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HIGHLIGHTS ABSTRACT

e The smart PIFLC & IVC controller
demonstrated superior performance

e Smart PIFLC & IVC outperformed PI
controllers and V/f in cost, stability, and

Due to its excellent energy efficiency and broad speed range, the variable-speed
electro-hydraulic drive is an appealing driving principle in many contemporary
industrial applications. A primary control of linear motion is via a variable-speed
electric motor driving a hydraulic actuator via a constant displacement pump. One

;Sl%imse IVC achieved al . of the most commonly used controllers for the speed control of induction motors
¢ ¢ 152& C achieved a low starting current is the Proportional Integral (PI) type. However, the traditional PI controller has
0

some disadvantages, such as the high starting overshoot, sensitivity to controller
gains, and sluggish response due to sudden disturbance. An intelligent controller
based on PI Fuzzy logic set theory is introduced to the electro-hydraulic system to
overcome these defects. This paper presents a study on the speed control of an
indirectly controlled vector-controlled induction motor driving an electro-
hydraulic actuator. Various speed control techniques like voltage-frequency
control, sinusoidal pulse width modulation PI control, indirect field control, and
fuzzy logic PI control were applied in the electro-hydraulic system and simulated
by Matlab/Simulink environment for performance analysis and comparison. The

e Energy savings of 15% were obtained,
improving efficiency with an 80V reduction

o The steady-state error in PIFLC & IVC was
minimal at 0.024
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results prove that the indirect field-oriented control technique with PI fuzzy logic
control provides better speed control of the induction motor, especially with high
dynamic disturbances, by reducing the steady state error to (0.024), overshooting
to (0.2%) and Settling time to (0.3s). This, in turn, will improve the performance
of the proposed electro-hydraulic system.

1. Introduction

Electro-hydraulic system (EHS) covers all combinations of electrical (electronic) signal processing with hydraulic drives.
The EHS consists of high-power hydraulic devices such as pumps, valves, and actuating cylinders or motors with fast response
electronically controlled drives [1]. In many engineering applications, electro-hydraulic components are often employed [2—5].
Also, they can be applied for low-rise lifting purposes [6-9].The variable-speed electro-hydraulic drive (speed-regulated electric
motor squirrel cage induction motors (SCIM) in conjunction with a hydraulic constant pump) has significantly improved with
the improvements in frequency converters [10-13].

Due to its low cost, straightforward construction, durability, and high reliability, the three-phase induction motor (IM) has a
very wide variety of applications in industries for electrical AC drives [14,15]. For AC drives, responsiveness to changes in
command speed and torques requires strong dynamic performance. The vector control system is capable of meeting these needs
[16,17]. For high-performance applications, the control of an IM has changed with the introduction of the vector control approach
to resemble that of an independently excited DC motor. By adjusting the necessary field-oriented parameters, this technique
allows for the independent control of the field and torque of three-phase IM (decoupling) [16].

Due to its simplicity and stability, the typical Indirect Vector Control (IVC) method used to regulate the IM uses a
conventional PI controller in the outer speed loop. The drive's performance will deteriorate due to overshoot, oscillation of the
motor speed, oscillation of the torque, and extended settling times caused by unexpected changes in the load circumstances or
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environmental variables. The PI regulator can be replaced with an intelligent controller based on fuzzy logic to solve this issue
[17,18]. Compared to traditional controllers, the fuzzy logic controller (FLC) offers a few benefits, such as easy control, low
cost, and the ability to build without knowing the precise mathematical model of the plant [19]. One of the good features of fuzzy
controllers over traditional PI controllers in driving IMs is that they reach the final response and steady-state conditions [20].

For many years, the control of electro-hydraulic systems has attracted considerable interest from researchers. Kutlu and
Giiner [21] employed a digital proportional derivative (PD) and an FLC in an electro-hydraulic system with an asymmetric
cylinder. The findings revealed that the FLC is less susceptible to changes in system parameters. Scheidl and Manhartsgruber
[22] performed a singular perturbation analysis on a 10-degree non-linear model of an electro-hydraulic system comprising a
servo valve and a hydraulic cylinder. A fuzzy PD-based self-learning fuzzy controller created by Deticek [23] is utilized for
position control in an electro-hydraulic system. Jones et al. [24] created an adaptive self-learning FLC to improve the tracking
performance of an electro-hydraulic system.

The Variable Voltage Variable Frequency (VVF) controller-based energy-saving method created by Bing et al. [25] for a
hydraulic system is intended to increase the effectiveness of how hydraulic elevators use their energy. The hydraulic system's
accumulator pressure is used as an energy storage and release unit, reducing the amount of installed energy and energy
consumption. To avoid this disadvantage, Cochoy et al. [26] used the valve-pump parallel control, where the control valve is
installed in parallel on the main circuit. Also, to enhance the flight's dynamic characteristics, Rongjie et al. [27] utilized the
parallel control to electro-hydraulic actuators (EHA), which are position servo systems.

A unique electro-hydraulic drive principle for speed control was created by Xu et al. [28] and is helpful for practical use.
Xu et al. [13] introduced a pump/valve coordinate control of the independent metering system for mobile machinery that is also
a valve-pump series control and can function in various modes. Bingbing et al. [29] modeled and analyzed a valve-controlled
system in which the accumulator worked as the oil-supplying component and had a sustained pressure decline.

The research studies [30,31] developed a method for estimating both external disturbances and unknown parameters using
an extended disturbance observer. The extended disturbance observer is driven by state estimation and tracking errors, and its
efficacy in various electro-hydraulic systems has been demonstrated. Wrat et al. [32] examined the impacts of two distinct control
techniques used to regulate the actuator's position in a hydraulic system while controlling the main pump's swash plate angle and
electric motor speed. The swash plate control approach performed better in simulation and experimentation than other methods
regarding responsiveness and dynamic properties.

Based on research on a system that included counterbalance valves with time-varying negative loads and a variable meter-
out flow control valve, Jin and Wang [33] produced a stable controller. The controller modifies the actuator's velocity and the
load state to change the pump displacement. This lowers the actuator's intake pressure, which minimizes power consumption.
This is appropriate for applications like excavator booms, where the load and flow must change dynamically while the machine
is in use.

