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Abstract: Electro-hydraulic actuators (EHA) have recently played a significant
role in modern industrial applications, especially in systems requiring extremely
high precision. This can be explained by EHA’s ability to precisely control the
position and force through advanced sensors and innovative control algorithms.
One of the promising approaches to improve control accuracy for EHA systems
is applying classical to modern control algorithms, in which the proportional—inte-
gral—derivative (PID) algorithm, fuzzy logic controller, and a hybrid of these
methods are popular options. In this paper, we developed a novel version of
the fuzzy control algorithm and linear feedback control method, namely fuzzy lin-
ear feedback control, to improve the control performance. To achieve the highest
performance, we first designed a mathematical EHA model based on the Matlab/
Simulink software packages thanks to the selected parameters, which are similar
to a real EHA system. Then, we respectively applied PID, fuzzy PID (FPID), and
fuzzy linear feedback control (FLFC) before comparing them to have a full view
of the outstanding advantages of the proposed algorithm. The simulation results
showed that the proposed FLFC algorithm is approximately 99% and 77% super-
ior in performance to the PID and feedback control algorithms, respectively.
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1 Introduction

Recently, electro-mechanical actuation (EMA) systems have gradually replaced traditional hydraulic
actuation (HA) systems because the EMA systems excel in low weight and outstanding versatility.
However, these systems also face significant challenges related to energy performance due to the screw
mechanism. To overcome the limitations of the HA system and take advantage of the advantages of the
electrical system, a hybrid hydraulic and electrical system, called electro-hydraulic actuators (EHA), was
developed [1]. EHA systems are outstanding for excellent power to weight ratio, fast and smooth
response, high stiffness, and precise positioning; therefore, these systems have become an integral part of
drives in modern industrial applications, including airplanes, robotics, surgery, construction, and many
other industrial types of machinery [2,3].
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In robotics applications, we can use EHA systems to create drive systems with high load capacity and a
large power density ratio [4]. The authors [5] leveraged EHA to develop a legged robot using model
predictive trajectory tracking control with a multi-scale online estimator. Similarly, the authors in [6]
developed an EHA system for an exoskeleton robot. A bidirectional pump was used to achieve higher
speed rotation and better pressure than the traditional gear pump. Besides legged and exoskeleton robots,
a robotic joint with circular EHA is also an exciting research direction [7]. In this work, the authors
combined the motion characteristic of a rotary motor and a simple structure for hip flexion and extension
using an adequate torque source. A distinctive feature of robotic arm systems when using micro-EHA is
that these robots have lightweight and high pay-load handling capacity. Utilizing the above advantages,
Lee et al. [8], developed a bio-mimetic robot arm that is 2.2 Kg in weight and can lift an object weighing
approximately 5 Kg. This system has demonstrated that robotic arms with the mini-EHA system can
achieve higher power than their weight. In general, robotic arms with small size and light load capacity
can use electric actuators [9,10]. In contrast, EHA is used to develop many heavy-duty applications
because it can carry heavy loads with high accuracy and low cost.

In addition to applications in the robotic field, EHA systems are also applicable to many subjects. Some
of the typical applications are primary flight control, landing gear application, wind energy, and
transportation applications. In [11], the authors provided a comprehensive overview of different types of
EHA systems. Difficulties arising in using an independent metering valve are also an issue that needs to
be addressed [12]. In this system, the authors considered moderate faults of activated valves and
inactivated faults using an active fault-tolerant control (FTC) system. Furthermore, fault modeling for gas
turbine control systems is also interesting [13]. In this work, the authors established an EHA fault
diagnosis model based on the EHA mechanism modeling. These studies have partly demonstrated the
effectiveness of EHA systems in various industrial fields [14-21].

One of the complex problems when designing EHA applications is developing and optimizing control
algorithms to improve control performance. To simultaneously achieve high accuracy and high performance,
the proportional-integral—derivative (PID) controller is first applied. In [22], Skarpetis et al., deployed a
robust PID controller to control the position of EHA under the detrimental effect of physical uncertainties
and external disturbances. In reality, selecting P, I, and D parameters in nonlinear systems is arduous.
Therefore, Shern et al., conducted a study to compare PID parameter selection based on several
techniques such as the Ziegler-Nichols tuning method, conventional Particle Swarm Optimization
technique, and Priority-based Fitness Particle Swarm Optimization (PFPSO). The obtained results showed
that all methods achieve specific effects, in which PFPSO outperformed the rest [23]. In another attempt
to optimize PID parameters, Tajjdin et al., used the Nelder-Mead method to tune these parameters to their
optimum values [24]. Simulation and real-time studies showed that the proposed model provided the best
response although the system had a minor percentage of best fit. In addition, the researchers also used
fuzzy and PID algorithms to perform the self-tuning process. Through this fine-tuning process, we
obtained the most suitable PID values [25,26].

