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Abstract

This paper focus on the high accuracy force control of electro-hydraulic proportional load
simulator (EHPLS). Firstly, to weaken the influence of the unknown dead zone of the
proportional valve, a mathematic model with a smooth inverse dead zone was constructed.
Then, finite-time prescribed performance function, of which the desired steady-state value
can be achieved within finite time, is defined to impose constraints on the tracking error,
while the neural network feedback is introduced to compensate for the unknown dynamic,
which can ensure the tracking accuracy further improved for the entire tracking process
in the presence of unknown dead-zone parameters, unknown system parameters and
disturbance. Finally, through design modification, the proposed control technologies are
realized based on the output feedback signal. Comparative simulations under two desired
force trajectories are carried out to verify the effectiveness of the proposed controller.

Keywords: load simulator; electro-hydraulic proportional system; finite-time prescribed
performance control; output feedback; neural network

1. Introduction

Load simulator is mainly used to reproduce the demand load with high precision, and
thanks to the advantages of high power-to-weight ratio and strong anti-load rigidity, a hy-
draulic load simulator has been widely employed in national defense and industry, such as
an aerodynamic load simulation in missile ground testing [1], material tensile/compressive
performance testing [2], mechanical structure resistance performance testing [3], etc. Due
to the high cost-effective and superior anti-pollution ability, the proportional valve as the
core control component has been welcomed more and more by designers and users [4].
Therefore, there is an urgent need for excellent controllers of electro-hydraulic proportional
load simulators (EHPLS).

However, the hydraulic system has many inherent nonlinear behaviors, parametric
uncertainties caused by different working conditions and temperatures, and unknown
dynamics that are difficult to accurately model, which bring great difficulties to the de-
velopment of control strategies. In view of this, researchers have also put forward many
control methods, such as adaptive control [5], active disturbance rejection control [6], ro-
bust integral of the sign of the error [7], neural network control [8,9], etc. In addition,
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the working mode of the load simulator makes it possible to face the motion disturbance
caused by the movement or deformation from the loaded object; however, when static
loading is implemented, that is, the test object is fixed in a certain position, to ensure the
dynamic tracking accuracy of the output force is also a key performance index. This paper
focuses on the tracking control of EHPLS under static loading. Static loading can validate
the control performance of equipment in the absence of motion disturbances [10], and
additionally evaluates the mechanical properties of materials or structural components
under static forces.

In addition to the control difficulties mentioned above, the input nonlinearity of the
proportional valve, especially the unknown dead zone at its middle position, may also
weaken the performance and even lead to system instability. It is no exaggeration to say
that the unknown dead zone nonlinearity has become the key to limit the performance
improvement to a certain extent, properly compensating for the unknown dead zone has
practical significance and is also the focus of this paper. After investigation, the existing
methods in the literature to reduce the effects of dead zone can be summarized into two
types. One is to model the dead zone as a combination of control input multiplied by
gain and disturbance-like term [11]. In this design, the disturbance-like term will be
included in the lumped unmodeled dynamic, and various robust means are employed to
suppress the unmodeled dynamic. However, the complexity of disturbance components
will inevitably require excessive robust gain, which will lead to the potential risk of high
gain feedback and may stimulate the unmodeled structural dynamics. In addition, the lack
of targeted dead zone compensation also leads to the limited control accuracy. Another
method to minimize the influence of dead zone is to construct an inverse model of the dead
zone [12] and then incorporate effective compensation and adaptive design for unknown
dead-zone parameters. Since the discontinuous dead-zone inverse model proposed in [13]
may cause control chatting, a smooth continuous dead-zone inverse model is proposed
in [14]. Refs. [15,16] has applied this method to the electro-hydraulic position system,
while integrating the nonlinear robust technology proposed in [17] to realize high-precision
asymptotic position tracking while effectively compensating the unknown dead zone.

