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Abstract 

 

In this study, a flexible robot arm model and the design of its controller are introduced. The robot arm consists of a single flexible 

link. It is desired to control the circular position of the robot arm and the vibration of the tip point. Cascade proportional derivative 

controller was used to control the position and reduce the tip vibration. Controller gains were found using The Bees Algorithm. 

The weighted function of system responses such as settling time, maximum overshoot and steady-state error is used as a 

performance criterion while searching for the best parameters. In addition, controller gains were obtained with the genetic 

algorithm to evaluate the working performance of The Bees Algorithm. It has been observed that the Cascade PD controller, 

whose gains are optimized by The Bees Algorithm, successfully controls the flexible robot arm system and reduces the vibration 

of the tip point. 
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1.  INTRODUCTION 

 

In recent years, the use of flexible structures has been 

increasing in many applications, especially due to their 

lightweight and lower cost. Especially in the field of 

aerospace and robotics, many elements are modeled as 

flexible since structures are desired to be light and quickly 

movable [1]. Controlling flexible structures is more 

complicated than rigid systems. Flexible structures require a 

higher-level control system due to their oscillations. For this 

reason, studies on the control of flexible structures have 

gained importance [2, 3]. 

 

Different controllers are used in flexible link control [4, 5]. 

PID controllers are one of the most used structures in 

controlling systems, thanks to their efficiency and durability 

[6-9]. It is very important to set the gains correctly in the 

design of the PID controller [10, 11]. There are many 

proposed methods for adjusting the coefficients of the PID 

controller. These methods can be divided into three parts: 

analytical, empirical, and optimization. Analytical methods 

try to determine the gains using root-locus curves. On the 

other hand, empirical methods such as Ziegler-Nichols or 

Cohen Coon’s, try to obtain the gains by making an approach 

according to the experimentally obtained results [12-14]. 

However, these methods may be insufficient in some cases 

in fine-tuning the gains. Generally, in more complex 

systems, gains are tried to be obtained by using methods such 

as genetic algorithms and particle swarm optimization [15-

18]. 

 

The Bees Algorithm is a swarm-based algorithm that mimics 

the behavior of bees. There are many studies in which the 

gains of PID controllers are successfully optimized with The 

Bees Algorithm [19, 20]. 

 

There are various approaches proposed for the control of 

flexible systems in the literature. Generally, open-loop 

applications cannot provide the desired level of control for 

flexible systems [21]. Especially depending on the 

configuration of the system, a more complex control system 

is needed due to the change of some parameters such as 

damping or natural frequency [22]. PID [23, 24], LQR [25, 

26], and Fuzzy [27] controllers are used to control the 

flexible systems. 

 

Since there are two output values in the system modeled in 

this study, it is not appropriate to control the system with a 

normal PID controller. A hierarchical PID controller was 

applied to control the flexible link [24]. In addition, a cascade 

fuzzy controller is also applied to the system [28]. In this 

study, it is aimed to control the flexible robot arm 

manipulator with the cascade PD controller. The coefficients 

of the controller are optimized with The Bees Algorithm. In 

addition, the controller gains are also found with the Genetic 

Algorithm in order to observe the performance of The Bees 
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Algorithm. Response of the system with two proposed 

controllers were compared. 

 

2.  FLEXIBLE LINK SYSTEM 

 

The study was carried out on the linearized state-space model 

of an experimental flexible link setup designed by Quanser 

and using frequently in control studies shown in Figure 1. 

 

 
Figure 1. Experimental setup. 

 

A flexible link has been tried to be controlled by using a 

servo motor. It is assumed that the weight is distributed along 

its length. An encoder was used to measure the position of 

the link, and a strain-gage was used to measure the tip 

vibration of the flexible link. These data are defined as the 

outputs of the system. The position of the link is defined as 

“𝜃” and the tip vibration of the link is defined as “𝛼”. The 

system is shown schematically in Figure 2. 

 

The mathematical model of the system is specified in the user 

manual of the Quanser flexible link. The dynamic model of 

the flexible link system can be obtained using the Euler – 

Lagrange formula [29]. 

