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Extended-State-Observer-Based Adaptive
Prescribed Performance Control for Hydraulic
Systems With Full-State Constraints

Zhangbao Xu “, Wenxiang Deng ““, Hao Shen

Abstract—In this article, an innovative backstepping con-
troller for hydraulic systems is proposed to handle system
uncertainties and accomplish specified performance track-
ing without violating the full-state constraints. To deal with
uncertainties, extended state observers ESOs and an adap-
tive law are integrated. ESOs are structured to estimate
disturbances, whereas adaptive law is applied to approxi-
mate unknown parameters. The estimated uncertainties are
then incorporated into a constrained controller, ensuring
that both the prescribed transient tracking performance and
the nonviolation of full-state constraints can be guaranteed.
A prescribed performance function (PPF) and the barrier
Lyapunov function (BLF) are synthesized to guarantee the
transient behavior of the tracking error and all state errors
within desirable boundaries. Then, an adaptive prescribed
performance controller with uncertainty compensation is
constructed by merging the BLF and PPF through back-
stepping design to stabilize the closed-loop system. Fi-
nally, abundant comparative experimental results validate
the proposed controller’s tracking performance.

Index Terms—Adaptive control, extended state observer
(ESO), full-state constraint, hydraulic systems, prescribed
performance control.

[. INTRODUCTION

YDRAULIC servo systems are extensively used in
industries owing to their big load capacity [1]-[4].
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Nevertheless, heavy nonlinear behaviors [1], uncertainties [2]—
3], dead-zones [5], constraints [6], saturation [7], etc., make
it laborious to exploit closed-loop controllers with excellent
performance. In recent years, many sophisticated controllers
have been carried out to solve uncertainties (including uncer-
tain nonlinearities and parametric uncertainties) of hydraulic
systems and meet the increasingly stringent control performance
requirements. To compensate for parametric uncertainties, adap-
tive control methods [8]-[10] have been developed. However,
uncertain nonlinearities, including modeling errors and distur-
bances, cannot be handled by adaptive controllers. In some
cases, when uncertain nonlinearities develop into the primary
element affecting the control performance, the tracking accuracy
of the system may not be assured. To increase the robustness
of adaptive control and improve tracking performance, robust
and adaptive controls are usually integrated to deal with un-
certainties. Robust adaptive control [11], RISE-based adaptive
control [2], [12], [13], adaptive sliding mode control [14], neural
network control [15]-[17], and adaptive robust control [3]-[4],
[18]-[20] are some of the control algorithms that have been
created and applied to hydraulic systems. However, high-gain
feedback was realized to be adopted by these controllers for
achieving quality performance. In practical systems, high-gain
feedback is often avoided regarding its high-frequency dynamic
characteristics and measurement noise. As a result, the control
strategy is firmly conservative when the system is subjected to
large disturbances [21].

In order to enhance the antidisturbance ability, various anti-
disturbance strategies have been developed [22], [23]. Because
disturbance observers are easy to be combined with various con-
trol methods, a variety of disturbance observers are used to im-
prove the control performance of hydraulic systems [24]-[26].
These disturbance compensation controllers consider parametric
uncertainties and disturbances as lump disturbances that can be
estimated by a disturbance observer and then compensated by
a feed-forward controller, removing the impact of uncertainties
on the systems without using high-gain feedback. Especially in
[26], the extended state observer (ESO), proposed by Han [27],
could perform disturbance estimation and did not require too
much model information. The most important feature is that
it only has few parameters and is easy to adjust. Therefore,
ESO have been extensively utilized [28]-[31]. However, these
controllers do not consider state constraint of hydraulic systems.
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Itis necessary to consider the maintenance of states and output
constraints in practical applications due to the recent need to
maintain ideal dynamic behavior under different uncertainties
and disturbances. Tee et al. [32] established a technique for
preventing constraint violation using the barrier Lyapunov func-
tion (BLF) instead of the quadratic Lyapunov function. Subse-
quently, the BLF is utilized in manipulators and rehabilitation
robots [33], [34]. Then, Won et al. [24] designed a backstepping
controller based on a high-gain disturbance observer using the
BLF, which realized the quality control performance of hy-
draulic systems with constraint to no other state, but the output
state. Moreover, state-constrained control is proposed in [35]
for the single-rod hydraulic actuators to constrain the states
in the channels without disturbances. However, state constraint
control in the channels with disturbances is still a challenge that
needs to be solved. Then, the BLF is integrated with uncertain-
ties compensation control to achieve nonviolation of all state
constraints [6]. Although aforementioned control methods all
ensure the global stability of hydraulic systems and achieve good
steady-state tracking performance, the transient performance has
not been discussed and is ambiguous.

