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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.

Keywords: The Bees Algorithm; Flexible Link; Cascade PID

1. INTRODUCTION as genetic algorithms and particle swarm optimization [15-

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

Attribution (CC BY) license https://creativecommons.org/licenses/by/4.0/

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.
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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
“0” and the tip vibration of the link is defined as “a”. 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].
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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 Eg. 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.

1
Vo = Ekstiffaz )
Ve = Vkeqime t VKE )

1 . 2 1 . (2)
Vie = E]link(e + “) + E]hubez

With these equations, the Lagrange function can be formed
as follows.

L= VIK.E — Ve 1 1 3
. A2 .

L= (E]link(e +a) + E]hub92> - (Ekstiffaz)

If partial derivatives are taken according to generalized
coordinates, the following equations are obtained. “t” used
in the equations was stated as the output torque of the
servomotor, and “b,,” was stated as the equivalent viscous
damping coefficient.
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Using Eq. 4 and 5, the dynamic equations of the system can
be obtained as follows.

Jiink(8 + @) + Jnup® = T + by (6)
]link(é + a) + kstiffa =0 (7)

The output torque of the servomotor can be expressed as
shown in Eq. 8.

T= nmngktkglm (8)

N and n4 represent the efficiency of the motor and the gear,
respectively. “k,” is the torque constant, and “k,” is the gear
ratio. “L,,,” 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.

Vm - ktkmé (9)
m = Rm
“Wy” indicates the voltage supplied to the motor, and “R,,,”
indicates the electrical resistance of the armature.

Substituting Eg. 8 and 9 into Eq. 6, the dynamic model of the
system can be expressed with the following equations.

]link(é + d) + Jhup®

V., —k.k, 0 . (10)
= Nigkek, <7’" = tm ) + bogb
m

Junk(6 + &) + kgyppa =0 (11)
Arranging Eqg. 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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Figure 3. State-space presentation of the flexible link
[34]. In Cascade control systems, the secondary (internal)
X = Ax + Bu circuit is the acceleration loop of the system; the primary
(12)
y=Cx+Du (external) circuit can be expressed as a position control loop
[35]. In this study, the tip vibration is used as the feedback
[0 0 1 0 of the secondary loop, and the position of the link is used as
A= 0 0 0 1 the feedback of the first loop. The primary and the secondary
|10 623,74 —-4032 0 controllers are named as PD-1 and PD-2, respectively. When
[0 —965,34 4032 0 the reference value is set as the position of the link, the
external controller initiates the motion providing a reference
0 (13) to the controller in the secondary loop that controls the tip
g=| 0 vibration of the link.
61,63 |’
|—61,63 The output of the secondary controller provides the
necessary voltage to the motor. The control system block
C= [1 0.0 01 po [0] diagram used in the study is shared in Figure 4. In the trials
0100 0 conducted during the study, it was observed that the
integration process in the PID controller had not a positive
3. ggSN(_:r'g%ELEgROPORTIONAL DERIVATIVE effect on the control of the system. For this reason, the
controller was defined as a proportional derivative.
C?ascade control consigts of the use of two c_ontrol loops. The 4. CASCADE PD CONTROLLER OPTIMIZATION
first control loop provides the reference point for the second
control loop [30]. 4.1. Genetic Algorithm
g:ecgﬁ:i;”%r d“_}”;g%;?ﬁg gzeri itr?aenfelr;soor ?ifaiher\éizget)slettgg Genetic algorithms are evolutionary algorithms that optimize
. : . P P functions by modeling the biological process, first
intended control. The inner or secondary loop uses the introduced by John Holland in 1975 [34]. While GA
second variable sensor to be controlled and drives the second . : ]
controller to keen this variable at a certain value parameters represent genes in the biology, the aggregated set
P : of parameters constitutes the chromosome. Each individual
Cascade control is generally advantageous if the dynamics ?gp:zsenc,{;:g \;\rl]hlfr:]e a;grrtr? ¢ Ogargdhlrc(i)zﬁ]e;soor;eghe _I_sr(])ilsutls%r:, (;?c
Io;()?e\/w}r;r tLoeoiF;I r?: |?§;)e;5trl;]g?s§gii?% gﬁw_\}cfsast];rﬂ:ﬁa?}uttﬁ; candidate solu_tion_s is als_o galled the _pgpqlation._ The fitne§s
outef loop, the advantages of cascading control are reduced oflthe popuhlatlon Is maximized or mkl)nlmlfjedeIthln cbertam
T . . . . : rules. Each new generation is obtained by combining
e ey e S ey oy SO o eercs creded by rndom ornalon
) . . exchange [35, 36]. The genetic algorithm is a commonly
interaction between the two loops [33].In a single loop PID : : :
control system that has low stifF1)‘ne[ss ]it will bg diffiCFiﬂt to usgd method to find controller gains [8, 37-38]. The swtab!e
meet the requirements when the level of experimental loads glag;giitr?:n Ehs?n ; ch e%oar;gr%!zrsv}lr? r.?.a;?: gd by the genetic
is very high relative to the stiffness of the system. It is '
therefore unlikely to achieve a very high quality of control
._.i>
[7) y .
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a
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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.