In addition to PID, fuzzy logic is also a promising approach. In [27], the authors developed an improved
version of the fuzzy method called fractional-order fuzzy logic position and force control for the EHA servo
system. The experimental results showed that the proposed solution achieved better performance criteria.
Based on fuzzy techniques and finite impulse response, Choi et al., developed a fuzzy finite memory state
estimation for electro-hydraulic active suspension systems, which was more robust than the existing
infinite impulse response nonlinear estimator in terms of external disturbances and modeling uncertainties
[28]. The similar approaches were showed in [29,30]. To achieve higher performance, many researchers
leveraged a hybrid of fuzzy and other techniques, such as PID and particle swarm optimization (PSO). In
[31], the authors applied fuzzy adaptive PID control to improve further the EHA system’s robustness
based on its mathematical modeling and Matlab/Simulink simulation. To reduce the chattering
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significantly, Daniel et al., optimized fuzzy logic controller parameters using the PSO algorithm. In this
approach, the authors tuned the scaling factors of the fuzzy inference system to obtain optimal values,
and this process assisted the system in achieving the best performance [32]. Fuzzy logic and other control
algorithms have brought many positive effects [33-36].

Inspired by the above pieces of literature, this paper proposes a novel solution for EHA systems, which
aims to achieve the following objectives:

e Designing a mathematical EHA model on Matlab/Simulink with selected parameters similar to real
systems

e Proposing a novel control algorithm based on a combination of fuzzy logic and linear feedback
controller (LFC), namely Fuzzy feedback control (FLFC), to improve the control performance of
the EHA system.

e Providing a comparison among PID, Fuzzy PID (FPID), and FLFC to have a full view of the
outstanding advantages of the proposed algorithm

The paper is organized as follows. Section 2 presents an overview of the EHA system and the proposed
control solutions. The simulation results are given in Section 3, and some conclusions are drawn in Section 4.

2 Model Structure and Proposed Solution

In this Section, we first introduce the EHA system model structure. Then, the design process of control
algorithms such as LFC, FPID and FLFC will be presented in detail.

2.1 Model Structure
In the process of modeling the EHA system (Fig. 1), the dynamics of the piston position is written

as:
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Figure 1: Structure of EHA system
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m,, is the static mass of the piston and control load,

%> and 7, are the velocity, and acceleration of the piston respectively
Ay, and A, are the areas of piston in two chambers, respectively

Fy, is the external load force of the spring

¢, is the viscosity damping coefficient

Fj. is friction force

d is unknown disturbance.

Py, and P, are the pressures in two chambers, respectively

The continuity equations of the EHA system are expressed as [10]:
Py =A(01 — O — 1,41) ()
Py=0(00+ 0 + 7pA2) (3)

where A; = ¢,/ (Vo1 + 1,41); D2 = ¢,/ (Voo — 1,42):
Vo1 and Vi, are the initial control volumes of the two chambers

External load force F, is computed as:
Fs = stp (4)

where y, and K, are the position of the piston, and the stiffness of the spring respectively

The hydraulic continuity equations for the EHA system are given as:

dPl o qbe . .
dt Vo + 1A (01 =0 =) ®
P be (0,101 j,0) ®)

At Vo — ApA2
where

Qi = Cleak(Pl - PZ)a Ql = qump + le - Q3v; QZ = _qump + Q2v - Q4v; and qump = 0pQ
0, 1s displacement of the pump, and o is the speed of the servo pump

The flows rate through the pilot operated check valve can be described for two cases as:

e In case of the left pilot, the operated check valve (v;) [10]:

2“ 1|<11>
,=CyA — 7
Ql dAlp ’PI‘ ()

where Cj is valve coefficient

e Similarly, in case of the right pilot, the operated check valve (v,) [10]:

2]P2|(P2>
y=CyA — (8
QZ d-A2p P ’Pz‘ )

where u; = Qpump + O13is U2 = —OQpump + O24i5 O13: = O1v — Q3 — Ois O2ai = Oy — Oy + O;
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According to the system dynamic Eqs. (7) to (10), the system is represented by a state vector

(o 1 1 ]T = [Xp Lp PL]Tand can be expressed:
' 1 i
1 — i1 — Boxy — Keprty — Fpre —d
hl = mp[ 123 — P pX1 Vi } o)
13 d)eAl + d)e ¢ZA2 ¢e 1