However, there are still some problems needing further attention. Firstly, for the
EHPLS, there is still a lack of targeted control methods that can properly compensate the
unknown dead zone with online adaptive law. Then, it is necessary to emphasize that
the above existing literature are all aimed at the control accuracy at steady stage and lack
sufficient description of the control performance of the whole control cycle, especially in the
transient stage. In fact, although we can incorporate the necessary parametric adaptation
law when designing the controller, uncertain hydraulic system parameters and dead zone
parameters will inevitably lead to large or even unpredictable control error in the initial
operation stage, and only controllers with steady-stage accuracy described are clearly
unable to cope with this obstacle. In [17], an ingenious control method that can improve
transient performance, namely prescribed performance control, is proposed. It imposes
constraints on the convergence speed and overshoot of the tracking error by defining
a prescribed indicator function, and then constructs the conversion error as the drive
signal of the controller to obtain the expected performance. The successful application of
this wonderful method has been realized in the electro-mechanical system and hydraulic
position servo system. Subsequently, other derivative methods have also been developed,
such as finite-time prescribed performance [18] and flexible prescribed performance [19],
etc. However, for the electro-hydraulic proportional load simulator with an unknown dead
zone, how to improve the control performance by applying the prescribed performance
description has not been involved, and it is also worth studying. Finally, the above control
methods all rely on full state feedback. In fact, considering the cost and installation space,
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in many cases, the load simulator may only be equipped with a force sensor, and it is
unrealistic to obtain all state signals at this time.

Motivated by the above analysis, this paper aims to fully improve the tracking accuracy
of the EHPLS. First, by constructing a smooth inverse dead-zone model and adaptive
estimations of the unknown dead-zone parameters; the influence of the unknown dead
zone at middle position of the proportional valve is weakened. Then, the finite-time
prescribed performance function, of which the desired steady-state value can be achieved
within a finite time, is constructed to impose constraints on the tracking error, while the
adaptive neural network control is utilized to compensate for the unknown dynamic and
further improve the tracking performance in the presence of parametric uncertainties and
disturbance. Finally, through design modification, the above technologies are realized
based on output feedback signal.

The remainder of this paper is organized as follows: the mathematic model and
transformation are presented in Section 2. Section 3 presents the detailed derivation process
of finite-time prescribed performance control with neural network. Section 4 presents the
controller redesign based on output feedback. Section 5 presents the verification of the
proposed controller. The final section includes a conclusion and future research plan.

2. Mathematic Model and Transformation
2.1. Mathematics Model Considering the Valve Dead Zone

The EHPLS under consideration is illustrated in Figure 1, where a proportional valve
is used to control a single-rod hydraulic linear cylinder. The loaded object is chosen as
a hydraulic actuator. The goal is to have the load simulator to track any specified force
trajectory as closely as possible.

EHPLS Inertia The tested object

| 4

0 T P
T S
—— \
Ds P Ps P

Figure 1. The schematic diagram of EHPLS.

The force output of the load simulator can be expressed as:
F =P A+dt) 1)

where F denotes force output, P;, denotes load pressure between the two chambers of the
double-rod linear actuator, A denotes the effective area of linear actuator, and d¢(t) denotes
the disturbance and other hard-to-model dynamic.

Due to the fact that the static loading is considered in the research, the actuator velocity
is zero. The pressure flow equation can be expressed as

Vi .
tp = — 2

ag QL —1qvL 2)
where V' denotes the total control volume of actuator, S denotes the effective bulk modulus,
QL =(Q1 + Q2)/2 s the load flow rate supplied by the proportional valve, Q; and Q;, denote

https:/ /doi.org/10.3390/act15030150


https://doi.org/10.3390/act15030150

Actuators 2026, 15, 150

40f 14

the flow rate into and out of the hydraulic cylinder, and g;, denotes internal leakage of
actuator and can be modeled as the quadratic polynomial form [10] of load pressure Py, i.e.,

qL = C1PE + CPL + C3 3)

where Cy, Cy, C3 are unknown constants and denote the internal leakage coefficients.
The load flow rate Qr, provided by the proportional valve is related to the valve spool
displacement, i.e.,

Qr = kyxyy/Ps — sign(xy)PL 4)

where k, = Cqw+/1/p denotes the valve discharge gain and C, is the discharge coefficient,
w is the spool valve area gradient, p is the density of hydraulic oil, x, denotes the valve
spool displacement, Ps denotes the system supply pressure, and sign(e) is the standard
sign function.

