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The demand to obtain an accurate and high efficiency hydraulic actuator has been increasing in heavy industries. However, the

existence of uncertain, nonlinear, and unknown terms in system dynamics limits the performance of the hydraulic actuator

significantly. To deal with these problems, this paper proposes an advanced control approach, named the integrated model-based

backstepping (IBS) controller, for position-tracking control of a pump-controlled Electro Hydraulic System (PEHS). First, a

mathematical model of the studied system is fully derived in which the structure of the system elements is clearly presented. Second,

to realize the control performance in both transient and steady-state responses, and to simplify the design procedure, an advanced

backstepping technique is then employed to compensate for the nonlinearities and unknown terms, while the uncertainties are well

treated by a novel identification method based on the obtained model. Third, the stability of the closed-loop system is theoretically

maintained using Lyapunov functions. Finally, the effectiveness and feasibility of the proposed method are confirmed by comparing

with a tuned proportional-integral-derivative (PID) controller and a direct backstepping (DBS) controller in the real-time tracking

control of the PEHS to follow various trajectories under different testing conditions.
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NOMENCLATURE

x = displacement of the main cylinder or system position

P1 = pressure in chamber 1 of the main cylinder

P2 = pressure in chamber 2 of the main cylinder

Q1 = flow rate at chamber 1 of the main cylinder

Q2 = flow rate at chamber 2 of the main cylinder

QcLi = internal leakages of the main cylinder

CcLi = coefficient of internal leakages of the main cylinder

QcLe1 = external leakages at chamber 1 of the main cylinder

QcLe2 = external leakages at chamber 2 of the main cylinder

A1 = effective area at chamber 1 of the main cylinder

A2 = effective area at chamber 2 of the main cylinder

dt = stroke length of the main cylinder

Q1p = supply flow at side 1 of the pump

Q2p = supply flow at side 2 of the pump

QpLi = internal leakages of the pump

CpLi = coefficient of internal leakages of the pump

QpLe1 = external leakages at side 1 of the pump

QpLe2 = external leakages at side 2 of the pump

D = pump displacement

w = pump speed

ηV = volumetric efficiency of the pump

JHP = inertia moment of the pump

TfHP = coefficient of viscous friction torque of the pump

Kdr = driver gain

u = input voltage supplied to driver

M = total mass effecting to the system motion

βe = effective bulk modulus of the hydraulic fluid

 = estimate of •

 = estimation error of •

•max = maximum value of •

•min = minimum value of •

 = width of the feasible range of •

 = supreme absolute value of •
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1. Introduction

Electro-hydraulic system (EHS) has become increasingly more

popular in modern industries, especially heavy industries and airplane

manufacturing, due to ability of high force generation. Many EHS

applications have been commercialized such as in press machines,1

excavators,2 and track cranes.3 Basically, electro-hydraulic systems can

be divided into two main types: valve-controlled EHS and pump-

controlled EHS, tagged as VEHS and PEHS, respectively. The

configuration of a VEHS usually consists of a high-pressure fluid

supplier and a main actuator. The pressure of the supplier is normally

maintained at a fixed value and the actuator operation is based on the

valve adjustment.4,5 Although a fast response can be easily obtained

with this system, a great deal of system energy can be lost at the control

valve due to the throttle phenomenon. In order to address this problem,

pump-controlled systems have been introduced as feasible solutions.1,6,7

Here, the motion of a PEHS is controlled directly by the operation of

the pump. Hence, the lost energy is reduced significantly. However,

complications in both design and control are the main drawbacks of

this type of system.