To lessen vibrations that may be produced by the hydraulic system and the actuator after the stroke, Hoshi et al. [34]
investigated the impact of adding an accumulator. Hashim et al. [35] practically studied the effect of changing the bulk modulus
of elasticity on the performance of conventional electrohydraulic systems. Mohammed et al.'s experimental study [36,37]
reported on the proportional valve and fixed displacement pump-based regulation of hydraulic elevator speed using a
conventional PI controller. This control relied on regulating the proportional solenoid valve to regulate the flow rate, which in
turn controlled the speed of the hydraulic cylinder or the speed or the elevator going up and down. Li and Zhang [38] employed
an FLC to modify the impedance rules' values to enhance the functionality of an electro-hydraulic actuator. The impedance
control with fuzzy logic established the velocity command of adaptive robust velocity control.

In the literature, many technologies are employed to control the speed of IMs. Some studies employed scalar V/f control
[39-41]. Other studies used advanced techniques. A new controlling strategy based on an Artificial Neural Network (ANN) was
presented by Yadav et al. [15] to improve the speed control of an IVC for IM drive. Ojha et al. [16] presented a speed control
scheme of an IVCIM drive. Dahmardeh et al. [14] introduced a unique Direct Torque Control (DTC) technique and Stator-Flux
Oriented Control (SFOC) system to improve the general performance of three-phase IM drives.

To improve the comprehensive performance of the complex speed regulation process in any electro-hydraulic system, the
advanced techniques employed for efficient speed control of IM can be combined with any hydraulic system to implement a new
type of high-quality electro-hydraulic control scheme. The present paper presents a new pump control system in the electro-
hydraulic system using IM. Investigated is the use of PI-fuzzy logic and indirect vector control (IVC) to achieve intelligent IM
drive speed control, thus controlling the flow rate of hydraulic fluid into, through, and out of the gear pump, thus improving the
overall system. Based on fuzzy set theory, the suggested intelligent system's analysis, design, and simulation have been carried
out using MATLAB and Simulink.

2. Theoretical analysis

The intelligent speed control for a three-phase IM, which drives an electro-hydraulic system loaded by a hydraulic hoist, is
shown in the overall system block diagram in Figure 1and is based on PI fuzzy logic.
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Figure 1: PI-fuzzy control of electro-hydraulic system

The following subsections will detail the modeling of the major parts of the proposed electro-hydraulic system that were
completed in the MATLAB/Simulink environment. The following are some assumptions that should be considered when
conducting the analysis:

1)  Information 1 on the hydraulic pump's dynamics, as well as information on the driving motor and valves.

2)  Neglected are the frictional and leakage losses occurring in the cylinder, pump, and valve.

3) It does not take into account how temperature affects fluid characteristics.

4)  Any uncertainty in system parameters was not considered because the research work was limited to the MATLAB
program, and here, the results and measurements are given perfectly and without any error rate.

2.1 Hydraulic Pump
Fixed-displacement pump (gear pump) is represented with the following Equations (1-5) [42]:

q=D.w — kigg.P (1)
7= @

Kiear = 22 3)

kyp = D-wnom(l;ZI(/)z:’nom-Pnom (4)
P =Pp—Pr )

The Hagen-Poiseuille formula [43] may be used to calculate the leakage flow, which is derived from the presumption that it
is linearly proportional to the pressure differential across the pump in Equation (6):

128 u u
= ar Qrear =7 — (6)

where 11 =v p.
Since data sheets rarely include information on the mechanical efficiency of pumps, this efficiency is calculated from the
total and volumetric efficiencies on the presumption that the hydraulic efficiency is negligibly low from Equation (7):

_ e
M =" ™)

Hydraulic power is the real force that a pump applies to a fluid. In Equation (8) the hydraulic power formula is:

Pp=P*Qq ®)
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2.2 Directional control valve (DCV)

A DCV is a valve whose main purpose is to control flow through a specific route. Flexible (4-way valves with 3-position
types) start-stop-reverse options are offered as seen in Figure 2.

A B
Zero contact 18
Low leakage o|ls A 2
High duty Y| @
Long life 18 P™ T

i P i

Figure 2: Directional control valve [42]

2.3 Proportional pressure relief valve (PPRV)

According to [44], the inertial force acting on the PPRV's valve spool is as follows in Equation (9):

S — APA— Cx — K, — F, 9)

The inertial force of the load is represented by the first term in this equation. The second term in this equation is the force
that the loading pump pressure exerts on the relief valve's valve spool. The third term in this equation is viscous friction loss.
The fourth term in this equation is the variable spring force. The final term in this equation is the force that the spring's pre-
compression exerts on the valve spool.

2.4 Actuator

The mechanical energy produced by an actuator comes from fluid energy. The flow inside the actuator is given by Equation
(10) [43]:

dap P,
KE+AWm+Kga_Qm (10)

The first phrase refers to the flow of compressible fluid, the second to the flow that drives the actuator, the third to the flow
that causes leaks in the actuator, and the fourth to the flow that enters the actuator. By rearrangement (10), the following is the
load pressure operating within the actuator express in Equation (11):

Po= 5 (Qn == dwy (an

lega

According to [45], the actuator's force balance Equation (12) is as follows:
dwp,

In this equation, the first term is the pressure force acting within the actuator against the external load, followed by the
inertial force associated with the load, the spring force resulting from the stiffness of the actuator, the friction force acting between
the piston and the fluid trapped within the clearances, the fourth term, and the external load acting upon the actuators. All the
previous equations were simulated using Matlab simulation. Table 1 provides an example of the hydraulic system's simulation
parameters.
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Table 1: Simulation parameters for the hydraulic system

Hydraulic system specifications
Components Specification
Fluid: Skydrol LD-4
Relative amount of trapped air: 0.005
System temperature: 60 °C
Viscosity 7.12831 cst
Pump displacement: 4x10°° m?/rad
Volumetric efficiency: 92%
Total efficiency: 80%
Fixed pump displacement Nominal pressure: 50x10° pa
Angular velocity: @, = 188 rad/sec
Kinematic viscosity: 18 cst
Fluid density: 900 kg/m?
Max. pass area: 2x10 m?
Valve pressure setting: 3x107 pa
Regulation range: 3x10° pa
Flow discharge coefficient: 0.7
Critical Reynolds no.: 12
Leakage area: 1x107'2 m?
Valve passage max. area: 5104 m?
Max. opening: 0.005 m
Critical Reynolds no.: 12
Leakage area: 1x10” m?
Piston area A, B: 0.125 m?
Piston stroke: 0.5 m
Dead volume A, B: 1x10* m?
Specific heat ratio: 1.4