Neglecting the valve dynamics and considering the dead zone at the middle position of
proportional valve, valve spool displacement x, can be modeled as the nonlinear mapping
of valve control voltage as

Kiu — K1d21 if u > le
xy(u) =< 0 ifdzy <u <dz )
Kou — szZz ifu < de

where 1 >0, k3 > 0, dz; > 0, dzp < 0 denote the right slope, left slope, right break-point
and left break-point of the dead zone, respectively and these parameters are unknown
constants. Equation (5) describes the dead-zone property of proportional valve and its
graphical representation is shown in Figure 2a [15].

x\v A U A
1/ K
(?’Zl'—‘——
K1
(I’Zz
0 dz, u Xy
K2 /-1 dz,
1/ K>
Ca) (b)

Figure 2. (a) Dead zone; (b) Smooth dead-zone inverse.

2.2. Model Transformation Based on Dead-Zone Inverse

As is clear from Equation (5), the dead-zone characteristic of the proportional valve
is discontinuous, which makes the model-based compensation structure design difficult.
Therefore, it is necessary to transform the system model to facilitate the subsequent con-
troller design. Then, we try to introduce a smooth dead-zone inverse function proposed
in [1], whose graphical expression is shown in Figure 2b. Define DI(e) to represent the
smooth dead-zone inverse function, which can be expressed as

Xy + K1dz Xy + Kpdz
v 1 1X1(xv)+ v 2 2

u (xv) o p

X2 (xv ) (6)

where x1(e) and x»(e) are smooth functions defined as

eo/e 67'/8

e®/€ 4 oo/t ’ x2(®) = e®/e 4 e—o/¢ @)

xi(e) =
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where ¢ is a positive constant to be chosen.
Let & = [81, 95, 93, 94]7 denote the unknown dead-zone parameter vector, where
% =x1, O = x1dz1, O3 = K2, 84 = K2dzy. Then, the dead-zone model given in Equation (5)
can be linearly transformed to
Xy = —19T17 (8)

where 4 = [—v,u, vy, —U_1, v_]%, and v, v_ are defined as

o, — 1, if x, >0 o — 1, if x, <0 ©)
T 0, else ! T )10 else

It is clear that v, and v_ are discontinuous, which may cause inconvenience in the
design of spool displacement x,. Meanwhile, the dead-zone parameter ¥ is unknown, so
we define

A

Xyd = *19T17 (10)

where ¢ = [8;,8,, 8, 1@4]T denote the estimation of ¢, and 77\ = [—x1u, x1(w), —x2(u)u,

x2)]T.
Then we have

Xy —Xyg = =0T+ 9Ty = =0Ty + 0Ty — 0Ty + 8Ty =0Ty + 0T (y —y) D)

where 8 = & — ¢ denote the estimation deviation of 9.
Take the time derivation of Equation (1), and substitute Equations (2) and (4) into it,

W r e /P s G Gy G
4/3¢kVF_xV Py — sign(xy)PL kVPL kVPL k. + dg(t) (12)

Then substitute Equations (2) and (4) into it

we have

O1F = g Xpq+ 0 57 g — 0,P% — 03P, — 0y + A (13)
where 61 = Vi/(4Bekv), 02 = C1/ky, 03 = Co/ky, 84 = C3/ky and

g = +/Ps —sign(xy) P
A= de(t) + 07 (5 ) /P —sign(x, )P 2 Fe+ f
where F. denotes the known continuous part of the lumped disturbance A, and fdenotes

the other disturbance.