Many techniques have been developed for accurate position (or

force) control of electro-hydraulic systems. First, proportional-integral-

derivative (PID) and advanced PID approaches need to be discussed.8-10

PID gains have been derived using many methods, such as genetic

algorithm, fuzzy technique, and model-based analysis, to achieve

remarkable results. Nevertheless, since the control decision was

produced only from the control error, it was difficult to maintain good

performance in different working conditions. Moreover, the closed-

loop stability of such controllers was not proven. To address this

limitation, linear methods11-13 and linearized techniques14,15 have been

introduced. Yu et al.16 constructed an indirect adaptive controller from

parameter estimation and a linear pole placement design. The employed

controller demonstrated better performance than that of the suboptimal

PID controllers. However, relying on linear models of plants, which

contain large numbers of complexities and nonlinearities,17 certainly

restricts the control efficiency. Thus, another category of adaptive

nonlinear controllers has been proposed with the use of full

mathematical nonlinear models. Through the adaptive sliding mode18

and backstepping19,20 controllers, parametric uncertainties of the

controlled system were estimated by adaptation laws and the

nonlinearities (and uncertain nonlinearities) were maintained by robust

nonlinear designs. Although the performances were significantly

improved, the adaptation laws were only applied to the last state of the

mathematical models. In fact, uncertainties exit in all states of the

systems. Furthermore, integrated direct/indirect methods21-23 were

employed to control such systems. All uncertain parameters of the

systems were identified online using least-squares (LS) algorithm and

were then fed to the nonlinear controllers separately to improve the

performances. Nonetheless, the LS method is not an ideal option for

models containing unknown elements. In particular, focusing on

cylinder-actuated systems using PEHSs, many problems remain with

the complete modeling of these systems.19,24 For example, supplement

flows to compensate for different chamber volumes through check

valves were considered as parametric uncertainties.19 In fact, these

terms are used as highly nonlinear functions. Besides, other unknown

terms which are related to load variation, system modeling error, noise,

sensor tolerant and friction, etc., were not studied or simplified in the

existing methods.18,20 These issues could cause a chatting problem or a

high steady-state control error.

In order to overcome the above mentioned drawbacks, the aim of

this article is to develop an advanced nonlinear controller for accurate

position-tracking of a typical PEHS. First, the system mathematical

model is fully derived. The system dynamics are here explored more

comprehensively than in the previous literature. The supplement flows

are analyzed as a combination of uncertainties, nonlinearities, and

unknown elements. These unknown elements are also divided into two

parts: uncertainty and a smaller unknown term. Based on the proposed

model, a novel identification method is proposed to estimate the

uncertain parameters accurately. An equivalent model of the studied

system with estimation error gains is then utilized to run online with the

real system. Second, to deal with the nonlinearities and unknown terms

for a good tracking performance, a smooth robust state control method

is proposed. The system states are divided into trivial states and crucial

states. The trivial states are composited into a new virtual state using

the Rough-Hurwitz stability criterion. Next, both the virtual state and

the crucial states are controlled by the backstepping theory.

Furthermore, some advanced functions are added to the controller to

enhance both transient and steady-state responses, while linear robust

terms are employed to avoid the chattering problem. To increase the

excitation ability of the estimation procedure in the control process, the

model-based identification method is also integrated into the controller.

Third, convergence of the identification method and stability of the

closed-loop control system are theoretically maintained via Lyapunov

functions. Finally, an experimental apparatus using the researched

PEHS is set up. Real-time experiments are then performed on this

system under different working conditions to verify the feasibility of

the designed controller. Additionally, a comparative study with a tuned

PID controller25 and a direct backstepping (DBS) controller19 is

implemented on the same system and testing conditions to

convincingly demonstrate the effectiveness of the proposed approach.

The remainder of the paper is organized as follows: the studied

PEHS and its model are clearly described in Section 2; the controller

design and novel identification theory are explored in Section 3;

Section 4 shows the experimental setups, control results and discussion

and; the conclusions and future research are presented in Section 5.

 = estimation rate matrices

 = estimation error gains

 = uncertain functions

 = certain vectors extracted from the uncertain functions

 = uncertain vectors extracted from the uncertain functions

 = unknown terms extracted from the uncertain functions

δ = modeling error
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2. System Modeling and Problem Statements

To increase the energy efficiency, the researched system is designed

based on the working principle of a pump-controlled EHS and

delineated as the control module in Fig. 1. The system motion is

generated by a double-acting single-rod cylinder (DAJON TECH,

D140H-SD50B-N300), which is simple in design, convenient for

installation, and widely used in industrial applications. A fixed

displacement bidirectional hydraulic gear pump (GALTECH, 2SM-G-

4-R-SAEA-13GGA-VT) is employed to actuate the cylinder via a

hydraulic control circuit. The pump speed is regulated by controlling an

AC servo motor (HIGEN, FMACN10-AB00) using a proper driver

(HIGEN, FDA7010).

