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Abstract—In this paper, a method for nonlinear control is methods relying upon the dynamic properties of an EHS have
proposed using an extended state observer for position tracking also been proposed [8]-[10]. A Barrier Lyapunov function
of an electro-hydraulic system (EHS) with only position feedback. 5564 on a nonlinear control method has been introduced to
The proposed method consists of a high gain extended state id ition tracki traint for EHSs [11
observer (HGESO) and a nonlinear controller. The EHS model provide a position tracking error constraint for S_ [11],
is transformed into the normal form to lump a system function and a flatness-based control method was developed to improve
and a external disturbance into a disturbance. The HGESO position tracking performance and reduce the control input
observer is accordingly designed to estimate the full state and ripple [12]. These control methods all require complete system
disturbance. The nonlinear controller is then developed using jaformation for the EHS model; however, in practice, it is
backstepping to suppress the position tracking error using the . ible t . I t inf i ¢
input-to-state stability (ISS) property. The key innovation of ImpOSSI e oacqu're? Syslem Information necessary 0 pro-
the proposed method is the design of the nonlinear gain to Vide perfect cancellation. Singular perturbation theory-based
suppress the position tracking error according to the disturbance nonlinear control methods have accordingly been presented
estimation error. Thus the use of the high observer gain to to provide robustness to the uncertainties in the effective
accurately estimate the disturbance can be avoided. The stability bulk modulus [13], [14]. To reduce the necessity of feedback

of the closed loop including the EHS, controller, and observer trol effort d to further i tracki
is then mathematically demonstrated without the need for an CONUrOl €ITOMS and 1o further iImprove tracking accuracy, an

approximation of the ‘sgn’ function in the EHS dynamics. The adaptive control method using the robust integral of the sign
proposed method is verified using simulated and experimental of the error was presented in [15], but this method can only

testing. handle matched disturbances; in practice, an EHS will contain
Index Terms—Electro-hydraulic system, Observer, Positon unmatched disturbances. Recently, a robust adaptive control
control method was proposed that provides friction and valve dead-
zone compensation [16].
. INTRODUCTION All of these previously developed methods require full state

Electro-hydraulic systems (EHSs) have been widely usé%f“dbaCk to successfully |mprove_E_HS position and_force
in industrial automation applications such as robots, aircr ntrol performance. Unfortunately, it is not always possible to

actuators, and rolling mills due to their high power-to-weigHf'©25!® the full state of an EHS due to cost and space I|m|ta-.
tions. Furthermore, the pressure sensor measurements contain

ratio and their ability to rapidly generate high forces [1]-[3]. . that thod wall ('t lifv. Thus. th
Importantly, EHSs have nonlinearities in their dynamics gio'se that many methods can actually act lo ampiily. 1hus, the
curate determination of EHS state remains a critical concern

to their use of hydraulic fluids and the complex flow pro ertie%C . . . .
y P prop the field. To estimate state variables or disturbances, several

of servo valves. In order to improve the position/force tracking '€ "¢
performances of EHSs, various control methods have be %tlmanon methods have been proposed [7], [17]-{21]. In [17],
' observer estimated only acceleration, while a proportional

roposed by academic and industrial researchers to compen- . . .
brop y pEtegral observer was designed to estimate the full state in [18],

sate for these nonlinearities. In [1], linear control theory Wi} ¢ althouah th imai f lidated in both
applied to EHSs in order to guarantee local stability. A robu ut afthougn the estimation performance was validated in bo
udies, closed-loop stability was not proven in either. An

adaptive, and repetitive digital tracking control method wa; . )
server-based controller was proposed for position-tracking

presented as a way to provide disturbance rejection in [ ntrol of an EHS in which disturbances were ignored [20],

Variable structure control methods were developed to cont@1 A disturb timati thod developed f
EHSs in [5]. Furthermore, several input-output linearizatiofy ] isturbance estimation metnod was developed for

w]s_turbance compensation in [7], [19], but it too requires full

control methods have been proposed for the control and cot te feedback. R " tended state ob based irol
pensation of EHS nonlinearities [6], [7]. Backstepping contrglare feedback. kecently, extended stale observer-based contro

methods were proposed to compensate for the disturbance
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the high observer gain to accurately estimate the disturbanf®g, Ps is the supply pressure of the pump [NnP. is the

may result in the amplification of the measurement noisdifferential pressure between the port A pressBteand the

