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1|Introduction    

Backlash is a nonlinear system disturbance, which is an undesirable system performance. It is basically the 

play between neighboring moving components. This phenomenon in mechanical systems, especially at the 

beginning of motion, is inevitable [1]. This phenomenon is found in gear trains, bearings, and other similar 

mechanical connections.  

In gear, the minimum distance between the non-driven teeth is known as backlash [2]. A certain amount of 

backlash is required for the correct gear transmission. When the backlash is less than the proper amount, the 

gears will interfere, and when the backlash is too much, it will cause the system to be slack [3]. Compressed 

gear meshing or precision gears can be used to eliminate backlash [4]. However, there are some disadvantages 

for compressed meshing. It may increase friction and gear interference. 
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Abstract 

Backlash is a mechanical interaction which occurs with clearance between structural parts of a mechanical system. 

The clearance causes noncompletion, nonuniform rotation or displacement of structure parts. Due to the 

clearance errors in positioning and motion of structure parts occur. In this paper, a software based solution for 

mechanical systems with backlash is presented. To achieve accurate speed control, a Proportional-Derivative 

(PD) compensator is combined with a Proportional-Integral (PI) controller. The correct controller is adopted by 

a Genetic Algorithm (GA). As the criteria for the system, first, overshoot, second, error performance index are 

considered. According to ITAE criterion, there exists very low oscillations in the step response of the system. 

This indicates good system stability.  
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  In addition, the method of using precision gears is very expensive and is generally undesirable in practice. The 

above drawbacks emphasize the importance of system control. With proper controller design, the detrimental 

effects of backlash can be eliminated non-mechanically [5].  

Nordin et al. [6] studied compressed backlash, which is a type of backlash that is valid only for shafts with 

damping. In this case, backlash is assumed for system elements, motor, load, and shaft. The proposed model 

is very accurate. Thomson et al. [7] designed three methods for speed control of two-mass systems, which 

are a PI controller, a 4th-order state-space controller, and a 5th-order state-space controller. In state-space 

control, if all of the states cannot be measured in the system, then system control is difficult.  

Shahgholian et al. [8] used a linear controller to compensate for backlash in a position control system. The 

system's step response indicates a small amount of overshoot. Extensive research has been conducted on 

backlash modeling, identification, and compensation in mechanical systems. 

Woodside et al. [9] developed a feedforward kinematic error controller incorporating an angular positioning 

deviations model for backlash compensation in industrial robots, demonstrating a 25% improvement in 

circularity accuracy. 

Iklodi et al. [10] investigated stick-slip oscillations in grinding machine feed motions caused by the interaction 

of dry friction and backlash, providing valuable insights into low-speed motion stability. Wang et al. [11] 

proposed an oscillation suppression method for automatic loading manipulator arms using a Third-Order 

Nonlinear Extended State Observer (TNESO), achieving a reduction in positioning error from 0.006 rad to 

0.001 rad through backlash disturbance compensation. 

Larkin et al. [12] presented a novel approach combining neural network tuning with Genetic Algorithms 

(GAs) for controlling hierarchical systems with backlash, demonstrating that evolutionary changes during 

system operation can significantly improve control characteristics. A recent study on backlash size 

identification proposed a Hilbert-Huang Transform-based method to determine the exact timing of gear 

disengagement, enabling maintenance scheduling and improved compensation [13]. Research on tracking 

mechatronic systems with variable backlash size has shown that systems with switchable feedback on motor 

and load shaft positions exhibit lower sensitivity to varying backlash magnitudes [14]. Additionally, novel 

compensation methods for teleoperation systems have been developed using two identical counter-operating 

drives per joint to cancel backlash effects in both geared systems and thrust-wire mechanisms [15]. 

2|Speed Control 

Typically, in motion control, the system consists of a motor, a load, and a gear transmission [1]. In any 

mechanical system where the motor (driving member) is not directly connected to the load (moving member), 

backlash exists [6]. A real mechanical system is a complex multi-mass system in which masses are connected 

by flexible shafts. Nevertheless, a multi-mass system can be approximated by a two-mass model [2], where 

the first mass is assumed to be the motor, and the second mass is the load and shaft with free inertia. In this 

section, the two-mass system shown in Fig. 1 is used.  

In this paper, a controller based on a GA is provided for speed regulation of systems with backlash. Overshoot 

and the ITAE index are used as system evaluation criteria. To achieve this goal, a Matlab®/Simulink™ model 

is presented [16]. The objective function is minimized using Matlab® optimization functions. The goal is to 

achieve a stable system despite the presence of backlash. 
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Fig. 1. Two-mass system. 

Under the following assumptions, the speed control of the two-mass system is analyzed: 

The gear ratio is 1. Friction is neglected. 

The control input is the motor torque, Tm, and the output variable is the load speed, ω. Eqs. (1) and (2) show 

the motor transfer function, Gm, and the load transfer function, Gl, respectively. Jm, Jl, bm, and bl are the 

motor moment of inertia, load moment of inertia, motor damping, and load damping, respectively. 