In addition, to create loading conditions for the PEHS tests, a load

module is attached to the right side of the system as shown in Fig. 1.

Here, the load part is another similar cylinder incorporated with a

passive hydraulic circuit employing pressure relief functions and check

valves. The loading condition is therefore altered by manually adjusting

the cracking pressure of the two relief valves (WINNER RD-08W-

20WL).

By applying Newton’s second law, the position dynamics of the

system can be presented

(1)

where Fext is the external force and Fl is lumped uncertain nonlinearities

such as viscous friction, static friction, Coulomb friction, and hard-to-

model terms.5,26

The pressure dynamics inside the cylinder chambers can be written

as26,27

(2)

Here, V10 and V20 are the original total volumes in which each

volume includes the initial volume of a cylinder chamber and the

volume of the corresponding pipelines connecting to this chamber.

From the designed hydraulic circuit, the supply flows to the chambers

are calculated separately as

(3)

where Q1d, Q1r, and Q2r are the discharged flows through the directional

valve and the relief valves. Q5c is the charged flow from the tank through

the check valve c5. Note that the values of Q1r and Q2r are zero in

normal working condition because these relief valves are overpressure

protectors.

The pump flows (Q1p and Q2p) can be presented as linear functions

as follows19

(4)

Assumption 1:

a) The hydraulic energy is not lost on the transferred pipelines.

b) All external leakages are neglected:

(5)

c) The used hydraulic fluid is incompressible. Hence, the flows of

the directional valve and check valve can be approximated as

(6)

where Q1de, δ1d and Q5ce, δ5c are the nominal functions and modeling

errors of Q1d and Q5c, respectively, and sm(*) is a log-sigmoid function
21

which is defined as

where (7)

d) All internal leakage flows are laminar. The flows can be calculated

as25

(8)

e) The zero point is determined directly in the middle of the

cylinder. The working position of the system is in a range of

(9)

The original control volumes are subsequently followed by

(10)

where V1p, V2p are the volumes of the pipelines and unused zones at

chamber 1 and chamber 2, respectively.

f) The controller inside the motor driver is sufficiently good such

that the pump speed can be expressed by a linear function of input

voltage:
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Fig. 1 Working principle of the studied system
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(11)

g) Hysteresis time of the system is smaller than the sampling time.

By defining state variables as  [x1 x2 x3]
T = [x (P1A1−

P2A2)]
T and combining Eqs. (1)~(11), the system dynamics can be

summarized in state-space form as

(12)

where

(13)

Remark 1:

The obtained model shows that the studied system is an uncertain

nonlinear system. Fext, Fl are unknown functions. δ1d, δ5c, and δp are the

non-modeled elements. CcLi, CpLi are difficult to be determined exactly.

V10, V20, and M are also uncertain. In addition, ηV and βe can change

during the working process. Hence, designing an accurate position-

tracking controller for the unknown uncertain nonlinear system is a

considerable challenge.

3. Integrated Controller Design

In this section, a nonlinear controller is designed to control the

system output x tracking to the desired profile xd as closely as possible

by covering all uncertain, nonlinear, and unknown terms of the system

based on the results obtained from Section 2. The controller is developed

based on an advanced procedure of backstepping technique.

Assumption 2:

a) From the studied configuration as shown in Fig. 1, the external

force could be considered as a mass-damping system4 of uncertain

parameters and a smaller unknown element:

(14)

b) The flumped uncertain force is divided into viscous friction, and

static friction forces,21,26 and another unknown term:

(15)

Here, the external force and friction force can be synthesized to a

new function as

(16)

where  and .

c) The change of all uncertain parameters is much slower than that

of the sampling time.

d) The system variables  can be measured with the given

tolerances σi|i=1,2,3.

e) Boundaries of all uncertain parameters and unknown elements

are known.

The full state-space form Eq. (12) of the studied system can be

rewritten as

(17)

where ; and ζ2, ζ3 are the lumped unknown terms combined

from the measured errors, load variation modeling errors, and hydraulic

modeling errors. These terms are obviously bounded.