Therefore, a control method that is able to compensate foort B pressurdy and p is the density of the hydraulic oil

disturbances using only position feedback is still required. [kg/m?]. By applying the law of continuity to each actuator
In this paper, we accordingly propose a nonlinear controhamber, the continuity equation for load flow rate is given

method with high gain extended state observer (HGESO) foy [1]

position tracking of an EHS that uses only position feedback. . (VA

The proposed method consists of a HGESO and a nonlinear Qu=Apxp+CGR + 4—Be|:1_ )

controller. The EHS model is transformed into the normal form

to lump a system function and a external disturbance into"§'€"€%p IS the piston position [mjAy is the pressure area of
disturbance. The HGESO observer is accordingly designedt®§ Piston [m], Gy =G + ' is the total leakage coefficient
estimate the full state and disturbance. The nonlinear controllgt/Ns], Ci is the internal leakage coefficient Pfiis], Cq is

is then developed using backstepping to suppress the posifias external leakage coefficient ffivs], \ is the total actuator
tracking error using the input-to-state stability (ISS) propertyolume [m], and fe is the effective bulk modulus of the
The key innovation of the proposed method is the desigStem [N/mf]. Combining the flow control equation (2) and
of the nonlinear gain to suppress the position tracking errge load flow rate continuity equation (3), the fluid dynamic

according to the disturbance estimation error. Thus the use&giuation of the actuator is given by

the high observer gain to accurately estimate the disturbance 4BeAp . 4BCy 4BeCyw
can be avoided. The stability of the closed loop, includin@-: TV Xp— Vi R+ Ve/P (Ps— sgn(xv)PL)xv-
the EHS, controller, and observer, is then mathematically (4)

proven without the need for an approximation of the ‘sg
function in the EHS dynamics. The proposed control meth
improves position tracking performance using only positio?\q
feedback under the effects of an external disturbance. The MXp = —kxp — bXp+ ApPL — FL — F¢ (5)
performance of the proposed method is then experimentall , ) ) )
validated and compared to the performance of a previoud{t€rem is the piston mass [kglk is the load spring con-
proposed method. The main benefits and contributions of in _nt [N/m], b is the viscous Qampmg_ c_oefﬁuent [N(m/s)],
proposed control method can be summarized as follows: RS _the load force [N_]’ andr |_s_the friction force_[N]. The_ .
This paper is organized as follows. In Section I, a mathg-(_)al is to make the piston position track the desired position

matical model of the EHS and the normal form are presentéQﬁ'.th dlst_ur_bance compe_nsatlon. .

The nonlinear controller is developed in Section Ill. The Combining (1)_ - (5) with the system uncertaintiési, and
HGESO is designed in Section IV and the stability of th f, t_he dynamics of the EHS can be reformulated as the
closed-loop system is studied in Section V. The simulati Rllowmg state space representation:

and experimental results are presented in Section VI. Finally, X1 = X2

conclusions follow in Section VII. . R F
Xo = —ayX1 — agXp + azxa = +Afp

r(]):d'nally, by applying Newton’s second law, the force balance
uation of the actuator can be written as

N—————
Il. MATHEMATICAL MODELS AND PROBLEM d 6)
FORMULATION ;
. . X3 = —hoXo — haXs + byy/Ps — sgn(u) xgu + Afs
The structure of EHS is shown in [12]. In many EHS ~~

applications, valve dynamics are much faster than the dy- ds

namics of the other parts in the system, such that the effects y=Xx1

of valve dynamics are often neglected without resulting in\gherex = [x, x, x| is the statesy; = X, is the position of the
significant reduction in control performance [7], [13], [14]piston [m], %2 = X, is the velocity of the piston [m/sks = P

[32]. Therefore, for simplicity the following approximation ofis the pressure difference between chambers A and B3N\/m
valve dynamics has been applied in our mathematical modgL_; is the current input, [MA], y is the output, andy :=

m?’

(1) =8 agi="2, hyi= %8 hg = B . Bl

: . - Remark 1: The port A pressur@, and the port B pressure
yvherexv is the spool position of the servo-va!ve [milis the Ps are generated from the supply pressRyeBecausd is the
Input current of the tc_>rque motor [mA], arlg is the torque differential pressure between the port A pressigteand the
motor gain [m/mA]. With the assumption th@ | <R [1], the 4 g hressurey, this condition|PL| < P is always satisfied
flow control equation of the hydraulic valve giving the Ioacﬁ,‘ the EHS [1]. Thus,/Ps— sgn(U)xs is always positive. ¢
flow rate can be written as To transform the EHS dynamics (6) into a normal form, we

define the new state variables as

X\/ = kv|

Q= CdVVXV\/%(PS_ sgnxv)RL)

1 =X1
. . : =X (7)
where Q_ is the load flow rate [r/s], Cy is the discharge
coefficient,w is the area gradient of the servo-valve spool Z3 = —apxq — 8 +agxs + da.
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From (6) and (7), the EHS dynamics (6) can be written as performance of the disturbance. However, in reality, it is
difficult to precisely estimatd when including external distur-