Assumption 1: the disturbance f and the unknown parameters 6;, i =1, 2, 3, 4 satisfy the
following properties:
Gimin < 91‘ < Oimax ’ f <e (14)

where 0;max, Oimin are known constants and denote the upper bound and lower bound of 6; respec-
tively, € is an unknown constant.

Assumption 2: the state xq, xp, P1 and Py are available for measurement.

The control objective of this research can be described as follows: given the desired
force trajectory Fy4, synthesize a control input u for EHPLS such that the actual force y tracks
Y4 as closely as possible.
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2.3. Controller Design
2.3.1. Finite-Time Prescribed Performance Function

Define the force tracking error z = F — F4. Considering the high-precision control of
the whole trajectory tracking stage, especially the complex transient stage that has always
been ignored in the previous literature, we first plan the error z and assume that it meets

—¢(t) <z(t) <¢(t) (15)

where ¢(t) is a smooth decreasing positive function defined as [18,20,21]

o(t) = (60— 4) exp(1 = 75) + ¢ £ €[0T

(16)
(POO te [Tf/ oo]

where ¢y > 0, poo > 0 denote adjustable parameters, T¢ denotes the adjustable time. It

is clear that the function ¢(t) holds the following properties: (1) ¢(t) > 0; (2) 4>(t) < 0;

©)) tlinT1 $(t) = ¢poo, and for any t > Ty, ¢(t) = ¢poo. Therefore, it is easy to check that
it

Equation (15) gives the finite-time prescribed performance description of tracking error z,
where —¢(t) and ¢(t) preset the maximum downward impulse and maximum overshoot
on tracking error respectively, and ¢, preset the convergence region at steady stage, which
can be achieved within a finite time.

2.3.2. Prescribed Performance Force Control with Dead-Zone Compensation and Neural Network
Define the design error ¢ as

&=z/¢(t) (17)

It is clear from Equation (17) that the finite-time prescribed performance defined in
Equation (15) and (16) can be achieved provided that || <1 is guaranteed.
Define the following logarithmic barrier Lyapunov function

01 1

=—-In——7H 18
V1 5 In 1= (:2 ( )
Taking the derivative of Equation (18), we have
3 _ 2(91P791Fd721p)
V=" o (19)
_ (g xpa+ 8 g0y P2 03P —04+ Fet-f—01F4—0189)
$(1-¢2)

Noting Equation (19), the desired valve spool displacement x4 can be designed as

Xyd = (xvdé.l + xvd.sl + xvdsZ)/g
Xyda = 01(Fg + &¢) + 02P7 + 63PL + 6, (20)
Xyds1 = —kG — ﬁ

where x4, is model-based compensation component, x,441 is the linear stabilizing compo-
nent, X,qs is the NN term to be designed, k is positive adjustable gain, and ; denotes the
estimation of parameter 6;,i=1, 2, 3, 4.
From Equation (19), we can construct the NN approximation for unknown continuous
function Fg, i.e.,
Fo = Wlo(X) + w* (21)
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where W =[Wq, W, ..., Wq]T is the unknown ideal NN weight matrix, and q is the number
of NN nodes in the hidden layer, ¢(X) is the activation function and X denotes the input
vector, w" denotes the bounded NN approximate deviation.

Xygsp = —Fec = —WTa(X) (22)

where W = W — W denote the estimation deviation of W, and the input vector for o is
chosen as X =[1, F4, P.]".
Substituting Equations (20) and (22) into Equation (19), we have

kg2
¢(1-¢2)

yg+01p—Wo(X) &(f-w*) &
T - - pa_pp P

V=

where § = § — 6 denote the estimation deviation of 6, 0 = [61, 62, 03, 0417, Q= [(Pd + 64)),
Py 2, P, 1]" is the parametric regressor.
Then from Equation (6), the final control input for the load simulator can be calculated via

Xyq + B2 Xyq + O
VdAi)Cl(xvd) yvd s 2

u=DI(x =
( vd) 191 193

X2 (xvd) (24)