3.1 Nonlinear controller

Assumption 3:

a) The desired reference input is bounded and its time derivatives

are also bounded up to the third order.

b) All uncertain parameters and unknown elements are bounded in

the convex sets in which their center points are fixed and bounded.

These boundaries are also known.

Consider a composited control error created from the control

objective e = x1 − xd and a positive constant k1 as follows

(18)

The time derivative of the error using the system Eq. (17) is given

(19)

As seen in Eq. (18), when the value of k1 is chosen to be greater

than 1, a good control result e will be obtained from a large value of

the error s. Hence, in order to control the error to be as small as

possible, a virtual control input is chosen as

(20)

where k2 is a positive constant and ss is a bounded function of s.

Here, if , , and x3d respectively converge to f0, f1, and x3, then

the error will also converge to a small ball os.
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Now, we define a new state control error

(21)

It follows that,

(22)

For minimizing the new control error e3 as the above analysis, the

final control signal is synthesized as follows

(23)

where e3s is a bounded function of e3, while β2, β3 are positive constants

and k3 > /2f3min.

The purpose of the functions ss and e3s is to improve the transient

and steady-state performances of the control system, respectively. Thus,

these functions are proposed as follows

(24)

where k2s, k3s are positive constants while the values of k2t, k3t are

chosen as

(25)

Because uncertainties exist in the designed rules, the control

performance can be degraded in the case where large gaps occur

between the real values and the used values. Hence, developing an

estimation theory to identify the uncertain functions  as

accurately as possible is critical here.

3.2 Model-based identification theory

Now, each function  can be divided into three parts as

follows:

(26)

which satisfy the following conditions

(27)

where Ωi is feasible range of uncertain vector Ξi.

In order to estimate the uncertain parameters of the given system, an

estimation system is proposed as

(28)

where

(29)

and l2, l3 are positive constants.

From the given system Eq. (17) and the approximation system Eq.

(28), the update laws of the uncertain parameters can be designed 

(30)

Here,  are positive-definite diagonal

matrices and α2, α3 are positive constants.  are diagonal

matrices of boundary-guaranty functions which are simply designed as

To study the convergence of the proposed method, the following

theorem is investigated,

Theorem 1:

Consider a nonlinear system as Eq. (17) satisfying Assumptions 1

and 2, and employ an estimation model (28) with the learning rules Eq.

(30) under condition l3 > ( /(2f4min)). If the estimating vector errors

are sufficiently rich, or > (( + )/l2) and > 2(  + Δu

+  + )/(2l3f4min − ), in transient time, then the estimation

model will converge to the system model with an allowable bound.

Proof:

Assumption 1.e indicates that function f4 is always positive. Thus,

consider a Lyapunov function as follows

(32)

Differentiating the candidate function with respect to time and

noting Eqs. (17) and (28) lead to
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(34)

Here, Theorem 1 is proven.

Remark 2:

The convergence of the identification method strongly depends on

boundaries of the unknown terms and the working range of the system.

The magnitude of the unknown boundaries is significantly reduced by

obtaining an accurate mathematical model of the studied system as in

Section 2. Moreover, to increase the convergence rate of the method,

the value of l2, l3 and time derivative of the state variable should be

sufficiently large.

The final goal of the paper is to supply a precise controller for the

tracking control. A good identification result presents the good

adaptation of the proposed approach with the system change and leads

to the use of the smaller robust gains in the control signals, while a

proper control strategy could provide excellent performance with less

control effort. However, in the real-time applications, the update laws

can be degraded in the case of simple trajectories.

3.3 Integrated mechanism

To increase the excitation ability of the identification process, the

estimation method is integrated into the robust nonlinear controller. Here,

the learning laws (Eq. (30)) are improved by adding some excitation

terms as follows

(35)

To verify the convergence of the closed-loop system, a new theorem

is studied.

Theorem 2:

Given a bounded nonlinear system Eq. (12) under Assumptions 2

and 3, employing the control laws Eq. (18)~(25) incorporated with the

identification mechanism Eq. (28)~(31) and the improvement Eq. (35),

the following properties hold:

If the estimation errors and the state control errors are sufficiently

rich in transient time or > (( + )/l2), > 2( + +

+ )/(2l3f4min− ), |s| > ( /k2), and |e3| > ( /

2k3f3min− ), the uncertain parameters of the system will then converge

to the real values with an allowable bound.