Hydraulic fluid block

Pressure relief valve

4-way directional valve

Double-acting hydraulic cylinder

Backhoe actuation system (Hydraulic hoist): motion divided
into 3 mechanisms (penetration, separation and secondary
separation) = 3 DOF manipulator represented by:

Spring: 1000 N/m

Damping coefficient: 100 Nxs/m

Mass: 100 kg

Load

3. Intelligent motor drive control

Through the PI-fuzzy logic system, the speed and voltage (V/f) of three-phase IM are controlled, thus achieving quick and
efficient access to the required steady-state for the electro-hydraulic system.
3.1 Induction motor model

The three-phase IM delivers electromagnetic torque to a fixed displacement pump as a mechanical energy converter. Using
the asynchronous machine model block, the IM is simulated. The windings of the stator and rotor are Y-linked with internal
neutral. For a single squirrel cage IM, a fourth-order state-space model of the motor's electrical component and a second-order
system model of the mechanical component is used [44]. The electromagnetic motor torque 7% is given as Equation (13):

T,=15p ((pdsiqs - (pqsids) (13)

The mechanical system of the three-phase IM is given as Equations (14,15):

d 1

E(‘)m ey (Te = fywom — Trn) (14)
d
Egm = Wy, (15)

3.2 PID controller

PID controller is a generic control loop feedback mechanism widely used in industrial control systems [45]. The PID
controller is made to provide the PWM generator with the necessary control signals. The motor speed is used as feedback when
compared to the desired speed. The PID controller provided the error signal as input. By modifying the process control inputs,
the controller tries to reduce the error [6]. The three independent constant parameters—Proportional P, Integral I, and Derivative
D—are used in the PID controller method. It is based on the accumulation of prior errors, P is based on the current error e, and
D is a forecast of coming errors, as Equation (16) [46]:
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de(t)
dt (16)

u(t) = ky e(t) + k; [ e(t) + kg
The PI controller is typically used for applications requiring speed control, as stated in Equation (17):

u(t) = ky e(t) + k; [ e(t) (17)

3.3 Indirect vector control (IVC) system

The IVC is the favored option for high-performance drives [16,17,47]. The IVC approach is similar to direct vector control
in most respects, except for the rotor angle 8, is created indirectly (by estimation) using the measured speed w, and the slip-
speed omega wg;. The following dynamic Equations (18-21) [47] must be considered while applying the IVC approach.

O = [ we dt = [(w, + wg)dt = 0, + by (18)
The torque component of the current i,; should be on the g-axis for decoupling control, and the stator flux component of the
current iys should be aligned on the d-axis, which leads to 4, = 0 and 4 = ¥, as show in Equation (19):
Ly dip .
R_:d_tr'i'l/)r = Linlas (19)
As well, the slip speed can be calculated as in Equation (20):

L Ry . Ry igs
=——lgs =77 20
Yr Ly 1 Ly igs 20)
It has been discovered that using the aforementioned slip angular speed command to make field orientation would result in

perfect decoupling. The constant rotor flux ¥, and di,./dt = 0 can be used in place of (19), causing the rotor flux to be set as
in Equation (21):

Yr = Linigs 21)

This controlled approach drives the IM as a separately excited DC motor to achieve excellent dynamic performance. The
phasor diagram of the IVC method of an IM is shown in Figure 3.

Figure 3: Phasor diagram indirect vector control method of Induction motor [48]
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3.4 Fuzzy logic control (FLC)

The FLC's simplicity and adaptability make it appropriate for many industrial applications. In the FLC, linguistic description
rules based on expert knowledge describe a fuzzy system's dynamic behavior [5]. Expert knowledge often takes the form of "IF
(a set of conditions are satisfied) THEN (a set of consequences can be inferred)". They are sometimes called "fuzzy conditional
statements" since the antecedents and consequents of these IF-THEN rules are linked to fuzzy ideas (linguistic words). According
to our definition, a fuzzy control rule is a fuzzy conditional statement with an application domain condition as the antecedent
and a control action for the system under control as the consequent. Fuzzy control rules essentially offer a practical means of
defining control policy and knowledge areas. Furthermore, the antecedents and conclusions of these rules may incorporate
several linguistic factors. In this situation, the system will be called a single input, single output (SISO) fuzzy system. Figure 4
shows the fuzzy logic design in MATLAB (AWS).

AWS

(mamdani)

Speed (rpm) Voltage (volt)

FIS Name: AWS FIS Tvpe: mamdani

Figure 4: Fuzzy logic design

Some basic rules of FLC are made to operate the system:

1)  If'the speed is slow, then the voltage is up
2)  Ifthe speed is right, then the voltage is no change
3)  If'the speed is high, then the voltage is down

Figures 5 and 6 show the input and output membership functions.

Membership function plots ®' " 181
Slow Right i

Input variable speed (rpm)

Figure 5: I/P membership (s peed)
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Membership function plots " **" 181

Down No change Up

Output variable voltage (volt)

Figure 6: O/P membership (voltage)

After several attempts, we found that choosing nine memberships was best for the electro-hydraulic system's performance.
Table 2 shows the Rules for Fuzzy Controller, which in turn shows the relationship between input and output membership
functions.

Table 2: Relation between Input and Output membership functions

Speed Slow Right High
Voltage
Down Down Down Down
No change No change No change No change
Up Up Up Up

Figure 7 shows the curve between voltage and speed in fuzzy logic design. A voltage of 540V drove the IGBT inverter since
the IVC technique lowers the voltage, which lowers the power and preserves energy. The required voltage may be decreased
from 620 V to 540 V using the following formulae, saving 80 V. This indicates that, as compared to SPWM, the DC utilization
factor using the SVM is raised by 15%.

