarily nonlinear dynamical 

models, serves in the second to attain a stable control system 

[40]–[41]. Furthermore, these strategies were able to drive the 
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system’s states towards manifold, which is designed 

according to the required control specifications, while 

accounting for perturbations. 

A. Synergetic Control Strategy 

To design SC must define error between actual 𝑥1 and 

desired 𝑥𝑑 rod angle and error derivative as follows [42]-[43]; 

𝑒1 = 𝑥1 − 𝑥𝑑  

𝑒̇1 = 𝑥2 − 𝑥̇𝑑   

𝑒̈1 = 𝑥̇2 − 𝑥̈𝑑 = −
𝑣

𝑚 𝑙2  𝑥2 −
𝑔

𝑙
 sin(𝑥1) +

1

𝑚 𝑙2  𝑢 +

𝑑(𝑡) − 𝑥̈𝑑   
(4) 

Firstly, define the equation of the Marco variable 𝒔𝒎(𝒆𝟏) as 

[44]; 

𝑠𝑚(𝑒1) = 𝑘𝑚𝑒1 + 𝑒̇1 (5) 

where, 𝒌𝒎 is a synergetic control gain. finding the first 

derivative of Eq. (5) to get; 

𝑠̇𝑚 = 𝑘𝑚𝑒̇1 + 𝑒̈1 (6) 

The 𝒔𝒎(𝒆𝟏) denotes the variable of manifold equation 

described by; 

𝐹𝑚𝑠̇𝑚(𝑒1) + 𝑠𝑚(𝑒1) = 0 (7) 

Where 𝑭𝒎is positive, and it represents the converging ratio 

of 𝒔𝒎(𝒆𝟏) to the manifold, with 𝒔𝒎(𝒆𝟏) = 0. By substituting 

Equation (6) into Equation (7), the result is: 

𝐹𝑚(𝑘𝑚𝑒̇1 + 𝑒̈1) + 𝑠𝑚 = 0 (8) 

Using 𝒆̈𝟏 from Eq. (4), one can obtain; 

𝐹𝑚(𝑘𝑚𝑒̇1 −
𝑣

𝑚 𝑙2  𝑥2 −
𝑔

𝑙
 sin(𝑥1) +

1

𝑚 𝑙2  𝑢 + 𝑑(𝑡) −

𝑥̈𝑑) + 𝑠𝑚 = 0  
(9) 

Based on Equation (9), the synergetic control law for robotic 

arm can be get as; 

𝑢 = 𝑚 𝑙2 (−𝑘𝑚𝑒̇1 +
𝑔

𝑙
 sin(𝑥1) +

𝑣

𝑚 𝑙2  𝑥2 − 𝑑(𝑡) +

𝑥̈𝑑 −
𝑠𝑚

𝐹𝑚
)  

(10) 

The candidate positive definite Lyapunov function is 

assumed as below: 

𝑉 =
1

2
(𝑠𝑚(𝑒1))

2
 (11) 

Used time derivative of the above Equation: 

𝑉̇ = 𝑠𝑚(𝑒1)𝑠̇𝑚(𝑒1) (12) 

Substitute 𝒔̇𝒎(𝒆𝟏) from Eq. (7), one can obtained; 

𝑉̇ = −
(𝑠𝑚(𝑒1))

2

𝐹𝑚

 (13) 

This demonstration illustrates that the controller 

described above guarantees the stability of the robotic arm 

system. This is due to the fact that the Lyapunov function 𝑽 

is positive definite, and its derivative 𝑽̇ is negative definite, 

as outlined in Equations (11) and (13). This explains the 

observed. 

B.  Adaptive Synergetic Control Strategy 

Use either SI (MKS) or CGS as primary units. (SI The 

disturbance exposure has led to uncertainty in the coefficients 

of the robotic arm [45]-[47], and the system can be 

represented as follows: 

𝑥̇1 = 𝑥2  

𝑥̇2 = −
𝑣

𝑚 𝑙2  𝑥2 − 𝐴 sin(𝑥1) +
1

𝑚 𝑙2  𝑢 + 𝑑(𝑡)  (14) 

Where =
𝑔

𝑙
 . For this study, the coefficients 𝐴 and 𝑣  are 

consider uncertain [48]. This can be expressed as below: 

𝐴̂ = 𝐴 + 𝐴̃  

𝑣̂ = 𝑣 + 𝑣̃ (15) 

Where 𝑨̂ and 𝒗̂ are the estimated values coefficient 𝑨 and 𝒗. 
The positive Lyapunov function defined as: 

𝑉 =
1

2
(𝑠𝑚)2 +

1

2
𝑦1𝐴̃2 +

1

2
𝑦2𝑣̃2 (16) 

Where 𝒚𝟏 and 𝒚𝟐 are adaptation law. The result of time 

derivative of Eq. (16) as follows: 