By properly selecting the control parameters k1 and ki, kit, ,

the tracking control error of the closed-loop system will converge to a

desired bound via the strict convergence of the other state control

errors.

Proof:

Define some unknown bounded terms as follows

(36)

where  are the center points of the feasible ranges of .

The unknown terms can be re-expressed as

(37)

Consider a new composited Lyapunov function as

(38)

Applying the control laws Eqs. (18)~(25), the time derivative of the

function V2  becomes

(39)

Noting the improvement Eq. (35) and the result of Theorem 1 yields
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Here, the first statement of Theorem 2 has been proven.
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where  and
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unknown term ζ2, IEQ. (42) becomes

(43)

A combination of Eqs. (18), (41) and (43) leads to the proof of the

second statement of Theorem 2.

Remark 3:

In this section, the influence of the identification mechanism on the

control performance has been clearly derived. Some poor identification

results could increase the control error. The effectiveness of the state

control theory has also been addressed. In order to easily apply the

proposed approach to real-time applications, the implementation

procedures of the estimation theory and the integrated controller are

summarized in Appendix A and Appendix B, respectively.

4. Experimental Validation

In this section, the performance of the proposed approach has been

verified through real-time experiments. For this purpose, an experimental

system was built as depicted in Fig. 2. This system consisted of the

studied hydraulic circuit as introduced in Section 2 (Fig. 1), and a

control-data acquisition (CDAQ) system. The CDAQ system included

an Advantech Industrial Computer (Core i3-2100 3.1 GHz), a data

acquisition (DAQ) card (PCI-6221), an encoder reader (PCI-QUAD

04), and proper sensors. The displacement of the actuator and the

working pressures were measured using a linear encoder (WTB5-500

MM) and pressure transducers (DS-230), respectively. The external

force was validated via a load-cell (YC60-2T) and an indicator. The

designed controller was implemented on the computer within Real-time

Window Target Toolbox of Matlab under a sampling time of 2 ms. The

detailed specifications of the system components are summarized in

Table 1, while the real apparatus is displayed in Fig. 3.

To validate the identification method according to the procedure

described in Appendix A, a random signal − plotted in Fig. 4 − was

selected as the system input for an open-loop experiment. The purpose

of this experiment was to determine the believable values of the

uncertain parameters. Detailed structures of the uncertain terms

extracted from the functions  can be seen in Appendix C. The

other system parameters and the range of the uncertain parameters were

set as in Tables 2 and 3, respectively. The estimation rate matrices and

error gains were then chosen as follows:
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Fig. 2 Experimental configuration

Fig. 3 Photograph of the experimental apparatus

Table 1 Specifications of the studied system

Device Specification

Hydraulic

cylinder

Type: DAJON D140H-SD50B-N300

Stroke: 300 [mm]

Tube diameter: 50 [mm]

Rod diameter: 30 [mm]

Hydraulic

pump

Type: GALTECH 2SM-G-4-R-SAEA-13GGA-VT

Displacement: 4 [cc/rev]

Max. speed: 4000 [rpm]

Max. flow: 16 [lt/min]

AC Servo

motor

Type: HIGEN FMACN10-AB00

Power: 1 [kW]

Max. speed: 3000 [rpm]

Motor

driver

Type: HIGEN FDA7010

Max. current: 6.9 [A]

Power: 1 [kW]

Table 2 The system parameters obtained from the manufactures

Parameter Nomen Value

Stroke length dt (m) 0.3

Bore area A1 (m
2) 1.9635×10-3

Rod area A2 (m
2) 1.2566×10-3

Pump displacement D (m3/rev) 4×10-6

Driver gain Kdr (rev/(Vs)) 5

Table 3 Chosen ranges of uncertain vectors

Uncertain Vector Max Value Min Value

Ξ0 50 0.8

Ξ1 [100 3000 700]T [2 10 50]T

Ξ2

[4.9×10-4 4.2×10-4

1.6×10-10 1.2×10-15]T
[3.1×10-4 2.2×10-4

5×10-11 3×10-18]T

Ξ3 5.5×10-5 10-7

Ξ4 2×10-8 6.67×10-10
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The initial values of the uncertain parameters were randomly set

within their possible ranges. This random selection could lead to

differences between the estimated values (Eq. (28)) and the measured

values of the velocity and pressure at the beginning. However, by

applying the learning mechanism (Eq. (30)), all the parameters were

stabilized at the steady-state values and the estimation errors were

converged to remarkable ranges. As seen in Figs. 5 and 7, the estimation

error of the velocity reduced from ([-0.16; 0.07] (m/s)) to (±0.0065 (m/

s)) while that of the pressure was from ([-250; 320] (N)) to (±40 N).