To generate an AC peak voltage of 310 V using the SPWM approach, a DC voltage of 620 V must be supplied. With the
SVM approach, a 540 DC voltage is sufficient to generate 310 V of peak voltage since the technology adds an extra DC value
of 80 V, reducing the required supply and allowing for source voltage savings. The following Equations (22,23) illustrate the
above text in the proposed new mathematical model. From the proposed simulation model, it is concluded that:

For SPWM V,,, = 620V

aV C
Ve = MaVes (22)
Ve = 22 = 310V
For SVM V,, = 540V
1.15mgVgc
Ve = e (23)

Vac — 1.15; 540 =310V
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Figure 7: Curve between voltage and speed in fuzzy logic design

Table 3 demonstrates the simulated parameters of the electric system.

Table 3: Simulation parameters of the electric system

Electric system

Components

Specification

Induction motor
PI controller

Fuzzy logic controller

Power electronic devices

SVPWM (Generator 2-level)

3-¢, single squirrel cage model, 4 kW, 400 V, 50 Hz, 1430 rpm, 4 poles
k,=1500, k=6

I/P: Speed & O/P: Voltage

IGBT Universal Bridge, Diodes

Snubber resistance R, =10° Q

Snubber capacitance, C = o

No. of bridge arms = 3

Data type of input reference vector: a, f components
Operation mode: unsynchronized

PWM frequency: 5000 Hz

Sample time: 0

Finally, after writing all the mathematical models of the parts used in the research system, we show in Figure 8 the flow
chart that shows the work of the overall system with the mathematical models.
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Unit step I/p

fe-
v
FLC

1) If speed is slow then voltage is up
2) If speed is right then voltage is no change
3) If speed is high then voltage is down

V]

P= 1500, I=6

I

IVC O, =0, +0y
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3-ph IM
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l

o/p load Mechanical power P, = F * om

Figure 8: Flow chart of system operation
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4. Simulation model

The whole electro-hydraulic system has been built, as shown in Figure 9. It comprises two main systems: the electrical and
hydraulic systems. The electric system, shown in Figure 10 comprises a three-phase squirrel cage IM with a PI-fuzzy logic
controller (PIFLC) system, an SVPWM generator, and an IGBT universal bridge. The main aim of this system is to control the
speed of the IM to supply the required mechanical movement (torque) to the fixed displacement pump, which is necessary to
adjust the hydraulic flow rate in the 3-DOF hydraulic manipulator.

The hydraulic system model shown in Figure 11 consists of hydraulic fluid, a tank, lines, a fixed displacement pump (gear
pump), a check valve, a proportional pressure relief valve (PDCV), a relief valve, a double-acting cylinder, directional control
valve (DCV), a passion sensor, flow rate sensor, pressure sensor, and load application (3-DOF hydraulic hoist).

1 H1 ‘
N
Conni ' i
2 ¥ 2 ||
S
3 M3 |
i
Conn2 |
Conn1 {1Conn3 —
3-DOF Hydraulic hoist
Electrical system drive Hydraulic system
Figure 9: Electro-hydraulic system
W | |
Discrete
1e-06 5. o Workspacef [ SimulinkPS  R/S
N Gain§ Converter!
powergui Fend I:I

< B

RPM1

0

Eﬂ'@’fi N>

\%7
h|

Indirect Vector Control

Fuuzzy infetence ] ' J ‘m—‘

—

=
1

{ DC Voltage Source1

lector]
K ,.| ‘ c fisynchronous Machine
P .
Sl Units1

sy. freqi

"l ‘ Universal Bridge1

Subtract

PI comtraller Voltage Measurement{

D To Workspace?

FuzzyPl controller |

Gaing Integratori

speed (rpm) Fen?

Figure 10: Electrical system with (PIFLC , IVC)
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Figure 11: Hydraulic system

5. Results and discussion

In the current study, the PI-fuzzy logic control (PIFLC) technique was used with indirect vector control (IVC). Compared
to traditional controllers, the PIFLC offers a few benefits, such as easy control, low cost, and the ability to build without
understanding the entire mathematical model of the plant. The IVC (FOC) technique is easy to implement using digital
processors. After comparing them with conventional PI and V/f techniques, the results proved that the system performance using
PIFLC with IVC technique is better than the traditional PI control regarding the starting current. Figure 12A shows the difference
between the current and speed curves at the transition state up to stability when the blue plots represent the current and speed
waveforms under V/f control, and the red plots represent the waveforms under PI control.

In contrast, the black plots represent the waveforms with PIFL control. In the transition state, when using the PIFLC with
IVC technique, the starting current stabilizes at 15 A, while in the conventional PI controller, the starting current is high, reaching
80 A. Meanwhile, for the V/F control, the current in the transition state reaches 35 A before all currents stabilize at a value of
12A. This, in turn, will protect the motor from the negative effects of drawn currents and improve its performance, and,
accordingly, it will improve the performance of the entire hydraulic system.

It is important to note that the low beginning current obtained using the current study PIFLC with IVC technique is crucial.
By decreasing the beginning current amount, the induction motor is shielded from the many harmonics produced by the high
starting current. Hence, these harmonics cause the motor to malfunction, harming the control system and preventing the electro-
hydraulic system from operating entirely.

According to the source speed that was given, which was 1400 rpm, Figure 13D shows the IM's speed in the PIFLC with
IVC is steady, regular, oscillates without overshooting, and is equal to 1400 rpm (146.5 1/s) in the transitional stage—the outcome
of Affinity law's direct relationship between speed and flow rate shown in Equation (24) [42]:

@ _

Q2

= (24)

nz

This means that the 6x10* m*/sec flow becomes regular, as shown in the flow rate curve in Figure 13C. The pressure
disturbance decreases, which leads to a decrease in pressure drop and an improvement in the general performance of the electro-
hydraulic system, thus resulting in more energy saving, as shown in the pressure curve in Figure 13B. The speed curve in Figure
13D was previously explained in the speed comparison curve in Figure 12 (B,C).
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Figure 13: Electro-hydraulic system performance under PIFLC with IVC technique

It should be mentioned that the research's approach (PIFLC with IVC) is the first of its type for controlling an electro-
hydraulic system to regulate pipe flow basis and with system requirements. This is the first time it's happened. It is also a very
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good approach regarding how easy it is to build the fuzzy system mathematical model developed for the study. It is a digital
approach that differs from other analog approaches in that it produces results with great precision and saves a substantial amount
of energy, improving efficiency significantly.