The motor and load are coupled by an elastic shaft. The shaft is modeled by a spring with stiffness 

coefficient kk and damping coefficient b [7]. The internal damping of the shaft is very low. Eq. (3) shows the 

shaft transfer function: 

In this analysis, the gear is located close to the motor. The gear ratio is assumed to be 1, the backlash is of the 

compressed type, and the backlash size is assumed to be 1 degree. The driving part generates torque, which 

is transmitted to the load via the elastic shaft [2]. The actuator dynamics are assumed to have a time delay Td 

and a time constant Tc. The actuator transfer function, G, is considered according to Eq. (4): Table 1 presents 

the system specifications. 

 

Table 1. System parameters. 

 

 

 

 

 

Gm =
1

Jms + bm
 (1) 

Gl =
1

Jls + bl
 (2) 

Gs =
bs + k

s
 (3) 

G =
e−Tds

1 + Tcs
 (3) 

Parameter Unit Value 

Jm kg·m² 0.4 
Jl kg·m² 5.6 
bm N·m / (rad/s) 0.1 
bl N·m / (rad/s) 1 
k N·m / rad 3300 
b N·m / (rad/s) 1 
Td ms 6 
Tc ms 4 

Gear 

2c 
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  The block diagram of the system under study is considered according to Fig. 2. In Fig. 2, C is the controller, 

P is the compensator, and N is the backlash. The transfer functions of the controller and compensator are 

defined based on Eqs. (5) and (6). 

 

 

 

 

Fig. 2. Block diagram of the two-mass system speed control. 

 

3|Optimization 

In this research, the goal is to achieve a stable system despite the presence of backlash. The system 

performance evaluation criteria are the maximum overshoot and the error performance index. For system 

stability, the design process begins by determining the desired performance specifications. These 

specifications are: 

I. The maximum overshoot should be less than 20% . 

II. The error performance indices should be minimized. 

In the analyses, the ITAE index is used. ITAE is the integral of time multiplied by the absolute value of the 

error. The controller is designed during the optimization process to satisfy the desired conditions. The method 

used for optimization is the GA. Typically, for speed control of two-mass systems, controllers with a 

Proportional-Integral (PI) structure are used [7]. In this paper, a combination of a PI controller with a 

Proportional-Derivative (PD) compensator is proposed for system control. As observed in Fig. 3, feedback 

from the motor side is assumed because, from an industrial perspective, measuring load speed is expensive 

and nearly impossible [6]. Optimization is performed on the controller gains. 

Using the GA, the objective function is minimized. The decision variables are  kp ,  ki,  kp1  and kd1  which are, 

respectively, the proportional gain of the controller, the integral gain of the controller, the proportional gain 

of the compensator, and the derivative gain of the compensator. 

Fig. 3. Simulation of the two-mass system with the proposed 

control scheme in Matlab®/Simulink™. 
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  The specifications of the applied GA are according to Table 2. 

Table 2. GA specifications. 

 

 

 

 

 

 

The design results can be seen in Tables 3 and 4. These results were obtained through simulation and 

programming for controller optimization using the GA in Matlab® software. 

Table 3. Optimal gain values for the two-mass system and the ITAE 

objective function value based on the GA. 

 

 

The step response of the system based on the data in Table 3 is shown in Fig. 4. 

 

Fig. 4. Step response of the two-mass 

system based on the ITAE criterion. 

According to Fig. 4, the system is stable. The maximum overshoot of the system is 8.5%, and its rise time is 

less than 1 second (approximately 0.72 seconds). 

4|Results and Discussion  

Backlash exists in any mechanical system where the driving member is not directly connected to the load. In 

gears, when contact between the teeth is lost, the load becomes disconnected from the motor, and the driving 

torque only moves the components before the backlash. Backlash can lead to significant difficulty in motion 

control and instability.  

In this paper, speed control of a system with backlash was investigated. For system control, the simultaneous 

use of a PI controller and a PD compensator was proposed. Based on the ITAE criterion, the maximum 

overshoot of the system was 8.5%, and its rise time was less than 1 second (approximately 0.72 seconds). The 

step response of the system exhibits negligible oscillation, which indicates system stability. Simulations show 

that the proposed method for designing the optimal controller is efficient. 

GA Parameters Value / Method 
Initial population size 40 
Mutation rate 0.2 
Selection rate 0.5 
Reproduction method Computational reproduction 
Number of generations 100 
Decision variables kp , ki, kp1 and kd1   
Constraints Positivity of controller gains 
Mutation function Uniform mutation 
Objective function ITAE 

Variable kp ki kp1 kd1 ITAE 

Value 48.1875 96.7149 5.9591 0.5060 0.0897 
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   G m =  1   J m s +  b m


   G l =  1   J l s +  b l


   G s =   bs + k s


  G =    e  −  T d s  1 +  T c s


  P =  k  p 1 +  k  d 1 .