In practical engineering, it is expected that the proposed
controller ensures that the system control performance indices
(including overshoot, steady-state tracking error, and conver-
gence speed) should meet the actual performance demands.
However, insufficient attention is paid to the system transient
tracking performance, although the above controllers can guar-
antee good steady-state control performance. Recently, a pre-
scribed performance control (PPC) proposed in [36] and [37]
is used to make the tracking error converge to a prescribed
arbitrary small region. First, a new transformed error is obtained
from the tracking error of the original system by utilizing the
prescribed performance function (PPF). This transformed error
is then employed to develop controller. When the controller can
stabilize the transformation system, the tracking error of the
original system will be remained within a specified range. A
few applications of this PPC method for hydraulic systems are
presented in [38] and [39]. Nevertheless, it is discovered that
PPC has not been employed for tracking control for hydraulic
systems with full-state constraints.

Most hydraulic driving systems (such as hydraulic robots)
have physical constraints, such as velocity and acceleration
constraints. The changes of system’s attitude and load may
violate these inherent physical constraints, thus severely af-
fecting the control performance. Moreover, fast response and
accurate steady-state tracking have often been the pursuit of
high-performance control of hydraulic systems. Therefore, for
hydraulic systems with uncertainties and full-state constraints,
a backstepping controller is designed in this article to enhance
the dynamic behavior and steady accuracy. To eliminate system
uncertainties, ESOs and adaptive control are integrating. The
ESOs are adopted to accurately estimate the matched and mis-
matched disturbances accurately, and an adaptive law is designed
for parametric uncertainties. The estimated uncertainties are
then incorporated into a constrained controller such that the
prescribed tracking performance and full-state constraints can
be assured. The PPF and BLF are combined to realize the

Fig. 1.

Schematic diagram of a hydraulic system.

prescribed tracking performance and constrain the all system
state by constraining the control errors in the corresponding
desired bounds. The proposed controller is then constructed
through backstepping technology to stabilize the closed-loop
system. The validity is confirmed by extensively comparative
experiments.

The rest of this article is arranged as follows. Section II estab-
lishes the hydraulic system model. The design of the controller
and the stability analysis are presented in Section III. Section IV
gives the experimental analysis. Finally, Section V concludes
this article.

[I. DYNAMIC MODELS

In this article, as indicated in Fig. 1, a hydraulic system
regulated by a servo valve is examined, and its load is driven
by the hydraulic cylinder. Before establishing the system model,
system parameters are defined as

The kinematic model of the system is described as follows:

. A B . ).t
j=Ap, B, fawit) 0
m m m

where f4(y, 9, t) indicates disturbances, including unmodeled
nonlinear frictions, external disturbances, etc. The dynamic
function of Py, is established as reported in [21]

Vi . .
ﬁPL = —Aj—CPL+q(t) + Qr )
where ¢(t) is the modeling error, and Q, is modeled as [21]
Qr = kqy/Ps — sign(z,) Py 3)

where k, = Cqw+/1/p represents the flow gain. sign(x,) is
defined by

, 1, ifz, >0
sign(x,) = {_1 Zji v, <0 4)

Because of the high bandwidth of the servo valve, we ne-
glect its dynamic characteristic and take x,, as the proportional
function of the control input u, i.e., x, = k;u, k; > 0 is the
gain coefficient.