This contrasts with the work of other researchers [15,16] who have not employed all of the suggested research techniques in
this way. Instead, these researchers are satisfied with using control techniques solely to regulate the motor's speed without
connecting the motor to other applied systems to assess the control systems' effectiveness.

In the PI control of the speed at the transitional state, it suffers from a little turbulence and irregularity, as its value reaches
1420 rpm (148.6 1/s) before it stabilizes, as shown in the speed curve in Figure 14D, which leads to a slight disturbance in the
flow of 6.2x10* m¥/sec and a slight vibration before settling as shown in the flow rate curve in Figure 14, consequently, the

pressure imbalance affects the stability of the electro-hydraulic system before it returns to a steady state, as shown in the pressure
curve in Figure 14B.
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Figure 14: Electro-hydraulic system performance by PI control

Finally, and in general, all the pressure generated during the system's operation achieves the appropriate acceleration required
for the overall system.

The speed controlled by the V/f technique will suffer from high turbulence as the speed reaches 1500 rpm (157 r/s), which
affects the stability of the flow rate of 6.5x10 m3/sec, as shown in the speed and flow rate curve in Figure 15D,15C and this, in
turn, leads to pressure drop then vibration in the electro-hydraulic system, and thus the occurrence of leaks and corrosion of
moving parts and system failure sometimes as shown pressure curve in Figure 15B.
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Figure 15: Electro-hydraulic system performance under V/f control technique

The expansion cylinder stroke time and retraction cylinder stroke times for position sensors at 150 bar pressure were 3.75
sec and 3.55 sec, respectively. There is a variation in the time taken for the expansion and contraction strokes due to the piston's
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area changing between the two strokes. This changes the applied force, turning a static head into a dynamic head. The cylinder
strokes are shown in part A of the Figures (13A, 14A ,15A).
Three control techniques and their responses appear in Table 4.

Table 4: System performance parameters of the step response under three controller types

Controller Type Rise time (s) Settling time (s) Overshoot (%) Stead-state error

PI 1 1.6 0.71428 0.393
V/f 0.5 2 7.142 0.486
PIFLC & IVC 0.15 0.3 0.2 0.024

The results recorded in Table 4 showed that the steady-state error in PIFLC with IVC is very small (0.024) compared to
other cases V/F (0.486) & PI controller technique (0.393) because the time required to reach a steady-state is much less in the
first control method (PIFLC with IVC) compared to the other two control methods (V/F & PI), as the settling time for the PIFLC
with IVC control is (0.3s). In contrast, the settling time for the V/f control is (2s), and the PI control is (1.6s). Several simulation
experiments were conducted on indirect vector-controlled induction motor drives under varied operating situations using V/F,
PI controllers, and intelligent controllers (PIFLC with IVC) based on fuzzy logic. We compared and studied the steady state
errors and the timing response.

For all states of the V/F, PI, and PIFLC with IVC-based controller, Figures (13-15). display speed response, pressure drop,
and flow rate at the same time of cylinder stroke. The PIFLC and IVC controllers demonstrated superior performance in steady-
state error, rise time, settling time, overshoot, and transient process time.

6. Conclusion

For indirect vector speed-controlled PWM voltage source inverter drive-fed induction motors, the performance of an
intelligent controller using PI fuzzy logic has been confirmed and compared to that of a traditional PI controller and V/f control.
Some conclusions can be drawn from the results obtained.

1)  The simulation results showed the fuzzy logic controller's excellent dynamic performance and resilience throughout
the transient period. After several attempts, I found that choosing nine memberships is best for the electro-hydraulic
system performance.

2)  The proposed smart controller showed superior performance compared to the PI controller and V/f technique in terms
of lower cost, good stability, fast response, and thus good performance.

3)  The system response overshoots when the PI controller is used, necessitating additional settling time to reach the target
value. At the same time, the motor speed under the PIFLC with IVC is steady, regular, and oscillates without
overshooting, especially when starting.

4) It can be inferred that using PIFLC with IVC for various load conditions enhances and smooths out motor torque and
stator current ripples.

5) A low starting current of 15A when using PIFLC with IVC compared with a very high starting current of 80A for
conventional PI controller while it has a current of 35A using V/F control.

6)  Due to the flow rate approaching uniform laminar flow, the electro-hydraulic actuator system using PIFLC with IVC
will be much less brittle, vibrate less, last longer, leak less hydraulic oil, and have a lower degree of pressure drop.

7)  The simulation results prove that the indirect field-oriented control technique with PI fuzzy logic controller provides
better speed control of the induction motor by reducing the steady state error to (0.024), overshooting to (0.2%), and
Settling time to (0.3s).

Nomenclature

A: Orifice passage area (m?) T.: Electromagnetic torque (N.m)

C. Damping coefficient (N.s/m) T»: Mechanical torque on the shaft (N.m)

d: Diameter (m) SPWM: Sinusoidal pulse width modulation

D: Pump displacement (m) FVf,: Viscosity coefficient of rotor friction

D,: Volume displacement rate (m) F: External load acting upon the actuator (N)

FOC: Field-oriented control F;: Force due to the pre-compression of the spring (N)
H. Inertia constant of the rotor/load set : Pump angular velocity (r/s)

igs» Las: Currents aligned with g-axis & d-axis w.: Reference frame speed (1/s)

IVC: Indirect vector control Wpnom: Pump nominal angular velocity (1/s)

kyp: Hagen-Poiseuille coefficient on: Angular velocity of the rotor (r/s)

Leak: Leakage coefficient ;. Measured speed (1/s)

ky, ki, kq: Proportional, integral & derivative coefficients wy: Slip speed (1/s)

K, : Spring stiffness linked with the actuator (N/m) v: Kinetic viscosity of the fluid (St)

L,: Motor magnetizing inductance (H) VUnom: Nominal fluid kinematic viscosity

p: Motor pole pair Nm, Ny Pump mechanical & volumetric efficiencies
PIFLC: PI fuzzy logic control 7. Total efficiency
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P: Discharge pressure (pa) w: Fluid dynamic viscosity (Pa.s)

PT, PP: Gauge pressures B: Friction coefficient

Py, Py: Load power & Hydraulic power (W) 0,: Theta generated (New rotor angle)

q: Pump delivery 0,: Measured angle (Original rotor angle)
Qiear: Leakage flow 8, Slip angle

Q.: Actual flow rate for hydraulic pump (m?/sec) p: Fluid density (kg/m®)

Ou: Inlet flow reaching the actuator (m3/sec) Prom: Nominal fluid density (kg/m?)