( Uy — X2 —
Vo1 + 1141 1 Vor + x141 Vor — 142" Voo — 142

For simplicity, the frictional force is considered the same as the disturbance d. Moreover, substitute
Egs. (3) and (4) into Eq. (1) and take the derivative of both sides of Eq. (1), we obtain the result as
follows:

myj, + Boiy + Kl + Fpe = (A1P) — AP)

K, A1A; + AA AN, + AZA Q0
.;.:_&.._‘p7+(11+22)6u_(11+22)7 L2 (10)
/{p \p \p P \p
ny, ny my ny, ny
where
g )
. 2 - V_st «'2 _ Vst
q__ Fe.o <x_p> N V2e(Fpi — Fe)e  2v2ei(Fomk : Fc)e
Vel Vel Vo Vi
Fc
+—+ 41010131 — 4282004
Vel
Or
Tp = —Vidp — V2dp + V3 T Vaut (1
K, + AIAZ + A2A2 Q A4 + ArAy)o
where 3, = 2., 5, = K+ (Ao )y =2, =t )%
mp mp mp mp
Eq. (11) can be demonstrated in state space model as:
y=r(x)
where y = (71 1 1) €Rif(x) = Ay + 73
0 1 0 0 2= A
A=10 0 1 |;g(x)=10|;u=w;and f{zi/.(ﬁ_”
0 —y, —7 74 B=X =

T3 = —V1d3 — Vada + V3 F vau
2.2 Design of Controllers

2.2.1 Linear Feedback Controller (LFC) Design
Considering nonlinear Eq. (12), we can be rewritten this equation in form:

W =a(x) + b(x)u (13)
where a(y) = Ljr(y) and b(y) = LgLffli’(X) #0



2446 TASC, 2023, vol.36, no.2

with

L) =52 5

_ {arm or(z)
a%l ’ ’ a%n

][ﬁ(%),---ﬁ(x)]r

This item can be calculated as below, and it is called the Lie Derivative:

. oLr(y)
LeLir(y) = ‘gX .

In order to the output is not affected by the input signal u, then L,7(y) = O and L, (Lrr(z)) = 0 when we
define y = L,(y) and j = Ljr(y).
Then, we can demonstrate in general

Y= Lf’”(%)
y=1Lir(x)
(14)
3 = Lr(z) + L (L7 (1)
From this, Eq. (12) can be rewritten as:
V=10=20
V=1=13 (15)
V=03= 00— Y2k 3+ nau
Or
V=a(y) +b(y)u (16)
where a(y) = =113 — 7222 + 3 and b(y) = 74
Thus, the control law in Fig. 2 can be expressed:
1
u(y) = 7 I[—alx) +v] (17)
b(x)
‘_v‘:_’ u(;{):ﬁ[—a(;{ﬁv] L y(") =a(p)+b(Pu —iLb
|
v e y V(s) Y(s)
—by —y— —_— e

Figure 2: Scheme of feedback control law
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where

v =", + [kié+ ke + ke (18)
with

e=y,—y (19)

Derivative of Eq. (19), we obtain:

e=y; =V (20)

=5, -7 @1

and

6=7, -y (22)
From Egs. (16)—(18), we have:

=, + ke + ke + kse] @3)

Substitution Eq. (22) for Eq. (23), we achieve:

e+ ket ke+ke=0 24
The Laplace transfer function (24), an error dynamics characteristic equation, can be represented as:

s +kis* +hs+k =0 (25)

The desired error dynamics characteristic equation can be determined by choosing poles of the equation
to pick out parameters of linearization feedback controller based on Hurwitz polynomial condition while
satisfying the transient quality requirement. Therefore, we select poles as follows:

(s+30)7° =0
Or
s> 4 90s? + 2700s + 27000 = 0 (26)

The gain value ki, k», and k; are obtained from Egs. (25) and (26) as k; = 90; k, = 2700 and
ks = 27000.

2.2.2 Fuzzy PID (FPID) Design

Traditional PID controller has been widely used in industrial control applications to regulate position,
force, pressure, and other process variables. The PID tracking control has a task to keep the actual output
from a process as close to the target or set-point output as possible based on closed-loop feedback
control. However, the PID controller does not perform well over a wide range of operating conditions
because of the fixed gains. Therefore, to develop quality control of the system, the FPID was designed
using fuzzy logic control to tune the parameters of the PID controller. That is the flexibility of the
proposed method for evaluation and performance analysis over the output tracking process.

