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controller parameters will be tuned by using the iPSO algorithm to get the lowest
overshoot percentage and steady-state error. The conventional PSO algorithm has only
one objective function to get the optimum parameters. However, this is not enough to
increase the control performance of the EHA system. Therefore, an improved Particle
Swarm Optimization (iPSO) that includes the mean error and overshoot percentage as
the two objective functions is proposed in this paper. The most popular method in PSO
that included two objective functions is Linear Weight Summation (LWS). In this
method, the two objective functions are combined with certain weightage into one
equation to give the best control performance. This paper focuses on determining the
suitable weightage between these two objective functions so that the EHA system can

Keywords: produce the best control performance with less overshoot and less error. Overshoot
Electro-hydraulic Actuator System; percentage and steady-state error are used to indicate the best control performance.
Improved Particle Swarm Optimization; The results showed that EHA system can perform better by using suitable weightage
Linear Weight Summation between the mean error and overshoot percentage.

1. Introduction

Electro-Hydraulic Actuator (EHA) system is widely applied in industrial applications due to its
tremendous advantages such as small size to power ratio, high precision, and fast response [1-3].
However, the EHA system is known as a nonlinear system due to its nonlinear dynamic characteristics
such as leakage, flow-pressure relationship, temperature, the friction of the valve, dead zone [4]. For
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that reason, the EHA system often requires a high control performance with high precision and heavy
load so that it can produce a promising output in different industry applications [5].

Several types of control approaches had been proposed by researchers to control the nonlinear
EHA system, such as linear quadratic regulator [6—8], PID controller [9-11], model predictive
controller [12—-14], backstepping controller [15-17], sliding mode controller [18-21], and other
hybrid controllers [22—-24]. However, the PID controller is still the main choice for industrial
applications due to its fast design process, simple structure, and robust control performance [25]. In
[9], a PID controller had been proposed to control an electro-hydraulic actuator and the control
performance has been compared with a pole placement controller. Another PID controller with a
second-order differential term had been proposed in [10] to control the electro-hydraulic actuator.
A comparison study between a fuzzy controller and the PID controller was done in [11] and the results
showed that the PID controller had faster tracking ability than the fuzzy controller.

On the other hand, it was found out that the nonlinearities existed in EHA system have made the
control performance unsatisfactory with just a classical PID controller [26]. Therefore, several efforts
have been tried to improve the PID controller performance, such as combine PID controller with
other controllers, obtain the suitable PID controller parameters using optimization techniques, and
improve the PID controller algorithm. The effective method is to obtain the most suitable PID
controller parameters to give the best control performance. Early years, the trial-and-error method
was used to tune the PID controller but the control performance was not guaranteed. Another
famous PID tuning method called the Ziegler-Nichols method was proposed. Unfortunately, this
method was shown to be aggressive and lead to large overshoot and oscillatory response [25].

Many researchers began to use the meta-heuristic optimization to obtain the PID controller
parameters. One of the popular methods is Particle Swarm Optimization (PSO). PSO is much simpler
and convenient as compared to other optimization techniques such as genetic algorithm [27]. The
conventional PSO algorithm contains only one objective function which is not enough to increase the
control performance of the EHA system. Therefore, an improved Particle Swarm Optimization (iPSO)
that consist of two objective functions will be proposed to obtain the most suitable PID controller to
give the best control performance. The two selected objective functions are mean error and
overshoot percentage. This paper will mainly focus on the investigation of different weightage
between these two objective functions and the PID controller parameters obtain through the best
combination of the weightage will be selected.

The rest of the paper will be organized as follow: Section Il will introduce the EHA system
modelling, followed by the proposed control strategy in Section lll. Section IV will present the
implementation of the simulation study using MATLAB/Simulink and the results. Finally, a conclusion
is presented and future recommendation is outlined in Section V.

2. EHA System Modelling

An established EHA system designed by Mete Kalyoncu and Mustafa Haydim is used in this paper
[28]. Figure 1 shows the physical model of the EHA system utilized in this research. The motion of the
hydraulic cylinder is controlled by the hydraulic oil flow from the cylinder chambers using a servo
valve. The load is attached with a spring and a damper that generates a counterforce against the
hydraulic cylinder.
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Fig. 1. The physical modelling of the EHA system

The electrical signal that drives the electric current to be used in the servo valve coil as
represented in Eq. (1).