K: Constant of the compressible fluid flow Pas, Pqs- Stator fluxes referred to d-axis & g-axis (Wb)
Ryjgq: Resistance of leakage flow 0,,: Angular position of the rotor (m)

R,, L,: Rotor resistance ({2) & inductance (H) ,: Rotor flux

T: Torque at the pump driving shaft AP: Pressure difference (pa)

Author contributions

Conceptualization, A. hassan. J. Mohammed. and W. Hashim.; methodology, A. hassan. J. Mohammed. and W. Hashim.;
software, A. Hassan.; validation, A. hassan. and J. Mohammed.; formal analysis, A. hassan. and J. Mohammed.; investigation,
A. hassan. J. Mohammed. and W. Hashim.; resources, A. hassan. J. Mohammed. and W. Hashim.; data curation, A. hassan.
and J. Mohammed.; writing—original draft preparation, A. hassan.; writing—review and editing, J. Mohammed. and W.
Hashim.; visualization, A. hassan.; supervision, J. Mohammed. and W. Hashim.; project administration, A. hassan .
Mohammed. and W. Hashim. All authors have read and agreed to the published version of the manuscript.

Funding

This research received no specific grant from any funding agency in the public, commercial, or not-for-profit sectors.
Data availability statement

The data that support the findings of this study are available on request from the corresponding author.
Conflicts of interest

The authors declare that there is no conflict of interest.

References

[1] S. K. Hati, N.P. Mandal, D. Sanyal, Energy-saving design of variable-displacement bi-directional pump controlled
electrohydraulic ~ system, Proc. Inst. Mech. Eng. Part I, J. Sys. Control Eng., 235 (2020).
https://doi.org/10.1177/0959651820973898

[2] SK. Cho, H-H. Lee., A fuzzy-logic antiswing controller for three-dimensional overhead cranes, ISA Trans., 41 (2002) 235—
43. https://doi.org/10.1016/S0019-0578(07)60083-4

[3] I. Davliakos, E. Papadopoulos, Model-based control of a 6-dof electrohydraulic Stewart—-Gough platform, Mech. Mach.
Theory, 43 (2008) 1385—400. https://doi.org/10.1016/j.mechmachtheory.2007.12.002

[4] R. K. Barai, K. Nonami, Optimal two-degree-of-freedom fuzzy control for locomotion control of a hydraulically actuated
hexapod robot, Inf. Sci., 177 (2007) 1892-915. https://doi.org/10.1016/1.ins.2006.10.003

[S] C. Zhao, K. Gao, X. Liu, B. Wen, Control of electrohydraulic servo system for a material test system using fuzzy neural network,
In: Proceedings of the world congress on intelligent control and automation (WCICA). Proceedings of the 7th world congress on
intelligent control and automation, WCICA’08, 9351-9355, 2007. https://doi.org/10.1109/WCICA.2008.4593911

[6] F. M. Mohammed, J.A.-K. Mohammed, H.S. Mohammed, Manufacturing of Electro-hydraulic Elevator System Controlled
by PLC, Anbar J. Eng. Sc., 11 (2020) 162-169. https://www.iasj.net/iasj/article/274522

[7]1 I. H. A. Al-Hady, F. M. Mohammed, J.A.-K. Mohammed, Modeling and Simulation of Telescopic Hydraulic for Elevating
Purposes, Eng. Tech. J., 40 (2022) 226-232. http://doi.org/10.30684/etj.v40i1.2253.

[8] I. H. A. Al-Hady, F. M. Mohammed, J.A.-K. Mohammed, A review on the employment of the hydraulic cylinder for lifting
purposes, Indonesian J. Elec. Eng. Comp. Sc., 28 (2022) 1475-1485. http://doi.org/10.11591/ijeecs.v28.i3.pp1475-1485

[9] I. H. A. Al-Hady, F. M. Mohammed, J.A.-K. Mohammed, Modeling and simulation of electro-hydraulic telescopic elevator
system controlled by programmable logic controller, Indonesian J. Elec. Eng. Comp. Sc., 27 (2022) 71-78.
http://doi.org/10.11591/ijeecs.v27.il.pp71-78

[10] D. Lovrec and S. Ulaga, Pressure control in hydraulic systems with variable or constant pumps, Exp. Tech., 31(2007) 33-
41. http://doi.org/10.1111/1.1747-1567.2007.00146.x

1119


https://doi.org/10.1177/0959651820973898
https://doi.org/10.1016/S0019-0578(07)60083-4
https://doi.org/10.1016/j.mechmachtheory.2007.12.002
https://doi.org/10.1016/j.ins.2006.10.003
https://doi.org/10.1109/WCICA.2008.4593911
https://www.iasj.net/iasj/article/274522
http://doi.org/10.30684/etj.v40i1.2253
http://doi.org/10.11591/ijeecs.v28.i3.pp1475-1485
http://doi.org/10.11591/ijeecs.v27.i1.pp71-78
http://doi.org/10.1111/j.1747-1567.2007.00146.x

Aws F. Hassan et al. Engineering and Technology Journal 42 (08) (2024) 1104- 1121

[11] J. E. Obucina, V. Savi¢, D. Knezevié, A. IvaniSevi¢, B. Balovi¢, Technical-economic view of the replacement of pumps
with variable volume pumps a constant volume of the frequency converter, 12th International conference on
accomplishments in Electrical and Mechanical Engineering and Information Technology (DEMI 2015).

[12] J. E. Obu¢ina, S. Stankovski, V. Savi¢, G. Ostojic, S. Cajetinac, Energy savings using frequency regulation in the hydraulic
system with a pump of constant displacement, 13th Int. Conf. Accomplishments Mech. Ind. Eng., 2017.