Then, from (3), we have

Q1 = kyur/Ps — sign(u) Py, (5)

where k; = kgk;.
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Defining x = [x1, x2, x3]7 = [y, 7, APL/m]T, from (1)—(5),
the state-space form can be reformulated by
T = X2
Ty = x3 — 0120 + d1($,t) (6)
3 = b9 (’U,, 1'3) u — 0319 — Os23 + dz(t)

where 61 = Bim, 0y = 4ABck: ImV,, 65 = 45.A*mV,,
04=4B.CIVy, gu, x3) = \/Ps — msign(u)z3 /A, di(x,1) = f4
(x, H/m, and d,(t) = 4B8. Aq(t) /mV;.

Assumption 1: The parametric uncertainty 6 = [0, 02, 03,
0417, satisfies [40]

0cQy=1{0:0] <0u} )

where 6 is a positive constant.
Assumption 2: The derivatives of the disturbances are
bounded

di (2,1)] <6, |db (0] < ¢ (8)

where § > 0 and ¢ > 0 are constants.

Assumption 3: The trajectory xq 4(¢) and its iy}, order deriva-
tivgs mgfi)(t), i =1, 2,3, satisfy x14(t) <wvy <c¢; —po and
|x€7d) (t)] < wvi. vy >0, c1 >0, and v; > 0 are constants, pg is
given later.

[II. CONTROLLER DESIGN AND STABILITY ANALYSIS
A. Smooth Projection

To keep the parameter estimations within identified bounded
sets, a smooth projection for the designed adaptive law is
employed. In this article, ® indicates the estimation of e and
e = o — o denotes the estimation error. The smooth projection
operator is described by [40]

§1¢)
(2 + 2¢0ar)

é =Pr Ojd(¢a é) =¢— n+1,2 Vpd(é) ©)
4 O

where

oy
|

_ [o5t0), if pa(6) >0
0, otherwise

2
G = 5Vpal) 6+ \/ (;m(é)%) +r2 o (10)

where k > 0, ¢ > 0 are arbitrary constants. Then, we have
following theorem.

Theorem 1 [40]: When 9(0) € Qy, the smooth projec-
tion operator assures that: (1)[|6(¢)]| < 0 +< VE > 0; (2)
0T Proj,(¢,0) > 67 .

B. Extended State Observer

After defining x.o = d;(x, 1), xc3 = da(f), we construct ESOs
for (6) as follows:

5?1 = Iy + 3wy (z1 — 21)
sz =a3— 0120 + T + 30.)12 ((El — ,’%1)
Ter = wi (z1 — 31)

p(0)
Poo g e

ol

e(0)| 7 —p(0)
—p(0)

Fig. 2. Prescribed performance diagram.

{33“3 = 929 (u,z3)u — 0317 — 0413 + Ze3 + 2w (3 — Z3)
{ﬁe3 = w% ($3 — 53'3)

(11

where w; > 0, wy > 0 are the design parameters of the observer.
- T _ 50 A ~ nT _
Let €1 = [en1,e12,€13] = [Z1, B2 /w1, Tea i) s €2 = €21,
en|t = |3, :ie3/w2]T, we have
&1 = wAje; — CléTnpg/wl + Bihy (t)/w%
&y = wrArey — CzéTg% + Byhs (t)/wz (12)

where 6 = [91,92,93, 94]T, Q2 = [.’EQ,O,O,O]T, Bl = [0,0, I]T,

310
@3 = [0, —g(u, x3)u, 22, 23], By = [0,1]7, 4, = | =301,

-100
A = :?(1) , Oy =10,1,01", Cy = [1,0]", ho(r), and hs(r)

are the derivatives of d; (x, f) and dx(?), respectively.

AsAj and A, are Hurwitz matrices, we have AT Py + Pj A =
—2I and AT P, + P,A; = —21 with positive definite matrices
Py, Ps.