 

 
Figure 2. Schematic view of the flexible link 

 

The potential energy and kinetic energy of the system in 

terms of theta and alpha variables can be defined as shown 

in Eq. 1 and 2. The stiffness of the link is used in the potential 

energy equation and the rotational moments of inertia of the 

hub and the link are used in the kinetic energy equations. 

 

𝑉𝑃.𝐸 =
1

2
𝑘𝑠𝑡𝑖𝑓𝑓𝛼

2 (1) 
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With these equations, the Lagrange function can be formed 

as follows. 

 

𝐿 = 𝑉𝐾.𝐸 − 𝑉𝑃.𝐸 

𝐿 = (
1
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If partial derivatives are taken according to generalized 

coordinates, the following equations are obtained. “τ” used 

in the equations was stated as the output torque of the 

servomotor, and “𝑏𝑒𝑞” was stated as the equivalent viscous 

damping coefficient. 

 
𝛿

𝛿𝑡
(
𝛿𝐿

𝛿�̇�
) −

𝛿𝐿

𝛿𝜃
= 𝜏 − 𝑏𝑒𝑞�̇� 

 

(4) 

𝛿

𝛿𝑡
(
𝛿𝐿

𝛿�̇�
) −

𝛿𝐿

𝛿𝛼
= 0 

(5) 

 

Using Eq. 4 and 5, the dynamic equations of the system can 

be obtained as follows. 

 

𝐽𝑙𝑖𝑛𝑘(�̈� + �̈�) + 𝐽ℎ𝑢𝑏�̈� = 𝜏 + 𝑏𝑒𝑞�̇� 

 

(6) 

𝐽𝑙𝑖𝑛𝑘(�̈� + �̈�) + 𝑘𝑠𝑡𝑖𝑓𝑓α = 0 (7) 

 

The output torque of the servomotor can be expressed as 

shown in Eq. 8. 

 

𝜏 = 𝜂𝑚𝜂𝑔𝑘𝑡𝑘𝑔𝐼𝑚 (8) 

 

𝜂𝑚 and 𝜂𝑔 represent the efficiency of the motor and the gear, 

respectively. “𝑘𝑡” is the torque constant, and “𝑘𝑔” is the gear 

ratio. “𝐼𝑚” represents the armature current of the motor. The 

armature current, on the other hand, can be expressed in 

terms of controlled voltage using the Kirchhoff rules as 

shown in Eq. 9. 

 

𝐼𝑚 =
𝑉𝑚 − 𝑘𝑡𝑘𝑚�̇�

𝑅𝑚
 

(9) 

 

“𝑉𝑚” indicates the voltage supplied to the motor, and “𝑅𝑚” 

indicates the electrical resistance of the armature. 

 

Substituting Eq. 8 and 9 into Eq. 6, the dynamic model of the 

system can be expressed with the following equations. 

 

𝐽𝑙𝑖𝑛𝑘(�̈� + �̈�) + 𝐽ℎ𝑢𝑏�̈� 

= 𝜂𝑚𝜂𝑔𝑘𝑡𝑘𝑔 (
𝑉𝑚 − 𝑘𝑡𝑘𝑚�̇�

𝑅𝑚
) + 𝑏𝑒𝑞�̇� 

(10) 

𝐽𝑙𝑖𝑛𝑘(�̈� + �̈�) + 𝑘𝑠𝑡𝑖𝑓𝑓α = 0 (11) 

 

Arranging Eq. 6 and 7, the state space model of the system 

can be expressed as shown in Figure 3. The state-space 

model is arranged as the following equations according to 

the inputs of the system “𝑢”, and the outputs of the system 

“𝑦“ . A, B, C, and D matrices of the system provided in the 

user manual are shown in Eq. 12. 
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�̇� = 𝐴𝑥 + 𝐵𝑢 

𝑦 = 𝐶𝑥 + 𝐷𝑢 
(12) 

  

𝐴 = [

0 0 1 0
0 0 0 1
0 623,74 −40,32 0
0 −965,34 40,32 0

] 

 

𝐵 = [

0
0

61,63
−61,63

] , 

 

𝐶 = [
1 0 0 0
0 1 0 0

] ,    D= [
0
0
] 

(13) 

 

3.  CASCADE PROPORTIONAL DERIVATIVE 

CONTROLLER 

 

Cascade control consists of the use of two control loops. The 

first control loop provides the reference point for the second 

control loop [30]. 