[13] M. Xu, B. Jin, G. Chen, J. Ni, Speed-Control of Energy Regulation Based Variable-Speed Electrohydraulic Drive, J. Mech.
Eng., 59 (2013) 433-442. https://doi.org/10.5545/sv-jme.2012.911

[14] H. Dahmardeh, M. Ghanbari, S.M. Rakhtala, A Novel Combined DTC Method and SFOC System for Three-phase Induction
Machine Drives with PWM Switching Method, J. Oper. Autom. Power Eng., 11 (2023) 76-82.
https://doi.org/10.22098/joape.2023.9717.1679

[15] S. Yadav, P. Sahu, V.P. Kurmi, Designing and comparison of pi, fuzzy and artificial neural network based speed controller
for induction motor drive, Int. Res. J. Modernization Eng. Technol. Sci, 5 (2023) 3212-3218..
https://www.doi.org/10.56726/IRIMETS42237

[16] K. Ojha, S. Sharma, R. Tirole, performance analysis and speed control using indirect vector controlled for induction motor
drive, Int. J. Tech. Res. Sci., VIII (2023) 18-23. https://doi.org/10.30780/1JTRS.V08.106.004

[17] S. P Ja, A.E. Daniela, An Intelligent Speed Controller Design for Indirect Vector Controlled Induction Motor Drive System,
Procedia Technol., 25 (2016) 801-807. https://doi.org/10.1016/j.protcy.2016.08.177

[18] S. Ullah, I. Ahmad, E. Muhammad, Design and Analysis of Fuzzy Supervisory Control of an Induction Motor, International
Conference on Applied and Engineering Mathematics, 2019.  https://doi.org/10.1109/ICAEM.2019.8853693

[19] G. Kamalapur, M.S. Aspalli, Direct torque control and dynamic performance of induction motor using fractional order fuzzy
logic controller, Int. J. Electr. Comput. Eng., 13 (2023). https://doi.org/10.11591/ijece.v13i4.pp3805-3816

[20] C. A. Okeke and LI. Okonkwo, Fuzzy Logic Aided PID Controller for Induction Motor Speed Control, Int. J. Adv.
Networking Appl.,14 (2023) 5541-5548.

[21] K. Kutlu, H. Giiner, Comparison of digital PD and fuzzy control theory on a hydraulic servo system. In: IFAC-symposium
on design methods of control systems, IFAC Proceedings Volumes, 24 (1991) 111-114. https://doi.org/10.1016/S1474-
6670(17)54154-3

[22] R. Schidl, B. Manhartsgruber, On the dynamic behavior of servo-hydraulic applied to hydraulic drivers, Nonlinear Dyn., 17
(1998) 247-68. https://doi.org/10.1023/A:1008348714791

[23] E. Detieck , A fuzzy seclf-learning position control of hydraulic drive, Cybernet Syst. Int. J., 31 (2000) 821-36.
https://doi.org/10.1080/019697200750038959

[24] E. Jones, A. Dopson, AP. Roskilly, Design of a reduced-rule self organizing fuzzy logic controller for water hydraulic
applications, Proc. Inst. Mech. Eng., 214 (2000) 371-81. https://doi.org/10.1243/0959651001540726

[25] X. Bing, Y. Jian, Y. Huayong, Comparison of energy-saving on the speed control of the VVVF hydraulic elevator with and
without the pressure accumulator, Mechatron., 15 (2005) 1159-1174. https://doi.org/10.1016/j.mechatronics.2005.06.009

[26] O. Cochoy, U.B. Carl, F. Thielecke, Integration and control of electromechanical and electrohydraulic actuators in a hybrid
primary flight control architecture, Int. Conf. on Recent Advances in Aerospace Actuation Systems and Components, 1-8,
Toulouse, France, 2007.

[27] K. Rongjie, J. Zongxia, W. Shaoping, C. Lisha, Design and simulation of electro-hydrostatic actuator with a built-in power
regulator, Chin. J. Aeronaut., 22 ( 2009) 700-706. https://doi.org/10.1016/S1000-9361(08)60161-2

[28] B. Xu, R. Ding, J. Zhang, M. Cheng, T. Sun, Pump/valves coordinate control of the independent metering system for mobile
machinery, Autom. Constr., 57 (2015) 98—111. https://doi.org/10.1016/j.autcon.2015.04.012

[29] W. Bingbing, S. Guanglin, Y. Licheng, Modeling and analysis of the electro-hydraulic proportional valve controlled motor
system supplied by variable pressure accumulator, 2015 International Conference on Fluid Power and Mechatronics (FPM).
https://doi.org/10.1109/FPM.2015.7337295

[30] W. Shi, J. Wei, J. Fang, M. Li, Nonlinear cascade control of high response proportional solenoid valve based on an extended
disturbance observer, Proc. Inst. Mech. Eng. Part [, J. Syst. Contr. Eng., 233 (2018) 921-934.
https://doi.org/10.1177/0959651818807518

[31] M. Li, W. Shi, J. Wei, J. Fang, K. Guo, Q. Zhang, Parallel Velocity Control of an Electro-Hydraulic Actuator with Dual
Disturbance Observers, IEEE Access , 7 (2019) 56631-56641. https://doi.org/10.1109/ACCESS.2019.2911658

[32] G. Wrat, P. Ranjan, M. Bhola, SK. Mishra, J. Das, Position control and performance analysis of hydraulic system using two pump
controlling strategies, Proc. Inst. Mech. Eng., I, J. Syst. Contr. Eng., 233 (2018). https://doi.org/10.1177/0959651818813233

1120


https://doi.org/10.5545/sv-jme.2012.911
https://doi.org/10.22098/joape.2023.9717.1679
https://www.doi.org/10.56726/IRJMETS42237
https://doi.org/10.30780/IJTRS.V08.I06.004
https://doi.org/10.1016/j.protcy.2016.08.177
https://doi.org/10.1109/ICAEM.2019.8853693
https://doi.org/10.11591/ijece.v13i4.pp3805-3816
https://doi.org/10.1016/S1474-6670(17)54154-3
https://doi.org/10.1016/S1474-6670(17)54154-3
https://doi.org/10.1023/A:1008348714791
https://doi.org/10.1080/019697200750038959
https://doi.org/10.1243/0959651001540726
https://doi.org/10.1016/j.mechatronics.2005.06.009
https://doi.org/10.1016/S1000-9361(08)60161-2
https://doi.org/10.1016/j.autcon.2015.04.012
https://doi.org/10.1109/FPM.2015.7337295
https://doi.org/10.1177/0959651818807518
https://doi.org/10.1109/ACCESS.2019.2911658
https://doi.org/10.1177/0959651818813233