V=%LC +R (1)

The dynamic of the servo valve in Eq. (2) is considered as a second-order system relates the
current drive from the torque motor and the spool valve position.

d’x d
 +2lm
dt? 5@,

X
‘'t =lo, (2)
dt

The flow relations for each chamber are presented in Eq. (4) and Eqg. (5). The internal leakages
effect in the servo valve is neglected.

9 Kx,[P.—P x,>0
" [Kx R - x, <0

—K,x,\[P,—P. x, >0
KX, P, =P, %, <0

where the coefficient gain K, = K, = K for a symmetrical servo valve.

(3)

Q= (4)

The volumes for each of the chamber in the hydraulic cylinder are as follows

V=V,

line

+A (X, +x,) (5)
VZ :Vline +Ap(xs _Xp) (6)

where Viine is the volume of the pipeline.
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The pressures for each chamber are presented in Eq. (7) and Eq. (8) by defining the relation
between the flow rate, bulk modulus, external leakage and the volume rate.

B o
P= j[q 9, =4, jdt (7)

e T Ap(xs + xp) dt
P = —=—-q,,—q,—Q |dt 8
’ Vline + Ap (XS - Xp) I dt q21 q2 ? ( )

The total force produced to move the hydraulic cylinder can be expressed in Eqg. (9) from the
overall dynamic equation.

2

X dx
P+B —2+K x (9)

Fp:Ap(Pl_PZ):Mp dt> s dt sp

The parameters of the EHA system used in this paper have been tabulated in Table 1.

Table 1

The EHA system parameters

Symbol Description Value

Isat Torque motor saturation current 0.02A

Lc Servo-valve coil inductance 0.59H

Rc Servo-valve coil resistance 100 Q

8 Hydraulic fluid bulk modulus 1.4x10° N/m?
Wn Servo-valve natural frequency 534 rad/s

13 Servo-valve damping ratio 0.48

Pr Return pressure 0 Pa

Ps Pump pressure 2.1x107 Pa

K Servo-valve gain 2.38x10°° m>?/kg'/?
M, Total mass 9 kg

Xs Total actuator displacement 0.1m

Bs Damping coefficient 2000 Ns/m
Ap Piston area 645x10° m?
Ks Spring stiffness 10 Nm

3. Proposed Control Strategy
3.1 Proportional-Integral-Derivative (PID) Controller

PID controller is the most popular controller in industry applications. The overall PID control
function can be expressed mathematically as in Eq. (10).

de(t)

ult) =K, e(t)+ K,je(t)dt +K, (10)

Figure 2 illustrates the PID controller structure used in this paper. The top path is called the
proportional path, the output of the proportional path is the multiplication of the error (e) and the
proportional gain, Kp. The second path is the integral path. The output of this path is the
multiplication of the integral of the error (e) and the integral gain, K;. Note that the integral of the
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error is the area under the curve of the graph of error (e) versus time. Finally, the third path is the
derivative path. The error (e) is first differentiated to get the rate of change of the error and then
multiplied it with derivative gain, Kp. All the output of these three paths is then added together using
a summing block to become a total PID controller action and produce a control signal (u) to a plant
or system.

L J

'-l'lll-.l.

> 5

Fig. 2. The PID controller structure
3.2 Particle Swarm Optimization (PSO)

Conventional PSO is an optimization method introduced by Kennedy and Eberhart in 1995 [29].
This algorithm was motivated by the social behaviour of organisms such as fish schooling and bird
flocking to search for the food. In PSO, the particles population is called the swarm and its potential
solutions are called particles. The particles flying around in a multidimensional problem space [30].

First, the initial position of a particle is initialized using Eq. (11). Each potential solution of the
optimization problem is represented by a single particle.

X =x_ +(x

max _Xmin)xrand (11)
where X' is the position of the particle at i order, Xmin and Xmax are the minimum and maximum values
in the search space, rand is randomly generated number by using MATLAB between 0 and 1. Then
the best position achieved by each particle based on its own experience will set as local best, Pgesr
and the best position achieved by a group of particles in the entire swarm will be set as global best,
GaesT.

The position and velocity of each particle will change with time (iteration). The new position, x™*?
and new velocity, v'*1 of each particle in every iteration are updated using Eq. (12) and Eq. (13).