C. Prescribed Performance Function

Let e(f) = x1 — x1 4 denotes the tracking error. To achieve the
prescribed control performance, the tracking error e(f) strictly
satisfies the following inequality:

—p(t) < e(t) < p(t)Vt>0. (13)

The strictly positive decreasing smooth PPF p(f) is described
by

p(t) = (po — poo)eikt + Poo
lim p(t) = poo >0

t—00

(14)

where pg, peo, and k are positive constants. As illustrated in
Fig. 2, po indicates the bound of the maximum overshoot, k
indicates the convergence rate, and the steady-state bound of
e(?) is constrained by peo.

By choosing appropriate parameters of PPF, the control per-
formance can be designed, and the transient performance can be
enhanced to satisfy actual performance requirements.

D. Controller Design

Let 7o = xo — a1, z3 = X3 — 9. a1 and ay are virtual
controllers. The controller is developed as follows:

Authorized licensed use limited to: BEIHANG UNIVERSITY. Downloaded on December 01,2022 at 04:15:52 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE/ASME TRANSACTIONS ON MECHATRONICS

1) Step 1: A BLF is defined by

P 1 1
2@ 20—z 19

1
V1:§10g

where log(x) is the natural logarithm of x, z; = e(t)/p(t).
Differentiating V; and substituting (6) into its yields, we get

z1p”!

Vo=
' 1— 2}

5 (22 +ay — &g — pz1) . (16)

The virtual controller 7 is chosen as follows:
oy = T1g — k121 + p21 (17

where k; > 0 denotes the feedback gain.
Then, V; becomes
p’lzlzz p’lklz%

i = — 1
i 1 —2? 1 —2? (18)

2) Step 2: Define BLF as
2

1
‘/2:710ng

2

+ Vi 19)

where Ly > 0 is a design parameter.

Then, we get V2 from (6) as follows:

<2

‘./2 = ﬂ (Z3 +ay — 012, +d1(x7t) - dl) + Vi
(20)
The virtual controller v is specified as
ar =012y — Fer + 61 — koo
- ptz (L3 — 23) . uim 1)
1— 22 2 (L3 - 23)
where ko > 0 is the feedback gain.
Then, we have
v %) (ifez — 0122+ 2'3) k23
ST -4 B-3
213 -22)° 1-4
3) Step 3: Choose a BLF as
2
V= log moath 23)
where L3 > 0 is a design parameter.
Then, we have V3 from (6) as
. . z
Vi=V,+ 722 (629 (u, v3) u — 322
L3 — 2
—O4x3 + dz( ) — az) . 24)

The input u is proposed as

1
929 (U’7 iC3)

A A ~ . L%—z%

0322 + a3 — T3 + Goc — T 322 — kazs

- 2 - 2

| (i (52) i (52))

B 2(13-23)

(25)

where k3 > 0 is a design parameter. &, = . + Qay, Qe
denotes the calculable part, and ¢;,, denotes the incalculable
part.

o= 02 Oy | Ooay | Doy 4 O
7 ot 0x; e 0x» iy @ o0

Oay -

a 3 —3w 1‘1
. - 8@2 - 3042 - ~
A2u = mez 8.132 ( )

(26)

Then, we have

~17, .2 2 2
Vie _ pkizi Rz ksz
= 2 2_ 2 2_ 2

1 — 2 Ls—z L3—2

V%) ~ ~
+ ﬂ ($ez - 91332)
W2
) 23 ~ AT
- 5 + (JJ 3— 07 3
213 - 22)°  L3i- ‘

—@@ 0o (fez - 9~1£2>)

(933] 8l‘z
3 wiz? wiz? <8a2 > :
22— 2 21— 2)*\0n

wiz? Oay
21— 22) <8m1> @n

Utilizing Young’s inequality, we obtain
2 wiz3 €3
T

Le2 <
L3 -2z 2(13 - 22)°

5 2,2
Z23Te3 < CU2 Z3

L% - Z% N 2(L2 — z%)

oy _nd (0wl ch
Oxy L — 23 Dy 2(13 - 232)2 2

~ 2
o mie (00)' wim e
Oy I3 =23 ~ \0r2) 2(12-22)° 2

™
I\J‘Bm

2

With (28), we have

4T

0% 22,
2 2

L; — =z

~17. .2 2 2
p k12 kozy ks

Pl -
- 1—2? LZ—2 Li-2
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z3 7 Oy p 522 5%2
_ = (g 2 _ 9 7 V)
+L§—z32( tpzazz ap3)+513+ > + >