 

The outer or primary loop uses the sensor of the variable to 

be controlled. This is the dominant loop that provides the 

intended control. The inner or secondary loop uses the 

second variable sensor to be controlled and drives the second 

controller to keep this variable at a certain value. 

 

Cascade control is generally advantageous if the dynamics 

of the inner loop are faster than the dynamics of the outer 

loop. When the inner loop is not significantly faster than the 

outer loop, the advantages of cascading control are reduced. 

Moreover, if the inner loop is set aggressively, it may even 

cause instability in the system by creating the risk of 

interaction between the two loops [33].In a single loop PID 

control system that has low stiffness, it will be difficult to 

meet the requirements when the level of experimental loads 

is very high relative to the stiffness of the system. It is 

therefore unlikely to achieve a very high quality of control 

[34]. In Cascade control systems, the secondary (internal) 

circuit is the acceleration loop of the system; the primary 

(external) circuit can be expressed as a position control loop 

[35]. In this study, the tip vibration is used as the feedback 

of the secondary loop, and the position of the link is used as 

the feedback of the first loop. The primary and the secondary 

controllers are named as PD-1 and PD-2, respectively. When 

the reference value is set as the position of the link, the 

external controller initiates the motion providing a reference 

to the controller in the secondary loop that controls the tip 

vibration of the link. 

 

The output of the secondary controller provides the 

necessary voltage to the motor. The control system block 

diagram used in the study is shared in Figure 4. In the trials 

conducted during the study, it was observed that the 

integration process in the PID controller had not a positive 

effect on the control of the system. For this reason, the 

controller was defined as a proportional derivative. 

 

4.  CASCADE PD CONTROLLER OPTIMIZATION 

 

4.1.  Genetic Algorithm 

 

Genetic algorithms are evolutionary algorithms that optimize 

functions by modeling the biological process, first 

introduced by John Holland in 1975 [34]. While GA 

parameters represent genes in the biology, the aggregated set 

of parameters constitutes the chromosome. Each individual 

of the Gas which are the candidates of the solution, is 

represented in the form of chromosomes. This set of 

candidate solutions is also called the population. The fitness 

of the population is maximized or minimized within certain 

rules. Each new generation is obtained by combining 

survivors into sequences created by random information 

exchange [35, 36]. The genetic algorithm is a commonly 

used method to find controller gains [8, 37-38]. The suitable 

gains of the PD controller were found by the genetic 

algorithm using the parameters in Table 1.

[
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Figure 3. State-space presentation of the flexible link 

 

 
 

Figure 4. Cascade PD control system 
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Table 1. Genetic Algorithm parameters  

Parameters Values 

Generation number  25 

Population size 40 

Elite count 10 

Crossover fraction 0.6 

 

4.2.  The Bees Algorithm 

 

The Bees Algorithm (BA) was first proposed by DT Pham et 

al. in 2006, the behavior of bees searching for resources such 

as nectar and water by using swarm intelligence to learn, 

remember, and transfer the knowledge [39-43]. Pham and 

Kalyoncu, who designed fuzzy logic and PID controllers 

with the bees algorithm for the control of a robotic arm, laid 

the foundations of the studies in this field [24]. Kalyoncu et 

al. observed that the controllers whose parameters were 

determined by The Bees Algorithm compared to the 

traditional methods in position and balance control gave 

better results [44-47]. Baronti et al. analysed of the search 

mechanisms of The Bees Algorithm [48]. The flowchart is 

shown in Figure 5, pseudo code is shown in Figure 6. 