Xi+1 :Xi +Vi+1 (12)
i+1 _ i P i i G i
vV o =wv +C1r1( gest — X )+C2r2( BEST_X) (13)

where w is the linearly decreasing inertia weight, V' is the current velocity of the particle, rs, r> are the
random numbers that uniformly distributed in the interval 0 to 1, c; and ¢, are acceleration constants.

To improve the accuracy and efficiency, a linearly decreasing inertia weight from Wmax to Wmin as
shown in Eq. (14) is applied.

W —w_
w=w —((ma"—.m'”))xmaxiter (14)
i

max

where Wmax and wnin are the boundaries on inertia weight, maxiter is the maximum iteration number.
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3.3 Improved Particle Swarm Optimization (iPSO)

The conventional PSO was devised only to solve for single-objective problems [31]. An improved
Particle Swarm Optimization (iPSO) that consists of two objective functions was proposed in this
paper to optimize more than one objective function throughout the whole optimization. Two
selected objective functions which are mean error and overshoot percentage utilized in this paper
are as shown in Eq. (15) and Eq. (16).

mean _error =mean(error) (15)

max(output)—input

overshoot _percentage = ( )x100% (16)

input

Among the available PSO algorithm with more than one objective function [25, 27, 32-37], linear
weight summation (LWS) approach or another named weight aggregation (WA) strategy is the
simplest and most popular method. This method converts a multi-objective problem into a single
fitness equation as in Eq. (17) using specific or selected weightage.

Fitness = a(mean_error)+ [(overshoot _percentage) (17)

where « and [ are two weightage for the trade-offs between the mean error and the overshoot
percentage, and a +  =1. Higher weightage value means higher priority is placed on the respective
objective function. Mean error and overshoot values in Eq. (17) are normalized values of the result
obtained from Eq. (15) and Eq. (16).

To get the optimum PID controller parameters, different combinations of « and £ are tested
and the output control performance of the EHA system is analyzed and the results are shown in the
next section. Table 2 shows the different combinations of weightage values selected in this paper.

Table 2
Different combinations of weightage values
Combinations Weightage Values

Case a ﬂ

1 0.1 0.9
2 0.2 0.8
3 0.3 0.7
4 0.4 0.6
5 0.5 0.5
6 0.6 0.4
7 0.7 0.3
8 0.8 0.2
9 0.9 0.1

Case 1 to case 4 indicates that more weight on £, which means that more priority is put on
overshoot percentage. Case 5 shows equally weight factor for both « and £, and this means that

mean error and overshoot percentage are equally important and is taken into consideration equally
during our simulation. Case 6 to case 9 show more weight on « , and this indicates that more priority
is put on a mean error in our optimization throughout the whole simulation.
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4. Implementation, Results and Discussion
All the simulations are conducted using Intel (R) Core (TM) i7-4790 Processor, 16.0 GB RAM, 3.60

GHz, Microsoft Windows 7 and MATLAB version 2016b. The EHA system model with nonlinear
equations in [28] is designed via MATLAB/Simulink as shown in Figure 3.

aa J
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L
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Fig. 3. The structure of the EHA system model

A complete control structure that includes the EHA system model and a PID controller is
illustrated in Figure 4. An input voltage corresponding to position input (reference step input) is
transmitted to the PID controller optimized using the proposed iPSO algorithm. The input current is
generated in proportion to the error between voltage output and the voltage input to fed into the
EHA system. Time-domain specifications such as mean error, overshoot percentage, and steady-state
error will be analyzed.

iPSO algorithm

/

PID Controller EHA . Position in

d

Fig. 4. The control structure of the EHA system model and a PID controller with iPSO

Reference

\ 4

Input

meter

The parameters setting of iPSO is shown in Table 3. Each case in Table 2 runs for 5 times, and the
average value is selected for the result analysis.

The parameters of PID controller Kp, K;, and Kp obtain through the iPSO algorithm for each case is
shown in Table 4. The parameters of the PID controller are the average values obtained from 5 runs
for each case.