𝑉̇ = 𝑠𝑚 𝑠̇𝑚 + 𝑦1𝐴 ̃𝐴̇̂ + 𝑦2𝑣 ̃𝑣̇̂ (17) 

Substituting Eq. (5) into Eq. (17), can be obtain; 

𝑣̇ = 𝑠𝑚(𝑘𝑚𝑒̇1 + 𝑒̈1) + 𝑦1𝐴 ̃𝐴̇̂ + 𝑦2𝑣 ̃𝑣̇̂ (18) 

Substituting 𝒆̈𝟏 in above equation, resulting: 

𝑣̇ = 𝑠𝑚(𝑘𝑚𝑒̇1 −
𝑣

𝑚 𝑙2
 𝑥2 − 𝐴 sin(𝑥1) +

1

𝑚 𝑙2
 𝑢

+ 𝑑(𝑡) − 𝑥̈𝑑) + 𝑦1𝐴 ̃𝐴̇̂ + 𝑦2𝑣 ̃𝑣̇̂ 
(19) 

The controller 𝒖 can be designed based on Eq. (10) utilizing 

the selected estimated values, 

𝑢 = 𝑚 𝑙2 (−𝑘𝑚𝑒̇1 + 𝐴̂ sin(𝑥1) +
𝑣̂

𝑚 𝑙2  𝑥2 −

𝑑(𝑡) + 𝑥̈𝑑 −
𝑠𝑚

𝐹𝑚
 )  

(20) 

Utilizing the intended control law which offered in Eq. (20) 

then Eq. (19), 𝒗̇ become; 

𝑣̇ = 𝑠𝑚(−
𝑣

𝑚 𝑙2  𝑥2 +
𝑣̂

𝑚 𝑙2  𝑥2 − 𝐴 sin(𝑥1) +

𝐴̂  sin(𝑥1) −
𝑠𝑚

𝐹𝑚
) + 𝑦1𝐴 ̃𝐴̇̂ + 𝑦2𝑣 ̃𝑣̇̂  

 

𝑣̇ =  −
𝑠𝑚

2

𝐹𝑚
+  𝑦1𝐴 ̃𝐴̇̂ + 𝑠𝑚𝐴̃ sin(𝑥1) +

𝑠𝑚
𝑣̃

𝑚 𝑙2  𝑥2 + 𝑦2𝑣 ̃𝑣̇̂  
(21) 

𝑣̇ = −
𝑠𝑚

2

𝐹𝑚
+ 𝐴 ̃ (𝑠𝑚 sin(𝑥1) + 𝑦1 𝐴̇̂) +

𝑣̃(
𝑠𝑚

𝑚 𝑙2  𝑥2 + 𝑦2 𝑣̇̂)  
 

To guarantee 𝒗̇ < 𝟎 The last two terms must be solved to be 

zeros; that is, 

𝑠𝑚 sin(𝑥1) + 𝑦1 𝐴̇̂ = 0 (22) 

𝑠𝑚

𝑚 𝑙2
 𝑥2 + 𝑦2𝑣̇̂ = 0 (23) 
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Based on equations (22) and )23(, the adaptive synergetic 

laws of the robot arm are designed as follows: 

𝐴̇̂ = −
𝑠𝑚 sin(𝑥1)

𝑦1

 (24) 

𝑣̇̂ = −
𝑠𝑚

𝑚 𝑙2𝑦2

𝑥2 (25) 

The adaptive law in equations (24) and (25) ensures that 

𝒗̇ is negative definite, thereby guaranteeing the asymptotic 

stability of the robotic arm under both external disturbances 

and parameters uncertainty, which is controlled by the ASC. 

IV. SIMULATION RESULT  

In this section, two scenarios are presented; the first 

scenario is to conduct a comparative performance analysis to 

validate the efficiency of both SC and ASC. The aim was to 

show which controller is more effective in mitigating external 

disturbances. The second scenario is to conduct a 

comparative study between ASC and the adaptive backward 

controller (ABC), which was designed in a previous study 

[12], to demonstration the effectiveness of the recommended 

controller.  The numerical simulations were performed in the 

MATLAB/SIMULINK environment utilizing the "ODE45" 

solver with a variable in step time, and a maximum step size 

of 10-3. Table I provides a catalog of the numerical values for 

the system and controller parameters. 

TABLE I.  THE SYSTEM AND CONTROLLER PARAMETER [12] 

Parameter value 

𝒍 1𝑚 

𝒎 2 𝑘𝑔 

𝑣 6 
kg m2

𝑠⁄  

𝑭𝒎 0.001 

𝒌𝒎 1 

𝒚𝟏 0.2 

𝒚𝟐 0.1 

 

In this study, the external disturbance 𝒅(𝒕)  is considered 

to be bounded and the upper bound is known. 𝒅(𝒕) is selected 

as (𝟎. 𝟏 𝐬𝐢𝐧 𝒕). External disturbance in which the system is 

exposed  and tracking performance of robotic arm when using 

SC and ASC when sinusoidal input is applied as illustrated in 

Fig. 3 and Fig. 4, respectively. 