The detailed FPID controller is shown in Fig. 3. From this figure, there are three fuzzy tuners for the
three output parameters, including K,, K;, and K;. Two input signals are needed for each fuzzy tuner: the
absolute error |e| and the derivative error |de|. Triangle and trapeze membership functions are then
utilized to create the fuzzy input partitions.
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Figure 3: The tuning FPID diagram

Here, five membership functions (VS, S, M, B, and VB) representing the five input states (very small,
small, medium, big, and very big), respectively, are used for the controller. Details of the fuzzy inputs’
membership functions are shown in Figs. 4 and 5.

A
s s M B VB
|
[
|
[
|
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|
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»
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Figure 4: Membership functions of inputs |e]
A
vis S M B VB
V »
>
0 0.25b 0.5b 0.75b b

Figure 5: Membership functions of inputs |de|

There are three outputs from the three fuzzy tuners, &, k; and k,, with the outputs having ranges from 0 to
1. Singleton membership functions are then used for the fuzzy output partitions. Fig. 6 shows five
membership functions (VS, S, M, B and VB) corresponding to the five output states (very small, small,
medium, big, and very big), respectively.
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Figure 6: Membership functions of the outputs k,, k;, and kq

.5 0.75

;
>

0

—_



TASC, 2023, vol.36, no.2 2449

The design rules of the fuzzy tuners are shown in Table 1. The MAX-PROD formula is chosen as the
main strategy for the implication process:

w,,, = max(u(e) - u(de)) (27)

Table 1: Rule table of the fuzzy tuners of FPID

kps kis ka |de]
VS S M B VB
le| VS VS/VS/VS VS/VS/VS VS/S/VS VS/S/VS VS/S/VS
S M/VS/S M/S/S S/S/VS S/M/VS SIM/VS
M B/S/M B/M/M M/M/S M/B/S M/B/VS
B VB/M/B VB/B/B M/B/M M/VB/M M/VB/S

VB VB/VB/VB VB/VB/VB VB/VB/B VB/VB/B VB/VB/B

where i(e) and u(de) are membership values with respect to input variables, while £, is the membership
value with respect to the output variable at the i” rule. The centroid de-fuzzification method is used to convert
the aggregated fuzzy, which is set to a crisp output value. In this case, because the membership functions for
the fuzzy output partitions are in Singleton form, the outputs of fuzzy tuners are calculated as:

25 25
yout = (Z :ulout : ylout> / (Z Hi)ut) (28)
i=1 i=1

where ', is the output value of the i rules, which can be determined in Fig. 6, while the output of the fuzzy
tuner y,,,; is k,, k; or k;. These output values of the fuzzy tuners are then substituted into Eq. (29) to compute
three parameters, K,,, K; and K, as follows:

Kp = Kp min T kp (Kp max — Kp min)

Ki = Kimin + ki (Kimax - Kimin) (29)
Kd — Kdmin + kd(Kdmax - Kdmin)

where [K)min, Kpmax]> [Kimin, Kimax] and [Kymin, Kimax] are the ranges of K,, K; and Ky, respectively.

2.2.3 Fuzzy Linearization Feedback Control (FLFC) Design

The FLFC is quite similar to FPID design as Section 2.2.2 above. The FLFC is shown in Fig. 7. Here,
there are three fuzzy tuners for the three output parameters such as K;, K, and Kj3. There are three outputs
from the three fuzzy tuners, k;, k, and k3, with the outputs having ranges from 0 to 1. And finally, these
output values of the fuzzy tuners are then substituted into Eq. (30) to compute three parameters, K;, K,
and K3, as follows:

Kl == Kl min T kl (Kl max — Kl min)
K2 = KZ min T k2 (KZ max — KZ min) (30)
K3 == K3 min T k3 (K3 max — K3 min)

where [K| min, K1 max]s> [K1min, K2max] and [K3 min, K3max] are the ranges of K, K, and K3, respectively.
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Figure 7: The tuning FLFC diagram

Because of the difference between the LFC and PID controllers, the design rule base of FLFC is also
different from that of FPID, as shown in Table 2 below:

Table 2: Rule table of the fuzzy tuners of FLFC

ki, ks, k3 |de]
VS S M B VB
le| VS VS/VS/VS VS/VS/VS VS/S/VS VS/S/VS VS/S/VS
S S/VS/S S/S/S S/S/VS S/M/VS S/M/VS
M M/S/M M/M/M M/M/M M/B/B M/B/M
B B/M/B VB/B/VB B/B/B B/VB/B B/VB/M
VB B/VB/B VB/VB/VB VB/VB/B VB/VB/B B/VB/B

3 Simulation Results
3.1 PID and FPID

In this section, we apply PID and FPID algorithms using the step input to detect overshoot locations
where we need to change the signal, as depicted in Fig. 8. According to the experiment, we have
Kp = 3.80473, K; = 9.26887, and Kp = 0.02778. The simulation results show that the FPID algorithm
has a lower overshoot than the traditional PID algorithm. Meanwhile, the time to the steady-state of the
PID is slightly better but not significantly. Therefore, the combination of fuzzy and PID performs better
than the conventional PID controller. In the following Sections, we continue to investigate the
performance difference when using LFC and FLFC algorithms.