After obtaining the controller parameters using the proposed iPSO, the controller parameters
recorded in Table 4 are then used in the PID controller and the EHA system (shown in Figure 5) is
simulated again.
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Table 3
Optimization parameters
Symbol Description Value
C1 Cognitive component 2.0
c2 Social component 2.0
N Number of populations 30
dim Dimension 3
maxiter Number of iterations in each optimization 50
Xmin Minimum values in search space boundary 0
Xmax Maximum value in search space boundary 30
Wmax Initial weight value 0.9
Whmin Final weight value 0.4

Table 4

Controller parameters for each case

Controller Parameters
Case
Kp Ki Ko

1 29.1899 0.0383 0.0340

2 29.8985 0.0311 0.1789

3 29.7331 0.0250 0.4219

4 29.9736 0.8924 0.1623

5 29.9542 0.0091 0.2654

6 29.6628 0.0082 0.0090

7 29.6211 0.1035 0.0338

8 29.6781 0.0017 0.4333

9 29.8833 0.6325 0.4028

Reference PID | EHA _ Position in
Input Controller | System " meter

Fig. 5. The block diagram of the EHA system with a PID controller

The output performances of the EHA system are illustrated in Figure 6 and Figure 7. Figure 6
illustrates the steady-state error while Figure 7 shows the overshoot of the EHA system. The
simulation time is 10 seconds. A 0.03 m of displacement act as the step reference input signal is fed
into the EHA system at step time equal to 3 seconds to evaluate the position tracking performance.
The sampling time used in the simulation in this paper is 0.001 second.

The time-domain specifications such as mean error, overshoot percentage, and steady-state error
are analyzed and recorded. Table 5 shows the output performance for each case of the combination
of weight values using the PID controller parameters in Table 4.

From Table 5, mean errors for all the cases do not show much difference. The mean error for case

1 to case 9 are in between 0.635x10~° m and 0.908x10° m, which are only below 1 millimetre. For
the overshoot percentage, case 2 showed the highest overshoot percentage, which is 1.7057% while
case 7 showed the lowest overshoot percentage, which is 0.0362%. Apart from that, case 7 showed

aresult of 1.081x10~° m in steady-state error, which is the lowest among all the cases shown in Table
5.

105



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences

Penerbit

Volume 81, Issue 2 (2021) 98-109 Akademia Baru
Position Tracking Performance (Xp=0.03m)
0.035 | T | | | |
0.03 reeeo /\)
£0.0251 : / -
= : - - Reference Input
c | . —Case 1 i
E 0.02 ' — |—Case2
ot 0.015 | —Case 3
@ B : B |
= . Case 4
] oozt { | Case’
O 001+ ! —Case 6 N
! e 1 | » Ccase?
0.005 - 002935 95 97 T 99 10 | T Case8 ]
Case 9
U 1 L | | | | |
0 1 2 3 4 5 6 7 9 10
Time (s)
Fig. 6. The steady-state error of the EHA system
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Fig. 7. The overshoot of the EHA system
Table 5

The output performance of the EHA system

Output Performance

Case Mean Error (m) Overshoot Percentage (%) Steady-state Error (m)
1 0.645x107° 0.2360 6.712x107°

2 0.908x107° 1.7057 33.573x10™°

3 0.659x107* 0.1837 5.307x107°

4 0.674x107 0.2121 6.096 x10°°

5 0.666 x107° 0.3017 8.460x107°

6 0.678x107° 0.5275 13.853x10°°

7 0.639x107° 0.0362 1.081x10°°

8 0.678x107° 0.0383 1.143x10°°

9 0.635x107° 0.3540 9.709x10°°
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Among all the case with different combinations of weight factors in iPSO, case 7 with the weight
factors of 0.7 on a mean error and 0.3 on overshoot is found to be the best combination. Simulation
results showed that under this combination, the EHA system obtained the least overshoot
percentage and steady-state error. Therefore, it can be concluded that the mean error is more
important or having a higher priority in selecting the optimal PID controller parameters.

5. Conclusions

This paper presents a control strategy that combines the PID controller and an improve PSO for
positioning control in the EHA system. Also, the nonlinear dynamic equations of the EHA system has
been derived and explained. In this paper, the proposed iPSO based on linear weight summation has
been used to find suitable PID controller parameters. Time-domain analysis has been examined.
Simulation results have shown that the EHA system performed better by using the best combination
of weightage (mean error and overshoot is 0.7:0.3).

In the future, different types of controllers will be considered. More advanced optimization
techniques such as cuckoo search, bat algorithm, firefly algorithm, and grey wolf optimizer will be
used to optimize the controller parameters.
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