The tracking error and control action of the robot arm, 

controlled by SC and ASC, are displayed in Fig. 5 and Fig. 6, 

respectively. 

 
Fig. 3. External disturbance 

 

 
Fig. 4. Rod angle with SC and ASC respectvly 

 
Fig. 5. Tracking error of the robot arm when controlled by SC and ASC 

separately 

 
Fig. 6. Control efforts of a robotic arm governed by SC and ASC, 

respectively 
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The results above indicate that ASC has a lower error 

compared to SC, with SC exhibiting the highest error value 

of (3×10^ (-3)), while ASC's highest error value is (1×10^ (-

3)). In terms of the control signal, the highest value of the 

control signal resulting from SC to control the robot arm is 

(0.5) while the highest control signal given by ASC is (0.44). 

Fig. 7 and Fig. 8 depict the performance of the uncertainty 

model observed produced by utilizing the adaptive laws for 

both coefficients of the robot arm. 

 
Fig. 7. The estimated value of parameter 𝐴 

 
Fig. 8. The approximate value of the v parameter 

From the observation of Fig. 7 and Fig. 8, parameter 𝑨 ̃ 
ranges between 0 and 7 and parameter 𝒗 ̃ is between 0 and 6.2 

for 0 ≤ 𝑡 ≤ 20𝑠. Therefore, it is concluded that ASC can 

effectively limited these parameters within limited values 

over the simulation time, and thus the adaptive controller can 

prevent the instability problem that may increases due to the 

uncertainty deviation in the system parameters. Without such 

bounds, the estimated coefficients could increase 

indefinitely, potentially causing instability in the adaptive 

control system. 

A comparative study has been managed between the ASC 

and the Adaptive Backstepping Controller (ABC), which was 

designed in a previous study [12], to showcase the 

effectiveness of the proposed controller. 

This comparison was made after introducing an external 

disturbance to the control law from a previous study [12]. The 

control law design from the previous study is as follows: 

𝑢 =
1

𝜑3
(−𝑘 ∅ + 𝑥̈𝑑 + 𝑘1𝑒̇1 + 𝜑1 sin(𝑥1) +

𝜑2𝑥2 − 𝑑(𝑡))  
(26) 

Where 𝝋 represent the error variable, and defined as; 

∅ = 𝑥2 − 𝑥2𝑑  (27) 

𝑥2𝑑 = −𝑘1𝑒1 + 𝑥̇𝑑  (28) 

And the parameter update laws known by; 

𝜑1 = −𝑟1∅ sin(𝑥1) (29) 

𝜑2 = −𝑟2∅𝑥2 (30) 

𝜑3 = 𝑟3∅𝑢 (31) 

Where 𝒓𝟏, 𝒓𝟐 and 𝒓𝟑 are adaptation gain constants. For more 

information see [12]. The design parameters of ABC (𝒌 =
𝟒, 𝒌𝟏 = 𝟔, 𝒓𝟏 = 𝟐, 𝒓𝟐 = 𝟑 and 𝒓𝟑 = 𝟑) Table II 

demonstration the compression between ASC and ABC. 

TABLE II.  THE COMPRESSION BETWEEN ASC AND ABC 

Parameter ASC ABC [12] 

Max. tracking error (radian) 0.001 0.02 

Max. control effort (N. m) 0.5 0.72 

 

As shown in Table II, ASC gains ranges from (0.001) to 

(0.2) while control gain of ABC ranges from (3) to (6), 

therefore the controller ASC needs less gain compared to the 

ABC controller. Furthermore, the above result show that 

ASC is better than ABC in term of tracking error and control 

effort. 

V. CONCLUSSION  
This work introduces the design of an adaptive control 

system derived from synergetic theory to mitigate the impact 

of external disturbances on a robot arm. The stability analysis 

was performed using Lyapunov's method to improve the 

control algorithm, thereby guaranteeing the stability of the 

controlled robotic arm system. Furthermore, a performance 

comparison was made between the ASC and SC schemes, this 

comparison showed the effectiveness of ASC in terms of 

tracking error and control procedures. This comparison was 

also followed by another comparison between SC and ABC. 

The results of the last comparison showed the efficiency of 

the suggested controller in terms of gains, tracking error and 

control action. Additionally, the design of the ASC led to 

control and adaptive laws that resulted in bounded coefficient 

estimates. 

Future work will focus on the implementation and actual 

verification of the proposed control strategy. The proposed 

controller [49]-[53] can be compared with different control 

strategies that do not require prior knowledge of external 

disturbance, do not cause chatter phenomenon, or observer 

structures to estimate the perturbation in the system 

parameters [54]-[56] and optimization methods can be 

proposed to determine the best gain values [57]-[60]. 
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