(29)

E. Stability Analysis

When the following conditions hold, Theorem 2 is performed
to stabilize the closed-loop system.
1) Appropriate parameters cs, c3, k;, w;, and L; satisfy

e 2 ||y + L2, 03 2> |y + L3 (30)

max max

2) The initial conditions z; (0) meet

2(0) €92, 2 {121(0)] < 1,]22(0)| < La, |23(0)] < Ls}.

(€29)

Theorem 2: With the proposed control law (25) and the

following adaptation law, prescribed tracking performance is

acquired with the nonviolation of full-state constraints. The
boundedness of all signals is also guaranteed

23 ole%) 0222
= F —_— — JE——
? (L%—z%( 903+<p28x2) L3 —
where I is a positive diagonal adaptation rate matrix.

Furthermore, the following positive definite Lyapunov func-
tion:

) 0. 32)

1 1 1o
Vi = Vst 56l Prier + 563 Pea + 5071710 (33)

is bounded by
Vi () < exp (—At) Vi (0) + % [1—exp(—At)  (34)

where

5 2wi—3 }»mdx(F’])
A{ZPO k1, 2kz, 2k, 53 X(inm,l(Pz)’(z P )

Amin(®) and A ac(®) are the minimum and the maximum

_ |PcieT Wl\max HPIBIH 5
0= 2w1 + 2w]

Do,
Proof: leferentlatmg Vb, substltuting (12) and (29) into its
yields, we have

eigenvalues of e, respectively,

_|_HP2029T</93H:MX + HPZB“H ¢ + )»

max(

) AT
k3z3 —0" v
7 2 7 2
L3 — 2z L; — 2

2 2
2 | fi
)+513+ > + )

17,2 2

p_kiz kaz
2 2_ 2

1 — 27 L5 — 23

0
+ LZZ (QTW a&_eT

V, < —

1 nT 2 T

+§(WIA151 - C0 @2/M1+Blh2 (t)/w1> Piey
1 -

+ EErfpl (w1A1€1 — CIHTLpz/wl + Bih, (t)/w%)
1 ~p T

+ E ((UzAzﬁz — 029 w3 + Bzh3 (t)/OJQ) Pey

1 ~ . 2
+ EE?PZ (w2A252 — CzeT(P3 +Bzh3 (t)/WQ) —HTF_IH
(35)

As A’1TP1 + P]A] = 72[, Agpz + P2A2 = 72[, we have
Vb < p’lklzlz _ kzzg . k3232 B 0T<p2z22

2 2 2 2 2
I — 2 L; —2z L§5—235 L5 — 2

s (gr,, 9% gr
+ <0g06 0

2 62
L2 >+€l3++ 12

2 2
—willet]’ ~wlle2|* el PLC16" 02 Jun —e] PrC26" 3

h h ~ 2
— TP B 2() Ip,B, = () grp-ig, (36)
wl Wy
With the adaptive law in (32), (36) becomes
“17. .2 2 2, 2
. P kiz kazs k323 €D
Vv, < — —
PSTHC2 TR - +13+2+2

— LU1H51||2—0J2||€2||2—€1 P1019T¢2/w1—52TP2025T¢3

h h ~ .
—erpp W rp 0 greog g
1 (5%)
(37
Utilizing Young’s inequality, we get
1, . leclt9 902‘
—€] T'pcio <,02/w1 < §||€1|| + 27 max
it < e JECT
—& P2029 ©3 < *Hé‘z” + max
2 2
ha(t) _ 1 1Py B [ha (1)1
T 2 151 2 (1)l max
€1 P B, w]z é5”51” 2w 4 &
hs (t 1 BB |" |k
LG D TN Lt WG
w> w3
- r-
97110 < P (I )aTr g tmax (7)o g
Dt (01 +—— eI~ 38
Substituting (32) and (38) into (37), then we have
17,2 2 2
. P kizy krzy k323 5 2
< _ _ _ _Z
BWs-9Tn Tmog moz \@ )l