_Zl =2 bances, system function, and input gain uncertainty. Generally,
=23 @) asd increases, botd andd increase, and whed increases,
zz=0(2)+B(z,uju+d the position tracking erroe; will increase as long as the
y=2z stability is satisfied byua. The nonlinear gain ternu, is
designed to indirectly suppress the effectdfin e; when
where d increases. A O
a(z) =—athszy — (a1 + aghs + ashy)z — (ax + h3)z3 The nonlinear gairky(d) is defined as
m:w—@m¢%—$mm(ﬂﬂi§9iﬁ> ka(d) = (ke V). (13)

9) Remark 3: Note thatB(zu) of (12) cannot be computed
‘as it is’, because it contains the control inputon both sides
+ agbuy [ Ps— sgn(u) Az t+an+z—0 of the equation and contains the $grfunction. We can see
30y [Fs— <0 as that sign ofu is determined by the numeratera (z) — kses +
—d— because3(z u) is physically always greater
and d is the total disturbance consisting of the extern%ﬁan 0 ka(d )e3 B(zu)is phy y ys 9 0

disturbances and the system uncertainties. In this paper,
goal is to make positiorz; = x; track the desired position

d =had + dy + agds — B(z, u)

ﬁ'Fe modified control law (12) thus takes the following form:

71, = X1, using onlyz, feedback under the effect of external 2, =—kier + 24,
disturbances and system uncertainties. 23, = — ko2 + 22, (14)
1 , A -
[1l. NONLINEAR CONTROLLER u B (—a(2) —kees + 23, — d— ky(d)es)
In this section, the design of the nonllnear controller ishere
presented. The tracking errer= [e1 & eg} is defined
as aqz +apzo +
m:%mV%_ﬁmm(J;_gg_§> .
e1=2 -2, B (15)
& =212, (10) Un = —0(2) —kses + 23, —d —ky(d)es
€3 =23~ 723 With (12), the tracking error dynamics (11) become
wherezy, = x1, andx;,, i € [2, 3] are yet to be designed. The &= —kiey - e
tracking error dynamics are given b :
9 Y 9 y & =—koez + €3 (16)
&1 =€+ 2o, — 21 & = —kges —kg(d)es +d

€& =63+ 23, — 24 (11) : ‘. . o
& —a(2) +B(zuu+d—2 whered =d —d is the disturbance’s estimation error.
’ d” Theorem 1: Suppose thad is bounded. The tracking error
In order to guarantee the boundednessjofthe controller is dynamics (16) have the following ISS properties:

designed as K 5
2= —kitn + 21, )] <exp( -5t ) f0) + - sup fex)
73, =—koer+2z k 2
TR | es(t) SeXp(—§t> @0+ g 3 @ ()
u= (—a(2) — kees + 25, — d) 2 0<1<
B(Za U) (12) k3
s eat)] <exp( 1) ) + s0p (1)
1 a _ o<t<t
+ Bzu) (— (k4\/ d? + V) 63) : where )
Up = 7|d| =~ . (18)
0.5k3 + kq(d)

where control gainsk, ko, ks, ks, andv are all positive&
is the disturbance estimated by the observer that has yet to 0
be designed (in Section 4 it will be proven thits bounded ~ Proof: From (16), the dynamics & can be written as

by the observer), and =d—d is defined as the disturbance d <%

estimation error. m E) = — k3eb — kyg(d)&3 + exd

Remark 2: In the control inputu in (12), uy provides the
stabilization whileu, is a nonlinear gain term to suppress < ﬁ%_ (@ + kd(él’d‘)> les|(|es| — o).
The position tracking performance depends on the estimation -2

(19)
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For |es] > o, .

(&) < kb

Thus, with Lemma 6.20 and Theorem C.2 in [33], we know
that

(20)

& <>|<exp(—k—t> &0)+ sip o(r).  (21)

o<t<t
From (21), the relationship between and o is known to
have the ISS property. From (16), the dynamicspaind €5
are obtained as

%(%):_kle%‘f'elez
ko, k
<- S~ Fhal (el - 2l :
d /& (22)
a(§>=—k2%+ezes

6%

%WME@%WM%zé@L

d
o (€]) < —ki€f .
] (23)
at (65) < —kot5.
Therefore,

kq

)] <exp( -5t a0 )|+£1oiugt|ez( ] :
" ' (24)

ex(t) <exp(——t) &(0 >|+k—203£t|e3< ).