 

 
Figure 5. Flowchart of the Bees Algorithm  

 

 

Figure 6. Pseudo code of The Bees Algorithm 

Table 2. The Bees Algorithm parameters  

Parameters Values 

Number of iteration “itr” 25 

Number of scout bees “n” 20 

Number of suitable regions “m” 8 

Number of the best regions “e” 5 

Number of bees sent to the best elite region “nep” 10 

Number of bees sent to the region “nsp” 7 

Region size “ngh” 0.01 

 

The bees algorithm contains many parameters such as the 

number of scout bees (n), the number of the most suitable 

regions selected from n visited points (m), the number of the 

best regions in the m selected regions (e), the number of bees 

sent to the best elite region (nep), the remaining are the 

number of bees sent to the region (nsp), the region size (ngh), 

and the number of iteration (itr). The parameters used in the 

optimization process are given in Table 2. 

 

4.3.  Tuning Cascade PD Controller 

 

The input of the system is the voltage of the servomotor. The 

proportional controller gains (𝐾𝑃
1, 𝐾𝑃

2) and derivative 

controller gains (𝐾𝐷
1, 𝐾𝐷

2) of the outer and the inner loop of 

the control system are the parameters that determine the 

performance of the system. The main goal is to find 

controller gains that will minimize the performance index for 

a control input. The performance index was created by 

considering the weighted summation of rising time (𝑡𝑟), 

settling time (𝑡𝑠), peak time (𝑡𝑝), maximum overshoot 

(𝑝𝑚𝑎𝑥), steady state error (𝑒𝑠𝑠), and matrix norm (𝛼𝑛𝑜𝑟𝑚) as 

stated in Eq. 14 [23].  

 

𝑃 = 𝑃𝜃 + 𝑃𝛼 
𝑃𝜃 = 10𝑡𝑟 + 6𝑡𝑠 + 6.5𝑡𝑝 + 0.1|𝑝𝑚𝑎𝑥| + 4.4|𝑒𝑠𝑠| 
𝑃𝛼 = 0.1𝛼𝑛𝑜𝑟𝑚 + 3.3𝑡𝑠 + 50𝑡𝑝 + 0.8|𝑝𝑚𝑎𝑥| + 1500|𝑒𝑠𝑠| 

(14) 

 

In this study, the control system and the state-space model of 

the flexible link are set up in MATLAB/Simulink 

environment. The related controller coefficients were 

defined as variables. The response of the system to the 

control input was evaluated. The range in which the 

controller gains are sought is given in Table 3. The Bees 

Algorithm was composed in the MATLAB environment. 

The system was operated using the parameters suggested by 

the bees sent in each iteration. The results were stored, and 

the next iteration was prepared. In this way, the most suitable 

controller gains that will minimize the fitness function have 

been obtained with The Bees Algorithm. 

 

Table 3. Optimization ranges of PD controller gains 

Gains Minimum Maximum 

KpPD-1 0 5 

KdPD-1 0 1 

KpPD-2 0 5 

KdPD-2 0 1 
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5.  STABILITY ANALYSIS 

 

Stability analysis is a standard requirement for control 

systems to avoid loss of control. Stability can be analyzed by 

looking at the eigenvalues of A matrix of state-space 

representation. Many techniques are available for obtaining 

state-space representations of dynamic systems. MATLAB 

platform lets you analyze the dynamics of systems and 

extract system models in the form of the state-space matrices 

A, B, C, and D according to selected input and outputs. The 

closed control system shown in Figure 4. including PD 

controllers is defined as a state-space model by using 

MATLAB. Obtained A matrices including optimized PD 

controllers by using The Bees Algorithm and Genetic 

Algorithm are given in Eq. 15 and Eq. 16 respectively. 

 

𝐴𝐵𝐴 = 

[
 
 
 
 
 

−100 0 −0.1763 0 0 0
−13.18 −100 −0.3661 −0.1318 0 0

0 0 0 0 1 0
0 0 0 0 0 1

−4967 −6163 −138 574.1 −40.32 0
4967 6163 138 −915.7 40.32 0]

 
 
 
 
 

      (15) 

 

𝐴𝐺𝐴 = 

[
 
 
 
 
 

−100 0 −0.3268 0 0 0
−195.7 −100 −6.462 −1.957 0 0

0 0 0 0 1 0
0 0 0 0 0 1

−16100 −6163 −531.5 462.8 −40.32 0
16100 6163 531.5 −804.4 40.32 0]

 
 
 
 
 

      (16) 

 

Eigenvalues of the obtained A matrices are the roots of the 

characteristic equation [49]. As seen in Table 4. all 

eigenvalues have negative real parts. This means that all 

closed-loop poles of the control system which contains 

optimized PD controllers using The Bees Algorithm and 

Genetic Algorithm are in the left-half plane. The controlled 

system is therefore stable. 