3 2 A‘I‘ﬂaX (F_l) ~T —1 Y
(39)

12 2

As log — - L 7 < j7 in the interval z; < L; [32]. We have

j

Vy < —AVy+o. (40)

Thus, (34) holds. As errors z;, é, and € are bounded, the bound-
edness of e(?) is guaranteed. Moreover, 6 and Z.; are bounded. As
xy=e(t)+x14 ), z1 = e(t)/p(t),and |z;| < lwith assumption
2, we get |x| < ¢y, and x; is bounded. 1 in (17) is a function
of x1, z1, and 4. Due to the boundedness of x1, z1, and 4, a1
is bounded. As || < || . T |22] and |22] < Lo, |22] <
is got and as is bounded. Similarly, |z3| and u are bounded.
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Linear Encoder

Power Supply  Load Pressure Sensor

Beach Servovalve Hydraulic Cylinder Mass

Fig. 3 Hydraulic system experimental table.

TABLE |
COMPONENTS AND SPECIFICATIONS

Component Specification
oil source pressure 10 MPa
Servo valve Moog G761-3003
Efficient ram area of Hydraulic cylinder 904.778 mm?

A/D card Advantech PCI-1716
High speed counter card Heidenhain IK-220
D/A card Advantech PCI-1723
Load mass 30 kg
Pressure sensors MEAS US175-C00002-200BG
Linear encoder Heidenhain LC483

Therefore, the boundedness of all signals in the closed-loop
system is guaranteed, the prescribed tracking performance is
obtained, and all states are maintained in the constrained domain.

V. EXPERIMENTAL RESULTS
A. Experimental Platform

To verify the performance of the designed control method,
an experimental platform demonstrated in Fig. 3 is built. Com-
ponents and specifications are given in Table I. The system
sampling time is 0.5ms. More details can be found in [25].

B. Controllers for Comparison

The following four controllers are applied for comparison
purposes to test the availability of the designed control strategy:

1) ESOAPPC: This is the extended-state-observer-based
adaptive PPC with full-state constraints in (26). The con-
troller parameters are tuned as: k; = 1200; ks = 700;
ks = 200; I' = diag{0.005, 3x10°, 1000, 0.02}; k= 10,
¢ = 50; Oy = 8x10° wy; = 350, wy = 260; and 6(0) =
[64,9,1 x 10°, 13O]T. The parameters of PPF and BLF are
shown in the analysis of experimental results.

2) ESOAC: This is the extended-state-observer-based adaptive
controller same as the extended-state-observer-based adaptive
PPC (ESOAPPC) but without the PPF and BLF. The parameters
are the same as those in ESOAPPC.

3) FLC: This is the feedback linearization controller that is the
same as the extended-state-observer-based adaptive controller
(ESOAC) but without parameter adaptive estimation and distur-
bance compensations. The parameters are the same as those in
ESOAC.

— _icld = = =T |
1S
£
N
ke
f=
@
B
6F

SE

E]

22

2ot

f=

o

O 2

-4 -
0 5 10 15
Time(s)
Fig. 4. Trajectory xi 4, output state x;, and control input u.

TABLE Il
THREE CONTROL PERFORMANCE INDICES OF FOUR CONTROLLERS

Indexes M, A, S

FLC 0.6271 0.2843 0.1555
VFPI 0.3616 0.1847 0.1012
ESOAC 0.2535 0.1089 0.0759

ESOAPPC 0.1711 0.0659 0.0494

4) VFPI: Velocity feed-forward proportional-integral con-
troller in [6] with P-gain k,, = 3000, I-gain k; = 700, and velocity
feed-forward gain k, = 28 V-s/m.