From (24), the relationships betweenandey, ande, andes

can be seen to have the ISS property, and from (21) and (24),

the tracking error dynamics (16) can be seen to have the ISS

properties. |
Remark 4: The stability of the error dynamics (16) is *

guaranteed regardless of the nonlinear gain (13). The main

role of the nonlinear gain (13) is to suppress the effeq'dpf

on ey. Increasmgd in the denominator oo (18) results in

a decreasings. The nonlinear gain termy in (12) increases

such that the effect qfﬂ on e; can be sufficiently suppressed.

From (17), ag — oo,

4

le1(0)] < koo o P o(1).

0<71<

Consequently, the tracking err@f can be sufficiently sup-
pressed even thoudt| is not small. O

Step 1 - Mechanical error dynamics
Practically, the mechanical tracking error dynamics can
be represented as

e =—ke+e
& =—lkoey +es.
Step 2 - Sensitivity function
Using a Laplace transform, we can obtain the sensitivity
function fromes to e; as
Ei(s) _ 1
Es(s) 2+ (ki+ka)s+kike'
where s is the Laplace operatof;(s) and Ez(s) are

the frequency domain representations &f and ez,
respectively.

(26)

(27)

Step 3 - Eigenvalue analysis of sensitivity function
By eigenvalue analysis for"® order system, we can now
derive the equations

kiko = w?
ki +ko = 2 an

where w, and { are the natural frequency and damping
ratio of the sensitivity function (27), respectively.

(28)

Step 4 - w, selection

Based on (28), a highik, means that the magnitude of
the sensitivity function decreases for low frequencies. For
example, if the frequency of the input perturbation is 10
Hz, cn should be set to be greater than&2- 2 pi x 10).
Thus, kiks is also greater than 3943 (62.8?).

Step 5 - { selection

Using the pre-designed gam, , we can derive another
condition fork; as follows:

ki + ko = 20 \/kikz

Since a small damping rati¢ increases the amplitude
of the mechanical tracking erra,, high ¢ is preferred
(overdamped response).

Step 6 -ks, kg, and v selection

Although zz dynamics are faster than the mechanical dy-
namics, the large value & is not required as compared

to k; andk, due to the use of the nonlinear gain. When
the estimated disturbance is large, the nonlinear gain gets
larger. Thus, only smal,, andv are enough to suppress
the tracking error.

(29)

From the above procedure, we can analytically determine the
(25) controller gains.

IV. HIGH GAIN EXTENDED STATE OBSERVER

In this section, the HGESO is designed to estimate the full

Note thate; asymptotically converges to zero when the disstate and disturbance. Let us defipeas

turbanced disappear.
Now we provide the procedure for the controller gain tun-

z=d. (30)

ing. Becauses dynamics are much faster than the mechanicglirther, we define the extended staeas:

dynamics forz; andz, k; andk, are chosen first, thetkgs is
chosen.

n=[n 2 z z] (31)

1083-4435 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Exeter. Downloaded on May 08,2020 at 14:11:18 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TMECH.2020.2985619, IEEE/ASME
Transactions on Mechatronics

and the dynamics ofl are defined as where L = [%, %, g 'S;fl]T, in which 4, 1o, I3, andl4 are
: the observer gains, and is a small positive constant. The
d=29 (32) Lo . ' i
estimation error is defined as follows:

whered is the derivative of the disturbanckand unknown.

Assumption 1: F, Fr, Af,, Afz, and their derivatives are 7 n—2
also bounded. O 5, — ?2 _|2- %2 . (39)
In fact, /¢ is not differentiable at zero velocity because it Z3 3—17Z3
includes the Coulomb friction. Fortunately, the actual friction Z 24—

force exhibits finite jumps so that the friction model can be

chosen as any differentiable function that approximates tfibe estimation error dynamics are thus given by

actual discontinuous Coulomb friction (for example, replacing

sgnxz) in the Coulomb friction modelling with the smooth 7o = AoZa+ Ar(Za) + D+ @(2a, 2a,1) (40)
function tanttx,)) [34] as follows:

Fr(22) = fuzo +tanh(z,) fc+(fs—fc)e*<|i—§|>] (33) Where

where f, is the viscous coefficientf. is the parameter for —';1 1 0O
Coulomb friction, andfs and cs are the parameters for static _'_22 01 0
and Stribeck effect coefficients, respectively. Their values are Ao=HRa—LC=| f 0 0 1
as follows: fy = 1215, f. =513, f=6214, andcs = 0.07. _f_f 00 0
Thus, Assumption 1 is physically reasonable [34]. In point of &t
fact, all of the states of the EHS are physically bounded, i.e., @ (Za,Za,U) = ¢ (za,u) — ¢ (Za, 1) (41)
[[X]l2 < Xmax Where Xmax is positive and constant [35]. Thus, 0
Af, and Afz are also bounded. In (6%, and X3 consist of 0
the state variabless , andF-. As a result, the derivatives of ~ Bz uu—B(zuul"
X2 and Xz are also bounded. Consequently, the consdajak 0
exits such that