3.2 PID and LFC

According to the simulation results above, the FPID algorithm is not too superior to the PID algorithm.
However, in this case, the LFC controller has shown significant superiority over the PID. The simulation
results in Fig. 9 show that the LFC ensures extremely low overshoots and achieves a very fast steady-state.
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Figure 8: The PID and FPID response
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Figure 9: LFC and PID response with step input

3.3 LFC and FLFC

In this section, we continue to evaluate the superiority of LFC and FLFC controllers through the same
simulation process. The fuzzy tuner parameters are given as: k1 = 90, k2 = 2700, k3 = 27000. The results in
Fig. 10 show that the EHA system with the FLFC algorithm achieves a more impressive overshoot and time
to steady-state. Thus, in all the experiments performed, the system performance improved in the order of PID,
FPID, LFC, and FLFC.
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3.4 Error Performance Evaluation among Controllers

To evaluate the performance among the above controllers, we applied the sinusoidal signal to investigate
the maximum error of each controller when the system reaches a steady-state. Fig. 11 proved that the FLFC
response signal had the best asymptote to the desired reference signal.

Figure 10: LFC and FLFC response with step input

15

Vv

— P|D (mm)
= FPID(mm)
LFC (mm)
FLFC (mm)

— Reference (mm)

10

15

Figure 11:

The feedback signals when applying PID, FPID, LFC,

and FLFC
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To determine the error level of each investigated controller, we presented the errors of the PID and FPID
controllers (Fig. 12), LFC, and FLFC (Fig. 13), respectively. The improved algorithms consistently achieved
a lower error level than the traditional methods in each case. Specifically, FPID (Fig. 12) and FLFC (Fig. 13)
were the controllers that exhibited lower error levels than the PID and LFC controllers. However, to calculate
that difference in detail, we proposed to evaluate the controller efficiency through the error performance.

0.08 T T T T T T

0.06

ey prmp— |

0.04

0.02

PID Error

o == FEDEroe] |

0 1 o |
0.02 .
1 v
o0a ! -
1]
-0.06 -2 -
-0.08 = —
0.1 [~
| |
2 12 14
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1 I T T T T T T T
o ] -
FLFC_Error
--------- LFciErrOr
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......................................
of : : |
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| -
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I 1 I 1 | I |
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Figure 13: The errors of LFC and FLFC

In this system, we computed error performance 4 cases as follows, and then we obtained the control
errors as shown in Table 3. It is worth noting that the PID algorithm has the lowest accuracy, followed by
FPID and LFC. Of all the applied algorithms, the FLFC algorithm achieved the best and approximate

99% and 77% accuracy, respectively, compared with the PID and LFC algorithms.

Table 3: Error performance evaluation among controllers

Maximum value of error (mm) Performance (%)
epip = 0.02084

€FpPID = 0.020021 NrpiD—pPID = 3.929
eIFC — 0000837 ’/ILFC—PID - 95984
eFLFC - 0000194 ’/IFLFC—P[D — 99071

errc = 0.000837 Nerro—rpc = 16.858
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e The performance of the fuzzy logic algorithm compared to the PID controller is given as:

€FPID
NEPID—PID = <1 - ) x 100%
€epip

where ep;p, erp;p are control errors when using the PID and Fuzzy PID controllers.

e The performance of the feedback controller compared to the PID controller is given as:

e
Nirc—piD = <1 - ﬂ) x 100%
€pID

e The error performance of the feedback controller compared to the PID controller is given as:

€FLFC
NrLrc-pPiD = <1 - —> x 100%
€prID

e The performance of the fuzzy logic algorithm compared to the feedback controller is given as:

€FLFC
NFLFC—LFC = <1 - ) x 100%
erLFC

where ez, epprc are control errors when using the feedback and fuzzy feedback controllers.

4 Conclusion

In this paper, we developed the FLFC algorithm based on the combination of fuzzy logic and feedback
control to improve the control quality of EHA systems. The simulation results showed that the performance
of the proposed algorithm is much higher, and the system’s error has also improved significantly. Thus, the
improved algorithm created an essential premise for enhancing the quality of automated systems based on
EHA. In the future, we will focus on enhancing the performance of EHA systems in real industrial
applications by improving the control algorithm. Combining traditional algorithms and modern control
systems is also a promising research direction.
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