Remark 1: Through the comparison of feedback linearization
controller (FLC), velocity feed-forward proportional-integral
controller (VFPI), and ESOAC, the effectiveness of adaptive
law and disturbance compensation strategy can be certificated.
Moreover, the effectiveness of state constrained control and
prescribed tracking performance control can be proved by com-
paring ESOAC, VFPI, and ESOAPPC. In this way, the validity
of ESOAPPC can be tested.

C. Experimental Results and Discussion

The maximal absolute value (M.), average value (A.), and
standard deviation (S.) of tracking errors are employed to de-
scribe the control performance

M.

K
Lmax {le (]} A= % 3 e (D),

I i=1

where K represents the number of the recorded digital signals.
1) Case I: A trajectory x1 4 = 40 arctan (sin(7¢))/0.7854 mm
is first employed to verify the ability and applicability
of the ESOAPPC. The PPF is set as p(f) = (0.8 —
0.3)e 2" 4+ 0.3, Ly = 1, Ly = 300. Fig. 4 shows that the
output state x; can accurately track x; 4 with a smooth
and bounded control input u. The tracking errors and
corresponding performance indices of the four controllers
are presented in Table II and Fig. 5. Obviously, the

(35)
Se

HMN

le@] -4 .
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Fig. 5.
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Tracking errors e(f) and PPF bound.
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Parameter adaptation of the ESOAPPC controller.

proposed ESOAPPC controller provides the best control
performance. Moreover, the tracking error of ESOAPPC
is retained within the PPF bound, while the prescribed
performance constraints are violated by the other three
controllers. Because ESOAPPC not only uses PPF to con-
strain tracking error but also combines ESO and adaptive
algorithm to solve uncertainties to obtain better control
performance. Fig. 6 presents the convergence of param-
eter estimation of ESOAPPC. They are all regular and
bounded. Fig. 7 shows that |z | < 1, |22| < La, |23| < L3,
the full-state errors z1, z2, and z3 are remained within the
desired boundaries. Furthermore, system states are shown
in Fig. 8. The full-state constraints can be assured.

Case 2: A fast smooth trajectory x; 4 = 20arctan(sin(47¢))
/0.7854 mm (see Fig. 9) is employed to further test the
performance of the four controllers. The PPF is set as
p) = (1 — 0.4)e % + 04, Ly = 1, and L3 = 500.
The smooth trajectory x; 4 and output state x; are almost
identical, and the control input u is less than 10 V (see
Fig. 9). The three indices of control performance are
given in Table III, and the tracking errors are displayed in
Fig. 10. Asillustrated, better tracking accuracy is obtained
by the ESOAPPC compared with the other three control

Fig. 7.

Fig. 8.

Fig. 9.

Time(s)

Tracking errors z1, z2, and z3.
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2 Zyd — — —x1| |
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&
o 10
< 20+
-30 L L
5 10 15
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S 5
3
o
£ 0
S
5
S 5 i
-10 L L
0 5 10 15
Time(s)

Trajectory x; 4, output state x;, and control input u.

TABLE IlI
THREE CONTROL PERFORMANCE INDICES OF FOUR CONTROLLERS

Indexes M, A, Ss

FLC 1.1150 0.5100 0.3506
VFPI 0.6905 0.2610 0.1995
ESOAC 0.5222 0.1772 0.1424

ESOAPPC 0.3516 0.1313 0.0728
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methods. In addition, the tracking error of ESOAPPC is
preserved within the PPF bound, which cannot be realized
by the other three controllers. The reason is that the PPF
is not utilized in the VFPI controller, FLC method and
ESOAC scheme, so their tracking errors exceed the PPF
bound. The full-state errors zy, zo, and z3 are remained
within the desirable boundaries (see Fig. 11), i.e., |z1| <
1, |22] < Lo, |z3] < L3, the full-state constraints can be
guaranteed. The system states are displayed in Fig. 12,
and they are smooth and bounded.