From Figs. 6 and 8, the believable values of the parameters were also

easily determined:

Although the real values of the uncertain parameters were unknown,

the convergence of the estimation process of both the parameters and

the estimation errors demonstrated the effectiveness of the algorithm.

The feasible ranges of the parameters were reconfigured more certainly.

Next, the controller derived in Section 3 was implemented on the

testing system for position-tracking control following the procedure

described in Appendix B. Chirp, sinusoidal, and smooth multi-step

signals were chosen as the desired trajectories to evaluate the controller.

The results obtained in the open-loop experiment were used as the

initial values of the control parameters. Other parameters were finally

selected as follows:

Additionally, a tuned PID controller25 and a direct backstepping

(DBS) controller were employed for comparison of the proposed

controller on the same system under the same testing conditions. The

DBS controller was designed the same as that made by Ahn et al.19

while the PID gains were tuned to be KP=551.12, KI=6.15, KD=0.203.

In the first experimental case, a chirp signal with amplitude of 100

mm and maximum frequency of 0.1 Hz, as shown in Fig. 9, was chosen

as the reference input of the closed-loop system. By applying the PID,

the DBS and the designed controllers to the system, the tracking errors

were compared as presented in Fig. 10. From the information of the

control error, the PID controller produced an appropriate control signal

to force the error to be as small as possible. As seen in the figure, a

good range of the control error was clearly obtained ([0.97→1.73] (mm)

~ [0.97%→1.73%]) by using this controller. On the other hand, to
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Fig. 4 Random input signal for open-loop experiment

Fig. 5 Identification results of the force dynamics from open-loop

experiment

Fig. 6 Estimated parameters of the force dynamics

Fig. 7 Identification results of the pressure dynamics from open-loop

experiment
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improve the control performance, the DBS controller employed adaptive

nonlinear terms to compensate for the system nonlinearities, and robust

gains to minimize the control error. Thus, a better range of the control

error was given ([0.22→0.45] (mm) ~ [0.22%→0.45%]). However, it

can be seen that the control performance worsened when the working

frequency increased. This drawback is due to the incomprehensive

system modeling and the learning mechanism of the uncertain

parameters. In the DBS design,19 some nonlinear functions were only

considered as uncertain parameters, while it was not certain whether

the initial values of the uncertain parameters were chosen close to the

real values in the control process. These issues have been addressed in

the proposed approach by the fully mathematical system model and the

novel online identification method. Moreover, some advanced functions

of the state control errors are adopted inside the control signal to

enhance the transient and steady-state control performances. As a result,

Fig. 8 Estimated parameters of the pressure dynamics

Fig. 9 Reference input signal of the first experimental case

Fig. 10 Comparative control errors in the first experimental case

Fig. 11 State errors of the proposed controller in the first experimental

case

Fig. 12 Identification results of the force dynamics in the first

experimental case

Fig. 13 Estimated parameters of the force dynamics in the first

experimental case
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an excellent control error was achieved (±0.04 mm ~ 0.04%). Other

state control errors are illustrated in Fig. 11, while the online-running

estimation results are also displayed in Figs. 12 to 15. Combining with

Fig. 16, these figures show that, in spite of the increase in the external

force, the estimation error of the force dynamic was still maintained in

an acceptable range. The control and estimation results remark that the

integrated control algorithm could adapt well with both the changes of

the system and the external disturbance. Besides, the smooth form of

the control input, as plotted in Fig. 17, demonstrates the feasibility of

the control method. Hence, the effectiveness of the proposed method

has been confirmed. Nevertheless, peak points occurred when the system

direction changed. This phenomenon is explained by the presence of the

system hysteresis which is not studied in this article (Assumption 1.g).