2.4. Main Results

Provided that the initial output force track error satisfies

—¢(0) <z(0) < ¢(0) (25)

where ¢ is positive constant, and the adaptive laws are designed as

0 = —Tolog/p(1— &) —kebl, &= —To[Zng/p(1— &) —ksd],

; R (26)
W = Twlo(X)E/¢p(1 — &2) — kW]

where T'y, I'y, I'y are diagonal matrix of selectable parameters, ky > 0, kg > 0, kyy > 0 are
selectable parameters. Then, the proposed controller Equations (20), (22) and (24) could
guarantee that all signals in the whole EHPLS are bounded, that is, the system will always
be stable, while the finite-time prescribed performance described in Equations (15) and (16)
for force tracking error z will always hold.

Proof: see Appendix A.

3. Controller Redesign with Output Feedback

By analyzing the proposed controller given in Equations (20), (22) and (24), we can see
its operation needs to collect not only the output force signal, but also the load pressure
signal Py . However, in most cases, considering the hardware cost and installation space
constraints, the load simulator will not install expensive pressure sensors. In addition, the
collection of pressure signals will inevitably introduce high-frequency noise, resulting in
the quality of control input signals, and thus affecting the achievable load control accuracy.
So in this section, we will consider the high-precision force control when the load simulator
is not equipped with pressure sensors. At this time, the controller will only rely on the
output force signal, therefore our task is to redesign the controller with output feedback.

From Equation (1), we can make the following approximation for static loading, i.e.,

P, ~ Pr (27)

where P = F/A.
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Then the output force dynamic Equation (12) can be rewritten as

W r e /P i G, G, G
4ﬁ€ka—xV Ps — sign(xy)Pg kVPF kVPF kv+d(t) (28)

Considering the dead-zone inverse, we have
O1F = gr - Xya + 0717 g — 02PF — 03Pk — Oy + A (29)

where
QF = \/Ps —sign(xy) Pp
Ap =d(t) + 19T(17 - 77) Ps —sign(xy)Pp +d = Foo + fo

where d denotes the approximation error caused by Equation (27), and F, denotes the
known continuous part of the lumped disturbance Ag, and f, denotes the other distur-
bance. From Assumption 1 and the actual operating conditions of the load simulator,
it can be inferred that Ag is still bounded, so we assume that ﬁ, < g,, where g, is an
unknown constant.

By referring to the derivation procedure of the earlier control design part, we can
design the desired valve spool displacement x,4 with output feedback, i.e.,

Xyvd = (deE.l + Xyds1 + xvdsZ) /gF
Xyda = 01(Fg + &¢) + 02PF + 03Pp + 0,

30
Xyds1 = —kG — ﬁ 0
Xyds2 = _WTU(X)
and the adaptive laws are designed as
6 = —TolCpr/¢(1—&2) — ke, &= —TolCygr/9(1 %) —kob], 31)

A

W =Tw[o(X)E/p(1 — &%) — kwW]

where ¢p = [(Fq + &p), PZ, Pg, 1]

Eventually, the final control input u for the EHPLS can be calculated via Equation (24).
Obviously, the operation of u depends only on the output force signal F.

As long as the conditions in Equation (25) are satisfied, the redesigned controller
Equations (30) and (31) that only relies on the output force signal can still guarantee that
all signals in the whole EHPLS are bounded, while the finite-time prescribed performance
described in Equations (15) and (16) for force tracking error z will always hold.

The proof process is similar to Appendix A and will not be repeated here.

4. Controller Verification

The effectiveness of the proposed control algorithm for EHPLS has been verified based
on the simulation, and the parameters of the system are listed in Table 1.

The values of C1, C2, and C3 are taken from our previous research [10].