Aws F. Hassan et al. Engineering and Technology Journal 42 (08) (2024) 1104- 1121

[33] M. Jin, Q. Wang, Energy-saving control for electro-hydraulic systems under time-varying negative loads, Proc. Inst. Mech.
Eng. I, J. Syst. Contr. Eng., 232 (2018) 608-21. http://dx.doi.org/10.1177/0959651818758811

[34] H. A. Hoshi, H.A. Al-Sali, W.M. Hashim, Investigation Vibration Damping in the Hydraulic Systems by Using an
Accumulator, Eng. Tech. J., 36 A (2018) 1276-1282. https://doi.org/10.30684/ETJ.36.12A.9

[35] W. M. Hashim, H.A. Al-Salihi, A.F. Hassan, Investigation the variation of bulk modulus of elasticity on the performance
of conventional electrohydraulic system, J. Univ. Babylon Eng. Sci., 27 (2019) 170-181 .

[36] J. A.-K. Mohammed, W.M. Hashim, B.S. Beram, Speed Control of Hydraulic Elevator by Using Electro-Hydraulic Servo
Mechanism, J. Univ. Babylon Eng. Sci., 27 (2019) 275-291.

[37] J. A.-K. Mohammed, W.M. Hashim, B.S. Beram, Performance Improvement of a Conventional Hydraulic Elevator by
Using Electro-Hydraulic Servo Mechanism, Eng. Tech. J., 38 (2020) 748-760. https://doi.org/10.30684/etj.v38i5A.367

[38] M. Liand Q. Zhang, Adaptive Robust Fuzzy Impedance Control of an Electro-Hydraulic Actuator, Appl. Sci., 12 (2022)
9575. https://doi.org/10.3390/app12199575

[39] S.V. Ustun, M. Demirtas, Optimal Tuning of PI Coefficients by Using Fuzzy-Genetic for V/f Controlled Induction Motor,
Expert Syst. Appl., 34 (2008) 2714-2720. https://doi.org/10.1016/j.eswa.2007.05.029

[40] M. Suetake, I.N. da Silva, A. Goedtel, Embedded DSP-Based Compact Fuzzy System and Its Application for Induction-
Motor V/f Speed Control, IEEE Trans. Ind. Electron., 58 (2011) 750-760. https://doi.org/10.1109/TTE.2010.2047822

[41] Z.B. Duranay, H. Guldemir, S. Tuncer, Implementation of a V/f Controlled Variable Speed Induction Motor Drive,
EMITTER Int. J. Eng. Technol., 8 (2020) 35-48. https://doi.org/10.24003/emitter.v8il.490

[42] Hansen, A.H., Fluid Power Systems, Springer Nature Switzerland AG 2023.

[43] W.M. Hashim, H.A. Al-Salihi, F.N. Al Zubaidi, Effects of temperature on the properties of HL32 oil in the conventional
hydraulic actuators, Heliyon, 8 (2022). https://doi.org/10.1016/j.heliyon.2022.e11831

[44] R.J.A.-Cedeno, Numerical Study of Constant Pressure Systems with Variable Speed Electric Pumps, Energies, 15 (2022)
1918. https://doi.org/10.3390/en15051918

[45] M.A.M. Eltoum, A. Hussein, M.A. Abido, Hybrid Fuzzy Fractional-Order PID-Based Speed Control for Brushless DC
Motor, Arabian J. Sci. Eng., 46 (2021) 9423-9435. https://doi.org/10.1007/s13369-020-05262-3

[46] K.B. Hunasikatti, R.L Naik, B.V Hiremath, Implementation of FPGA Based Closed Loop V/f Speed Control of Induction
Motor Employed for Industrial Applications, 2" Int. Conf. on Adv. in Elect, Comp. and Comm., 2018.
https://doi.org/10.1109/ICAECC.2018.8479518

[47] A. Khaliq, S.A.R. Kashif, F. Ahmad, M. Anwar, Q. Shaheen, R. Akhtar, M.A. Shah, A. Abdelmaboud, Indirect Vector
Control of Linear Induction Motors Using Space Vector Pulse Modulation, Comput. Mater. Continua, 74 (2023) 6263-6287.
https://doi.org/10.32604/cmc.2023.033027

[48] H. Salahuddin, K. Imdad, M. U. Chaudhry, D. Nazarenko, V. Bolshev and M. Yasir, Induction Machine-Based EV Vector
Control Model Using Mamdani Fuzzy Logic Controller, Appl. Sci., 12 (2022) 4647. https://doi.org/10.3390/app12094647

1121


http://dx.doi.org/10.1177/0959651818758811
https://doi.org/10.30684/ETJ.36.12A.9
https://doi.org/10.30684/etj.v38i5A.367
https://doi.org/10.3390/app12199575
https://doi.org/10.1016/j.eswa.2007.05.029
https://doi.org/10.1109/TIE.2010.2047822
https://doi.org/10.24003/emitter.v8i1.490
https://doi.org/10.1016/j.heliyon.2022.e11831
https://doi.org/10.3390/en15051918
https://doi.org/10.1007/s13369-020-05262-3
https://doi.org/10.1109/ICAECC.2018.8479518
https://doi.org/10.32604/cmc.2023.033027
https://doi.org/10.3390/app12094647

	1. Introduction
	2. Theoretical analysis
	2.1 Hydraulic Pump
	2.2 Directional control valve (DCV)
	2.3 Proportional pressure relief valve (PPRV)
	2.4 Actuator

	3. Intelligent motor drive control
	3.1 Induction motor model
	3.2 PID controller
	3.3 Indirect vector control (IVC) system
	3.4 Fuzzy logic control (FLC)

	4. Simulation model
	5. Results and discussion
	6. Conclusion
	Author contributions
	Funding
	Data availability statement
	Conflicts of interest
	References