In the second experiment, for the more difficult challenge of the

proposed approach in the tracking control, a sinusoidal signal with a

frequency of 0.5 Hz and amplitude of 20 mm was chosen as the

reference input. After applying the same controllers as those in the first

experiment, the responses and the control errors of three of the methods

were compared as described in Figs. 18~19. In this case, the control

errors of the PID and DBS controllers were distinctly increased to new

Fig. 14 Identification results of the pressure dynamics in the first

experimental case

Fig. 15 Estimated parameters of the pressure dynamics in the first

experimental case

Fig. 16 External force in the first experimental case

Fig. 17 Control input signal of the proposed controller in the first

experimental case

Fig. 18 Comparative responses of the second experiment

Fig. 19 Comparative control errors of the second experiment
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ranges of [-1.5~2.22] (mm) (~11.1%) and [-0.7~0.69] (mm) (~3.5%),

respectively. Meanwhile, through employing the improvement points,

the performance of the proposed controller was still in the expected

range (±0.3 mm (~1.5%) of control error). The tracking performance of

the studied controller at a higher frequency is thus more definitely

confirmed.

In the last experiment, to further investigate the transient response,

the steady-state behavior, and the loading effect of the proposed

approach, a smooth multi-step signal with maximum amplitude of 100

mm was used as the reference input while the external force was varied

as shown in Fig. 20 by regulating the limited pressures of the relief

valves in the load module. By employing the same controllers in the

system as those used in the previous cases, the position responses and

control errors were obtained as shown in Figs. 21 and 22. As seen in

these figures, it was difficult to maintain a good result for the PID

controller in both transient behavior (6.2 s of transient time) and steady-

state response (2.35 mm (~2.35%) of the steady-state control error)

under the heavy load condition. By possessing the robust gains and the

state control strategy, the performance of the DBS method was

remarkably improved compared to the PID controller. In detail, the

transient time and steady-state control error were reduced to 3 s and 0.5

mm (~0.5%), respectively. Meanwhile, because the improvement for

both transient and steady-state behaviors was employed in the proposed

control approach, the tracking error was then converged to 0.015 mm

(~0.015%) within about 2 s, regardless of the hard load variation. The

working pressures are presented in Fig. 23. The figure demonstrates

that the system efficiency has significantly increased. When the system

operated, only the appropriate pressure was changed. Another pressure,

which hindered the system movement, was negative or almost zero.

This means that the drawback of the valve-controlled system has been

resolved by the pump-controlled system. Here, the effectiveness of the

proposed control in the transient, steady-state response, and load effect

was strongly confirmed via this experiment.

5. Conclusions

In this article, the advanced controller incorporated with the novel

identification method was introduced to control a pump-controlled

hydraulic system. The mathematical model of the studied system,

identification theory, and proposed control algorithm with improvements

were comprehensively derived. The stability of both the identification

approach and the closed-loop system was guaranteed through Lyapunov

functions.

The feasibility and effectiveness of the designed controller were

then successfully verified by comparing with the tuned PID controller

and the direct backstepping controller in the real-time position-tracking

of the PEHS test-bed under many working conditions. The results

convincingly demonstrate the adaptation and robustness of the proposed

method over the compared methods.

However, this research has some limitations. The influence of

deploying the continuous-time (identification and control) theories on

the discrete-time domain was not studied. Moreover, the experimental

results showed that the control performance worsened as the system

changed direction. Thus, some extensive studies of these problems are

considered as future works of this paper.

Fig. 20 External force in the last experiment

Fig. 21 Comparative responses in the last experiment

Fig. 22 Comparative control errors in the last experiment

Fig. 23 Working pressures in the last experiment
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APPENDIX A

Procedure to implement the estimation theory in Subsection 3.2 is

briefly described as shown in Fig. 24.

APPENDIX B

Procedure to perform the integrated controller in Subsections 3.1

and 3.3 is summarized as shown in Fig. 25.

APPENDIX C

The certain, uncertain and unknown terms extracted from the

uncertain functions  are specifically presented as follows:
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Fig. 24 Implementation procedure of the proposed estimation method

Fig. 25 Implementation Procedure of the proposed controller