To fully verify the performance of the proposed controller, the following three con-
trollers are utilized for comparison:

(1) C1: This is the proposed finite-time prescribed performance output feedback force
control with the neural network, and the detailed form is given in Equations (30) and (31).
The controller parameters are chosen as follows: k = 40, ¢ = 20, po = 2, Tf = 1,
kg =1 x 1071, ky = 0.025, e = 0.0025, Ty = diag [1 x 10723, 0.0001, 1 x 10724, 1 x 10717],
I'y=diag [0.01, 1 x 10712,0.01, 1 x 10~°]. The neural network parameters are chosen as
q=10,kw =05, Va=0.8, I'iy = diag [0.85, 0.85, 0.85, 0.85].
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(2) C2: This is the adaptive neural network force control without dead-zone compen-
sation. The detailed controller form is

z=F— Fd
u= (ua+us+uNN)/g
Ua = 01Fg + 6,P2 + 03P+ 0, (32)

us = —kz, unny = —Wlo(X), X =[1,F;,Pr)"
0 = —Tylp —ke0], W =Tw[o(X) — kwW]

The controller parameters are chosen as follows: k =40, kg =1 X 1074, kg = 0.025,
e =0.0025, Tg=diag [1 x 1072,1 x 10722, 1 x 10~ 1, 1], Ty = diag [0.01, 0.1, 0.01, 0.01]. The
neural network parameters are chosen as g = 10, kw =2.5 x 1078, Va=3 x 1078, T}y = diag
[20, 20, 20, 20].

(3) C3: This is the widely applied proportional-integral controller. The controller
parameters are chosen as follows: kp =0.022, k; = 0.01.

Table 1. Specifications of the EHPLS.

Parameters Symbol Values Units
A 9.05 x 1074 m2
Be 200 x 10° Pa
kv 2.394 x 108 m?/(s-V-N—1/2)
6
Hydraulic system Ps 7 x 10 . Pz;
parameters Vi 7.96 x 10 m
P, 0 Pa
G —7.6852 x 1020 m’ /(N2 -s)
Ca 2.7594 x 10712 m®/(N-s)
Cs -2 x107° m3/s
dzq 0.1 \Y
Dead-zone parameters dzy 0.1 \Y
K1 1
Ko 1

4.1. Case 1

The desired trajectory is selected as a sine-like command Fy, = 4000 arctan(sin (0.57t))
(1 — exp (—0.5¢%))/0.7854 N. The initial system force is set to 0 N. The simulation duration
is 30s with a step size of 0.2 ms.

The tracking performance of C1 is shown in Figure 3. The error comparison among
all controllers is presented in Figure 4. Analysis indicates that the C3 controller exhibits
a maximum tracking error of 26.41 N. The control accuracy of C2 (without prescribed
performance) is significantly improved, with the maximum tracking error reduced to
18.13 N, which stabilizes below 12 N after 10 ms, validating the effectiveness of model
compensation. The C1 controller further reduces the maximum tracking error to 1.98 N by
adjusting the prescribed performance bounds (PP Boundary). Moreover, its tracking error
can converge to the prescribed performance steady-state domain within the specified time
T, whereas the errors of both C3 and C2 exceed these bounds. This verifies the effectiveness
of the adopted finite-time prescribed performance control technique. The actual control
input and desired valve position is shown in Figure 5.
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4.2. Case 2

The desired trajectory is selected as a point-to-point command with an amplitude of
4000 N, a maximum force change rate of 10 N/s, and a maximum force change acceleration
of 40 N/s?. The initial system force is set to 0 N. The simulation duration is 30 s with a step
size of 0.2 ms.

The tracking performance of C3 is shown in Figure 6. The error comparison among all
controllers is presented in Figure 7. Analysis shows that the C1 controller has a maximum
tracking error of 18.79 N. The control accuracy of C2 is improved, with its maximum
tracking error reduced to 18.13 N, stabilizing below 11 N after 10ms, again confirming the
validity of model compensation. The C1 controller reduces the maximum tracking error
to 7.27 N. Furthermore, after converging to the steady-state domain within the specified
time T, the error stabilizes below 1 N for time t > Tt and consistently remains within the
prescribed performance bounds. The errors of C3 and C2 controllers exceed these bounds,
demonstrating the efficacy of the proposed finite-time prescribed performance control. The
actual control input and valve position is shown in Figure 8.
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Figure 6. The desired trajectory and output of C1.
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Figure 7. Tracking errors of the three compared controllers.
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Figure 8. The actual control input and desired valve position of C1.