 

Table 4. Eigenvalues of A matrices. 

Eigenvalues of 𝐴𝐵𝐴 Eigenvalues of 𝐴𝐺𝐴 

−99.8487 +  1.4641𝑖 −98.1218 +  7.6902𝑖 

−99.8487 −  1.4641𝑖 −98.1218 −  7.6902𝑖 

−8.9633 +  21.9158𝑖 −8.4908 +  21.2097𝑖 

−8.9633 −  21.9158𝑖 −8.4908 −  21.2097𝑖 

−19.2677 −3.4269 

−3.4285 −23.6679 

 

6.  SIMULATION RESULTS 

 

Controller gains found by The Bees Algorithm and Genetic 

Algorithm are shown in Table 5. The gains of the 

proportional controller were very close to each other. 

However, a difference was observed between the gains of the 

derivative controller gains. 

 

The responses of the systems found with two different 

algorithms are shared in Table 6. The settling and rising 

times of the system for theta angle were very close to each 

other. However, when the tip point vibrations are evaluated, 

it is observed The Bees Algorithm achieves better results. 

 

Table 5. GA and BA optimization results 

Gains 
Genetic 

Algorithm 

The Bees 

Algorithm 

KpPD-1 2,9752 2,6019 

KdPD-1 0,0033 0,0018 

KpPD-2 0,6547 0,6741 

KdPD-2 0,0196 0,0013 

 

Table 6. Performance criteria of controllers 

Time Responses 
GA 

Controller 

BA 

Controller 

θ, Rise Time (tr) [s] 0.6846 0.6968 

θ, Settling Time (ts) [s] 1.1891 1.2310 

θ, Maximum Peak [%] 0 0 

θ, Steady State Error (ess)  0 0 

α, Norm 14.9806 10.6592 

α, Settling Time (ts) [s] 0.8473 0.9444 

α, Peak Time (tp) [s] 0.0609 0.0805 

α, Maximum Peak [deg] 3.5952 2.6088 

α, Steady State Error (ess) 0 0 

 

The convergences of two different algorithms in the 

iterations are shown in Figure 7. When the curves are 

examined, it is seen that while the Genetic Algorithm 

converges faster, the fitness value obtained by The Bees 

Algorithm is more successful than the Genetic Algorithm. 

 

 
Figure 7. Convergence performance of GA, BA 

 

In addition, according to the supplied voltage of the motor 

shown in Figure 8 and Figure 9, it is seen that the controller 

obtained with BA provides a more efficient control with less 

energy consumption. 

 

 
Figure 8. Motor voltages for 30⁰ reference position. 
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Figure 9. Motor voltages for 60⁰ reference position. 

 

It is seen that BA and GA have obtained close results in 

position control in Figure 10 and Figure 11, but BA is more 

successful in tip vibration shown in Figure 12 and Figure 13. 

 

 
Figure 10. Position result for 30⁰ reference position. 

 

 
Figure 11. Position result for 60⁰ reference position. 

 

 
Figure 12. Tip vibration result for 30⁰ reference position. 

 

 
Figure 13. Tip vibration result for 60⁰ reference position. 

7.  CONCLUSION 

 

In this study, a model of a flexible robot manipulator arm 

was created. A cascade PD controller was used to control the 

position and tip point vibration. The gains of the proposed 

PD controller have been successfully found by Genetic 

Algorithm and The Bees Algorithm. It has been observed 

that The Bees Algorithm founds the controller gains with 

better fitness values than the Genetic Algorithm. When the 

response of the systems suggested by different algorithms 

was examined, it was observed that the tip point vibration 

level was reduced. In addition, the decrease in the motor 

voltage with The Bees Algorithm leads to lower energy 

consumption. I was observed that the tip point vibration level 

was successfully suppressed with a sufficient position 

control. 
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