Place randomly “n” scout bees in the research space

|

——»  Check the fitness of points visited by scout
bees
v
Select “m” sites with the best fitness value for
neighborhood search

¥

Send “recruit bees” to selected sites
(more bees to elite areas)

'

Choosethe bestbee in each site |

I
\J

Leave areas other than selected bees I

v

Send the remaining bees (n-m) in the
population to random search space for new
potential solutions

v

New scout bee population |

]
Figure 5. Flowchart of the Bees Algorithm

Neighborhood Search

1. Initialise population with random solutions.
2. Evaluate fitness of the population.

3. While (stopping criteria not met) //Forming new population.

Table 2. The Bees Algorithm parameters

Parameters Values
Number of iteration “itr” 25
Number of scout bees “n” 20

[T3ee 1}

Number of suitable regions “m

(TRl

Number of the best regions “e

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 (K2, K2) and derivative
controller gains (K32, K2) 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 (t,),
settling time (t;), peak time (t,), maximum overshoot
(Pmax), Steady state error (eg), and matrix norm (@, oym) aS
stated in Eq. 14 [23].

P=Ps+P,
Py = 10t, + 6t5 + 6.5t + 0.1|ppax| + 4.4]eg (14)
Py = 0.1ap0pm + 3.3t5 + 508, + 0.8|pmay| + 1500]eg]

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

4. Select elite bees.
5. Selectsites for neighbourhood search. Gains Minimum Maximum
6. Recruit bees around selected sites and evaluate fitness. KpPD_l 0 5
' KdPP-1 0 1
7. Select the fittest bee from each site. KpPD'2 0 5
8. Assign remaining bees to search randomly and evaluate their fitness. KdPP-2 0 1
9. End While
Figure 6. Pseudo code of The Bees Algorithm
Academic Platform Journal of Engineering and Smart Systems 11(1), 27-34, 2023 30
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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.

Apa =
r —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 (15)
—4967 —-6163 —138 574.1 —-4032 0
L 4967 6163 138 —915.7 4032 0
Aga =
r —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 (16)
—-16100 —-6163 —531.5 4628 —4032 0
L 16100 6163 531.5 —-804.4 4032 O

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 Agy,
—99.8487 + 1.4641i
—99.8487 — 1.4641i
—8.9633 + 21.9158i
—8.9633 — 21.9158i

—19.2677
—3.4285

Eigenvalues of Ay

—98.1218 + 7.6902i
—98.1218 — 7.6902i
—8.4908 + 21.2097i
—8.4908 — 21.2097i
—3.4269
—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 The Bees
Algorithm Algorithm
KpPP-1 2,9752 2,6019
KdPP-1 0,0033 0,0018
KpPP-2 0,6547 0,6741
KdPP-2 0,0196 0,0013

Table 6. Performance criteria of controllers

Time Responses Coriéller Con?gller
0, Rise Time (t;) [S] 0.6846 0.6968
0, Settling Time (ts) [S] 1.1891 1.2310
0, Maximum Peak [%] 0 0

0, Steady State Error (ess) 0 0

a, Norm 14.9806 10.6592
a, Settling Time (ts) [S] 0.8473 0.9444
a, Peak Time (tp) [S] 0.0609 0.0805
o, Maximum Peak [deg] 3.5952 2.6088
a, Steady State Error (€ss) 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.

86 —BAl
—GA

~N ©® © @
© o N

Objective Func. (J)

~
(<]

~
N

Time [s]

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.

—GA-PID|
—BA-PID

Motor Voltage [V]

0.8 1 1.2 1.4 1.6 1.8
Time [s]

Figure 8. Motor voltages for 30° reference position.
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(o]

N

Motor Voltage [V]

0.8 1 1.2 1.4 1.6 1.8 2
Time [s]

Figure 9. Motor voltages for 60° 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.

30
25+ r n
’/
—_— [ /4 |
%020 4
= 151 // .
10 =
4 REF
5-/7 —GA-PD
4 ~BA-PD
0 ‘ ‘ ‘ ‘ ‘
0 05 1 15 2 25 3

Time [s]

Figure 10. Position result for 30° reference position.

60
50 = 8
'’

40 7 .

; 30 Il s
4
20 Jt 5
I' REF

10+ 7 =GA-PD

0 2 Il Il Il Il Il _BA-PD
0 0.5 1 1.5 2 25 3

Time [s]

Figure 11. Position result for 60° reference position.

REF
=GA-PD
‘ ‘ ‘ ——BA-PD
1 1.5 2 25 3

Time [s]

Figure 12. Tip vibration result for 30° reference position.

REF
=GA-PD
| ‘ | | —BA-PD
0 0.5 1 1.5 2 2.5 3

Time [s]

Figure 13. Tip vibration result for 60° 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. | was observed that the tip point vibration level
was successfully suppressed with a sufficient position
control.
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