3) Case 3: In this case, the four controllers are further tested

for a low-frequency saw-tooth signal with an amplitude
of 40 mm and a period of 2 s. The PPF is presented as
p(H) = (0.8 — 0.4)e ™" + 0.4, Ly = 2.5, and L3 = 320.
As presented in Table IV and Fig. 13, the proposed
ESOAPPC algorithm ensures that the tracking error does
not exceed the PPF bound and satisfactory tracking per-
formance is achieved. Nevertheless, large transient and
steady-state tracking errors are obtained by the other
three controllers. The system states are demonstrated in
Fig. 14. They are smooth and bounded. Experimental
results prove that the proposed control method is effective
under PPC and full-state constraints.

Fig. 13.

4)
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Fig. 10.  Tracking errors e(f) and PPF bound. Fig. 12. System states X1, X2, and xs.
! TABLE IV
THREE CONTROL PERFORMANCE INDICES OF FOUR CONTROLLERS
N0
) . . Indexes M, A So
0 5 10 15 FLC 0.7716  0.6583 0.0797
! VFPI 0.5375 0.2899 0.0959
ESOAC 0.4631 0.2165 0.0350
N0
ESOAPPC 0.3371 0.1567 0.0217
4 ‘ .
0 5 10 15
500 T T _
E
250 1 g
NY 0 *
-250
-500 L L
0 5 10 15
Time(s)
Fig. 11. Tracking errors z;, z2, and z3. S

1 T T

——ESOAC = = =PPF bound

Time(s)

Tracking errors e(f) and PPF bound.

Case 4: A saw-tooth signal with a larger period is given to
test the control performance. The PPF is set as p(f) = (1
— 0.5)e 2 4+ 0.5, Ly = 3, and Ly = 360. Table V and
Figs. 15 and16 present the experimental results. From
Table V and Fig. 15, one can see that only the proposed
ESOAPPC can guarantee the tracking error to meet the
prescribed performance demand. Furthermore, owing to
the combination of ESO and adaptive control, the best
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Fig. 14.

Fig.

Time(s)

System states xi, X2, and xs.
TABLE V
THREE CONTROL PERFORMANCE INDICES OF FOUR CONTROLLERS
Indexes M, A, Ss
FLC 0.8253 0.6184 0.1029
VFPI 0.6494 0.3810 0.0970
ESOAC 0.5312 0.1688 0.0498
ESOAPPC 0.3471 0.1442 0.0264

APPCError(mm)

ESOACError(mm)

VFPIError(mm)

FLCError(mm)

——FLC = = =PPF bound ]|

Time(s)

Tracking errors e(f) and PPF bound.

tracking performance is also achieved by the ESOAPPC.
As shown in Fig. 16, the system states are also smooth
and bounded.

5) Case 5: To detect the antidisturbance ability of

the controller, an external disturbance f = —4x;
is added to the system. A smooth trajectory
x14 = 40 arctan(sin(7r¢))/0.7854 mm is given to testify
the ability and applicability of the proposed controller.
The parameters of the PPF and BLF take the same

Fig. 16.

Fig. 17.

Fig. 18.
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values as the corresponding parameters in case 1. The
tracking errors without and with disturbance are depicted
in Fig. 17. One may find that satisfactory tracking
performance is also achieved.
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6) Case 6: Similar to the previous case, an external distur-
bance f= —4x; is added into the system. A low frequency
saw-tooth signal with an amplitude of 40 mm and a period
of 2 s is given. The parameters of the PPF and BLF are the
same as those of Case 3. Fig. 18 depicts tracking errors
without and with disturbance. It can be observed from
Fig. 18 that all the tracking errors are retained within PPF
bounds. Therefore, the control strategy is effective for
uncertainties.

V. CONCLUSION

This article presents an adaptive prescribed performance con-
troller to keep the tracking errors and all states of hydraulic
systems within predetermined ranges. The ESOs for estimating

the

disturbance and an adaptive law for estimating the unknown

parameters are integrated to deal with the uncertainties of the
system. Then the estimated uncertainties are brought into the
controller. The transient behavior of tracking error and state
errors within the expected boundary is assured by synthesizing
the PPF and BLF. An adaptive prescribed performance controller
with uncertainty compensation is performed to stabilize the
closed-loop system. Finally, the control performance of the
proposed controller is proved by numerous experimental results.
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