Smax > SUPS(t)). 34) Let us define the scaled estimation error as

t

With the extended state,, the EHS dynamics (8) can be n= [01 N2 ns 04}T (42)

expressed as

Za=AaZa+Au(za) + 0+ ¢ (za,U) 35
y = CaZa (35) Using the newly defined variable, the estimation error dy-
namics (40) are transformed into fast dynamics in a singularly

where perturbed form as
01 00
A=l o oY £ =Agn +A(1,6) + D+ Q(za,22,U)  (43)
0 00O
T where
A(za)=[0 0 a(z) O
$zw)=[0 0 pazuwu O o110
A=[0 0 0 & A=150 0 1
od:[looq -l 0 0 O
a(za) = —aghszs — (a1 + aghs + aghz) 2 — (a2 + h3)z and
a1z +apo +
Blzau) - asbu\/ Py gy (BT .
as
(36) Ay = 5 , 0
The estimated stateand estimated extended statecan then —€"aihan — %@+ azh%+ aghp)n2 — £(a2+ )
be defined as (44)
s s s anT
2=n 2 2z @37)
50— [21 5% 23 24}T. The observer gaink, I, I3, andls are chosen such tha,
) is Hurwitz. A positive constangy, thus exists satisfying
The HGESO is therefore represented by
20 = AaZa+A(22) + ¢ (2a,U) +L(Y—9), (38) [AL(n,€)ll2 <eyn, lIN]l2- (45)
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In (40), the termp(z,,Z;,u) can be rewritten as The derivative otV is
[ 0 Vi =—n"n+2n"PyAi(n, ) +2n" Py (£,1, 7,2, U)
5 0 +2enTPyA.

u)= -
¢ (%20 agbu/Ps — ga(z, u)u — aghy/Ps — ga(2,u)u (52)
L 0 Consequently, it can be seen that
o )
ol Vip < = 1713+ 2y Amax(Py) 1713+ 26 VpAmax(P) I3
= | g | Bat22+Z) +28ma|Py 211 |2
0 < — (1—2eya Amax(Py) — 26 YpAmax(Py)) N 115

0 + 2&8max|| Py ll2[In 12
= 8(203 (a1€2n1 + apen2 + n3) < — (1— 2eya, Amax(Py) — 2€YpAmax(Py) — 651013
0 = OnIn |3+ 2e8madPy ll2lIn |1 2-
- 53
= (€,0,Za,2a,1). 3)
(46) Then,
where Vi < —(1—2eypAmax(Py) — 2&YpAmax(Py) — 6y)IIn 13 (54)
for ||n]|2 > 2emaxPallz _ Hn. Thus,n is uniformly ultimately
121+ + 73 [ n
$a(z,u) = sgn(u) (a—s) bounded. ! |
@(Z,u) = sgnu) (%) 47) V. CLOSED-LOOP STABILITY ANALYSIS
ba3 The controller (12) is obtained with full state feedback, but
@;=— usgru)u <0. in this paper, we assume that only outputis measurable.
(\/PS— ®(zu)+/Ps— @u(Z u)) With this output feedback, the actual controller can be obtained
as
The positive constany, thus exists such that 2, = — ki1 + 21,
9y (£.17,7,20,U) |12 <evoIn] () RaTlRt (5)

In most cases, in order to satisfy the Lipschitz condition of " B(2,0) (~0(2) — kel + 25, —d —ka(d)8s).
the functiong(za, Za, u) for stability proof, the function sdi)

; - g ) X where control gaings, ko, k3, kg, andv are positive. Equation
is assumed to be a continuously differentiable function

) 1o ax ?i?) shows the cascade property of the tracking errors. The
the form, atatku), tant(ku) or sigm(x) = 1-c=. HOWeVer, acqal control inputi{55) is injected into the tracking error

in this paper, from (46) and (48), it is shown that Lipschitgynamics instead of the control inpu(12). Thus, the closed-
condition is satisfied ip(za,2a,u). Consequently, the stability loop system is

of the state observer is analyzed without approximating the

nonlinearity of the EHS. e=Ac(d)e+Be{ (56)
Theorem 2: Consider the estimation error dynamics (43). en =Agn—+Ai(n,€)+ A+ @(za, Za,u)
If A, is Hurwitz ande is designed to satisfy the condition \yhere
d) = A+ Ag(d
o o o) Acld) = Ac-+Ad(d)
ZVAlAmax(Pr]) + 2y(pAmax(Pn) R _kl 1 O
) Acd)y=| 0 —k 1
a positive definite matrix, andmax(P,) is the maximum - K 0 0
eigenvalue of the matri®,, thenn is uniformly ultimately i
A=|0 -k O
bounded. O 0 0 K (57)
Proof: To study the convergence of the equilibrium points L o8
n = 0 of (43), we define the following Lyapunov candidate . 0 1 0
function Ag(d)=1(0 O 1
. 0 0 —kq(d)
Vy =¢en' Pyn. (50) B.— [O 0 1]T
BecauseA, is Hurwitz, a positive definite matri®, exists {=2%-B(zuu+p(z0)
such that