The results verify that the proposed control strategy C1 achieves the highest control
accuracy. When tracking the sine-like trajectory, the maximum tracking error after T
seconds is 0.0495% of the command amplitude. Compared to the C3 controller and the C2
controller (without prescribed performance), the control accuracy is improved by 92.5%
and 83.5%, respectively. For the point-to-point trajectory, the maximum tracking error after
Tt is 0.0025% of the command amplitude, representing accuracy improvements of 94.6%
and 90.9% over the C3 and C2 controllers, respectively. Moreover, the tracking error is
always confined within a bound after a pre-specified time.

5. Conclusions

This research concludes that the proposed prescribed performance output-feedback
static loading control strategy offers distinct advantages for the electro-hydraulic propor-
tional load simulator. It significantly enhances control precision, evidenced by reducing
the maximum tracking error by over 92.5% and 83.5% for sinusoidal and point-to-point
trajectories, respectively, compared to PI and model-based adaptive robust controller. This
dramatic improvement is directly attributable to the core synthesis of two elements: The
finite-time prescribed performance design and dead-zone compensation, and the former
governs transient and steady-state error bounds by transforming constrained error, guaran-
teeing convergence into a predefined region within a preset finite time. These attributes
make the strategy a robust solution for high-accuracy loading control. Furthermore, the
strategy’s output-feedback nature enhances its practical viability by reducing reliance
on full-state measurement. Future research will focus on validating the algorithm un-
der more extreme physical conditions and extending its application to domains such as
material testing.
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Appendix A

Defining a Lyapunov function as

(A)

(A2)

01 1 Torray, a1z, L1k
=—=1 ~6'T 0T ~W'T
Vv 20g1_€2+29 99—1—219 1919+2W wW
Taking the derivative of Equation (A1), and substituting Equations (23) and (26),
ones have
7o k& Iygtbp-Wlo(X) | &(f-w’) & GTr—14 4 3Tr—13 o toTr—11A
Vet~ et Tt paap 0L OH 0T 0 WL W
_ kg? Sf=w*) L BT AL 3T A 1+ Wk 1A
Aslog L2 = < 7z in the interval 1z | <L [21], then setting L = 1, we have
. k 1 r 2 . . _ .
v<-Llo Cf-w) ¢ — 0Tkl — 8Tk gd — Wik W

_|_
9 P12 p(1-22)  g2(1— )
Denoting v as the upper bound of ]7— w*, and using Young Inequality,

zpdy < 123+ %Ef , 265 <322+ 1632, 2305 < 122+ 1632
g(f*‘”*) < & v?
$(1-¢%) — ¢2(1-2)* T

and the following property,

Wy < W - W], 8%k < 210l - B, ~Tked < 21012 - 3]

We can arrive at

2

V< — klog 5

< —xV+4+A

12
N *HWH =53]+ 3an + 3o + JaZ + B WP + o) + ¢

1
1-¢2

Then we have A
V < V(0)e ™+ —(1- e~

RE

(A3)

(A4)

(A5)

(A6)

(A7)

where x = min {20:kP~, kw/n(Tw™1), ko/n(Te~ 1), ks /(T M}, n(Tw™ 1Y), n(Te~ 1) and

17(Ts~1) denote the minimum eigenvalues of Ty, Ty~ and T'y ! respectively, A =

52+ 552 + k| W >+ 0] +kl9H19H +0.50%) /2.

(d; +

Thus, V € Le, the signal §, 9, W are bounded, and | &| < 1, hence the tracking error
z can meet the finite-time prescribed performance defined in Equations (15) and (16),
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and 6,8, W are also bounded. From Equations (20), (22) and (24), the desired valve spool
displacement x4 and control input u are bounded. Thus, the proof is completed.
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