In (56), the perturbation terrf appears in the dynamics due
to the estimation error. We will show the boundedness(bf

.
ApPy+PrAg =—1. (51) fort>o.
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Theorem 3: Consider the closed-loop system (56). If th&rom the previous discussions it is obvious that, fortadl
condition (49) is satisfiedy is uniformly ultimately bounded. [To, T1),
Then, if the observer gaing, and € are chosen such that

enters the bounded bal, ={n : ||n|l2=u,y} att =T and Ve(e(t)) = d—V[Ae((f)e+ Be(]

the condition (69) is satisfied is also uniformly ultimately oe oV (64)
bounded. _<> < —ae(|l€]l2) + ’a— {max, -

Proof: To show the boundedness e(t) for t > 0, we define €

a numbemlR > 0 such thak € Bg whereBg denotes the closed Further,Ve < MZmax, Which yields

ball of radiusR. In Section Ill, it was proven that the origin of

the unperturbed system= Ae((f)e is globally asymptotically Ve(t) —Ve(To) < (M1{max)(t — To). (65)
stable. Thus, a Lyapunov functidfg(e) exists satisfying
Thus, it can be seen theft) remains inQ.; at least until the

AV, R - _ ct1-Ve(To) L
a_eeAe(d)eS —ae(||e]l2) (58) time reac.heéjl = “Wilmag + To. Picking a?y numbed < ¢
and considering the annular compact Sgt* as
for some class#™® function ae(-). A positive numberg, is )
chosen such that S ={e: d<\Ve(e) <c+1} (66)
Q.= {e : Ve(e)<c} D Br (59) let emin be defined as
As will be demonstrated later, among other things, one of eminzeemsiﬂlﬂeﬂ- (67)
d

the purposes of the controller design is to ensure that, for

all timest > 0, the vectore(t) remains inQ¢.1. We begin Then,

by analyzing what happens #ft) for small values ot > 0.

It was proven in Section IV thaf is ultimately bounded. ae([lell) > ae(emin) (68)
Thus, looking at the expression of the perturbation t&rim
the upper system (56), it is obvious that a numbgg, > 0
exists such thal{| < {max, The parametec depends only on
the choice of the numbeR and thus, indirectly, only on the

for all ee Sf,*l. Becausee(t) € Qc.1, {max depends on the
observer gaing; for i € [1, 4] ande. If the observer gaind;
ande¢ are chosen such that

choice of the set in which the initial conditions are established. 1
Letting &(0) € Br C Q, as long ae € Q¢ 1, Gmax, < Eae(em'”) (69)
_ MNe . it follows that
Ve(e(t)) = g IAc(d)e+Bel] | .
e (60) Ve(©) < — 30t €] (70)
< ~as(lell) +| 5| v,
as long as(t) € Sf,*l. In turn, this implies that
We then definéMg as 1
e Ve(e(t)) < Ve(e(T1)) — Eae(emin)(t -T)
Mo = max |—— (61) 1 (71)
ecQc 1 | O€ <c+1-— éor(.,_(emm)(t -Ty)

Further,Ve < M , which yield . .
urther,Ve < Mocmay, which yields as long ase(t) € S;™. Clearly, there is a timd, > T; such

Ve(t) = Ve(0) < (MoZmax )t (62) thate(t) €Qcpa fo_r allte [Ty, T2 andVe(e(Tz)_) = d. Because
Ve(e(t)) is negative at the boundary @y, it is concluded
BecauseVe(0) < c, it can be seen thad(t) remains inQcy1 that et) € Qq for all t > T,. Consequentlyge is uniformly
at least until the time reachély = m. The latter may ultimately bounded for alt > 0. |
be small but, it depends only on the choice of the nuntder
and thus, indirectly, only on the choice of the set in which the
initial conditions are established. Because, from Theorem 2, it
is known thatn (t)| < u, is bounded, the observer gaihsfor Simulations and experiments were performed to evaluate the
i € [1, 4] ande can be chosen such thatenters the bounded Position tracking and estimation performances of the proposed
ball B, = {n : ||n|l2= py} att = To. Examining the motion controller. Simulations of the proposed control method were
of e(t), which is inQc,1 for t < Ty, it can be supposed that,evaluated using both sinusoidal and step reference tracking,
for someTy > To, €(t) € Qc.1 for all t € [To, T1). Fort > T, @ and experimental evaluations of the proposed method and a

nUMberdmax, > 0 exists such thal{| < {max. M; is defined conventional backstepping controller were conducted using
as sinusoidal reference tracking to provide performance compar-

isons. Table | lists the EHS and controller parameters used in
(63) the simulations and experiments. The magnitude of the load
is 1000 N.

V1. SIMULATIONS AND EXPERIMENTS
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TABLE | ‘ ‘ ‘ ‘ ‘ ‘ ‘
PARAMETERS OFEHSAND CONTROLLER
Parameter Value Parameter Value
m 10 k 5000 N
b 1000 Cy 0.6
Ap 4812x10°* Be 1.8x 10°
\A 6.2x10°° Gi 2.488x 10714 : : : : : : :
Ca 1.666x 10714 w 5.2x 1073 oAt
o 840 ke 133x10°5 ime [sec]
Ps 120x 10° k 300 (a) Estimation ofz
ko 500 Ka 350
kg 1 v 0.001 100 T T T T T I I
I 2.96 x 107 I2 —2.66x 10° 50 3 /]
I3 ~5.16x 108 la —2.59% 10 ~ - Estmatedz,
€ 0.1 N0 f
50 1
‘ ‘ ‘ ‘ ‘ ‘ ‘ 100 | | | | | | |
0 1 2 3 4 5 6 7 8
= 20 _Za 7 Time [sec]
£ - . .
S - (b) Estimation ofz,
o
g 1000 T T T T T T T
20 ) Z3
. . . . . . . 500 — — Estimated zy )
0 1 2 3 4 5 6 7 8
Time [sec] N or \/\
(a) Position tracking performance -500 | 1
0.04 T T T : : : : -1000 . : ! ! . . .
— 0 1 2 3 4 5 6 7 8
g 0.02F e Time [sec]
g o - (c) Estimation ofzz
S
% -0.02F | - . . . .
& J
-0.04 L L L L L I I
0 1 2 3 4 5 6 7 8
Time [sec] N |

(b) Position tracking error

n
o
T

I

Time [sec]

(d) Estimation ofz,

Currnet [mA]
o

Fig. 2. Estimation results of the proposed HGESO using sinusoidal reference,
‘ ‘ ‘ ‘ ‘ ‘ ‘ X1, (t) = 0.02sin(t)

N}
S]
T
L

S}
=
N
w
E
o
o
~
©

Time [sec]
(c) Control input

trajectory well even though the disturbance consisting of both
Fig. 1.  Position tracking performance of the proposed method usit§€ parameter uncertainties and the load force was present.
sinusoidal referencex (t) = 0.02sin(7t) Fig. 2 shows the estimation performanceszef z,, z3, and

Z, in which it can be seen that the estimated state variable

tracked the actual state variables quite well fr z,, and
A. Smulations z3. The relatively small estimation errors i were caused

Simulations were performed by MATLAB/Simulink in by the disturbance consisting of the parameter uncertainties,
which a loading force was used as the external disturbanceliig load, and the friction. Despite this estimation errozgf
order to study the robustness of the proposed method, differfii position tracking error was suppressed by the nonlinear
parameter values were used in the EHS (6), the nonlin&gin effect. Consequently, using the estimated disturbance,
controller (55), and the HGESO (38). The nominal valud§e total disturbance including parameter uncertainties and
given in Table 1 were used in the nonlinear controller (5%xternal disturbances was successfully compensated for by the
and the HGESO (38). The parameter uncertainties werecgntroller.
most 20% of the nominal values in the EHS Eqg. (6). Fig. 3 shows the position tracking performance of the
1) Snusoidal Reference Tracking: Fig. 1 shows the po- proposed output feedback control using the fast sinusoidal ref-

sition tracking performance of the proposed method usimgencexy,(t) = 0.02sin4nt) for validation. It can be observed
the sinusoidal referencey,(t) = 0.02sin(7t). It can be seen that the position of the EHS matched the desired position
that the position of the EHS matched the desired positidrajectory well, although the fast reference was used and the
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Fig. 4. Position tracking performance of the proposed method using step
Fig. 3. Position tracking performance of proposed method using fagiference
sinusoidal reference, (t) = 0.02sin(47t)

TABLE I
SUMMARY OF THE CONTROL PERFORMANCE COMPARISON
total disturbance mc!uded both the parameter uncertainties and Ttem Backstepping Contr] Proposed method
the load. The amplitude of the position error was less than Peak error 1.11 mm 0.39 mm
0.1% that of the reference signal. Compared to the result Phase lag 0.17 sec. 0.13 sec.

for sinusoidal reference,,(t) = 0.02sin(nt), the use of the
fast referencexy, (t) = 0.02sin4nt) resulted in an increase in

control input. _ _ . language with real-time implementation at a sampling rate
2) Sep Reference Tracking: Fig. 4 shows the position ot 1 kHz. The controller utilized a 12-bit analog-to-digital
tracking performance of the proposed method using StgBnyerter (ADC) and a digital-to-analog converter (DAC) with
reference tracking. The position of the EHS tracked the desirgd EtherCAT interface and a dual-core 2.16-GHz processor
position trajectory \{ve!l, although the distqrbance included tr(g;6920’ Intel) using the TwinCAT 3 extended automation
parameter uncertainties and the load. Fig. 5 shows the e8lfstem. The position tracking performance of the proposed

mated values ok, 2, z3, andz. The estimated state variablesyethod was compared to that of the following conventional
tracked the actual state variables well. In the estimation Béckstepping controller:

74, the relatively large estimation errors were caused by the

step reference in the first second. Despite these relatively, _ / ! (xy, — x)dT
large estimation errors, the position tracking error was rapidly o ¢
compensated for by the nonlinear gain effect. €1 = X1y — X1

Xoq = klbel + de + kObQ)
B. Experiments € = X34 — X2

(72)

The experimental setup is depicted in Fig. 6, in which 63( = (ko€ + S, + AuX1 + ap%z + asFL + €1)

flapper-type servo valve (M454, Star Hydraulic Ltd.) was use % as
for the evaluation. The effective stroke length of the piston wase; = x5, — x3
tj:hO.043 f[n In o(rjd(?r to vallidtzte the estimation perforr(r;agce, - ks, €3+ X3, + h1xz + hoxa + azey

e position and force of the servo were measured by al= = -
linear variable differential transformer (LVDT) and a load cell, /Py — son(ks, s + ¥, + hwxo + hoxs + age2)Xs
respectively. The velocity was numerically approximated byhere kg, = 10, ky, = 1300, ko, = 6000, andks, = 120 are
differentiating the position measurement using the forwattle control gains. The desired position trajectaxy,(t) =
Euler method. The control law was programmed in the @O02sinmt) was used to provide the comparative evaluations.
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Fig. 5. Estimation results of the proposed HGESO using step reference
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X o

~
=)

The position tracking performances of the conventional and w12 13 1 15 16 1 18
proposed methods are shown in Figs. 7 and 8, respectively. Time [sec]

It can be observed in the HGESO estimation results in Fig. 9 (a) Position tracking performance
that the estimation performances were in good agreement with ‘ ‘ ‘ ‘ ‘ ‘ ‘
the measured signals. Notably, the measugeskhibits a very
noisy signal, and in both methods, as the estimajedas used
instead of the measured, this noise in the position tracking

signal was reduced. In the experiments, it was impossible to

-
o

N}
T

)
T

Position error [mm]
o
é

measure the total applied disturbance; however, we expected w0 u 12 1 w15 1 v
that the applied disturbance was also large because the esti- Time [sec]

mated disturbance was large. Due to the effects of this large (b) Position tracking error
disturbance, the position tracking error of the conventional ‘ ‘ ‘ ‘ ‘ ‘ ‘
backstepping controller was larger than that of the proposed 20|

method. Furthermore, the phase lag was relatively large un-
der the conventional backstepping controller, and its position

Currnet [mA]
o

tracking error was asymmetric because of the asymmetry of 20l

the disturbance. The main difference between the proposed T o h h e o
method (55) and the backstepping controller (72) is the use Time [sec]

of the nonlinear gain (13). The proposed method exhibited a (c) Control input

relative improvement in position tracking performance as a
r§3U|t of the nonlinear gain, which increased with ianeaSirﬁb. 7. Position tracking performance of backstepping controller
d = 2, compared to the conventional backstepping controller
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(72). The position tracking error was less than 2% of the 00} ]
reference using the proposed method. Because the asymmetric 0 u 12 13 u 15 1 v
disturbancez; estimated by the HGESO was compensated Time [sec]

for, the position tracking error was symmetric. Consequently, (d) Estimation ofz4

the nonlinear gain, as well as the disturbance compensation,

provided by the proposed control method facilitated the redugg. 9. Estimation results of the HGESO
tion of the position tracking error. The control performance

comparison of the conventional backstepping controller and

the proposed method is summurized in Table. II. REFERENCES
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