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Abstract: To provide high output force and to reduce the installation space, the electro-hydrostatic
actuator (EHA) usually adopts asymmetric cylinder. However, comprehensive effects pr oduced by
itsasymmetric flow, parameter uncertainties and unknown disturbance makeit difficult to achieve
high-accuracy position control. This paper proposed an integral sliding mode backstepping control
(ISMBC) based on extended state observer for theasymmetric EHA. Firstly, the principle of the EHA
was analyzed and an EHA model was built. Further, the state space equation of the EHA was
established based on flow distribution analysis. Twoextended state observers (ESO) were designed
to achieve real-time estimation of the unmeasured system states, unmatched and matched
disturbances. The backstepping method was used to compensate the matched and unmatched
disturbance, and an integrated sliding mode controller was developed to eliminate the staticerror
and to improvethe response ability. Theoretical analysis indicates that the controller can guarantee
thedesired tracking performance for theactuator under time-varying unmatched disturbances, and
can make the trackingerror asymptotically converge to zero under constant matched disturbances.
Finally, simulations were performed with the designed controller, backstepping controller, and
proportional-integral-derivative (PID) controller respectively. Thereafter, detailed comparisons of
the control performances were provided. The results show that the proposed controller can achieve
better position tracking and stronger robustness in parameter changing compared with the
backstepping controller and PID controller.

Keywords: Asymmetric cylinder; Electro-hydrostatic actuator (EHA); Extended state observer
(ESO); Integral sliding mode backstepping control (ISMBC); Position control.

1. Introduction

Electro-hydrostaticactuators (EHAs) are widely used in aviation, shipbuilding, automobileand
other industrial fields due to their small size, light weight, high efficiency and great reliability [1-3].
The EHA is a highly integrated direct driven hydraulic system that integrates an electric motor, a
pump, an actuator,atank,etc[1,4]. It achieves variable power transmission of actuators by changing
the rotation speed or the displacement of the pump [5]. Compared with the traditional valve-
controlled system, the EHA eliminates the throttling loss caused by the multi-way valve and the
overflow loss caused by the centralized oil supplies, which significantly improves the system
efficiency [6, 7].

Over the past 20 years, EHAs have been applied in high-precision industries such as aviations
and submarines [8, 9], but only adopting actuators with symmetrical structures. However, industrial
applications usually require asymmetric hydraulic actuators, having the advanteges of smaller
volume and larger output force [10]. The unbalanced flow in asymmetric EHAs, caused by the



unequal effective cross-section areas in two chambers has seriously affects the control accuracy and
dynamicresponse [11,12].

To solve the this problem, many novel methods were proposed such as the development of
asymmetric flow distribution pumps [13], the research of pump-valve-coordinated system [14], and
the use of dual-pumps control system [15]. On the other hand, advanced control algorithms such as
robust adaptive control [16-18], backstepping control and sliding mode control, etc.

Besides, EHA has the characteristics of nonlinearities, parametric uncertainties and external
disturbances [19-21]. These nonlinearities include fluid compressibility, nonlinear friction, internal
and external leakage [22]. Parametric uncertainties are mainly caused by model inaccuracy and
system parameters variation. The external disturbances mainly consist of the variation of external
load force and unmodeled load force. The nonlinear friction reduces the response speed by affecting
the transient characteristics of the EHA and leads to viscous and crawling phenomena in low-speed
operation. Leakage in the EHA decreases steady-state accuracy. Parametric uncertainties normally
require a high gain to improve the robustness of the system, which easily lead to over-design.
External disturbances reduce system stability by influencing system output [23].

To solve these problems of nonlinearities, uncertainties and external disturbances, a lot of
researches have been conducted. Lin [24] regarded the nonlinear friction force as norm-bounded
uncertainties, developed a robust discrete-timesliding-mode control (DT-SMC) for an EHA system.
Fu [25] applied neural netw orks toidentify uncertainties online, combined RBF neural netw orks with
fast terminal sliding mode controller, which not only solved the problem of sliding mode control
depending on system parameters but alsosuppressed oscillation to some extent. Alemu [26] applied
the Extended State Observer (ESO) to estimate the system states, uncertainties and external
disturbances, used the friction model to compensate the friction force, and designed a sliding mode
controller for the system, which improved the robustness whileensuring the tracking performance.
Sun [27] developed a nonlinear robust motion controller based on the extended disturbance observer
to compensate the estimation error of the outer position tracking loop, while the inner pressure
control loop adopted a backstepping method to achieve accurate force control. Wang[28] introduced
a feedback backstepping control algorithm based on the backstepping control theory for the high-
order model of the EHA system to convert the complex nonlinear systemintoa linear system.Yang
[29] introduced a filtered error function, integrated a novel expected compensation adaptive control
framework into the controller to reduces environmental noise. Shen [30] decomposed the 5th-order
EHA dynamicmodel into four subsystems, and designed adaptive controllaws respectively tosolve
the controller design problem of the high-order system. Yang [31] designed a linear state observer
and a nonlinear disturbance observer to estimate the matched and unmatched disturbances in the
system,and employed a continuously differentiable friction model to compensate the friction force.

The above research shows that combining the observer with advanced control theory is an
effective method to solve the problems of nonlinearities, uncertainties and disturbances in hydraulic
systems. Most scholars focus on improving the control performance of symmetric EHAs and valve-
controlled systems. Therefore, this paper proposed a novel control strategy tosolve the uncertainty
problem of an asymmetric EHA. The electric motor speed control system wasregarded as a separate
module, and PI controller was adopted. The state equation of the asymmetric EHA system was
established considering nonlinear friction, parameter uncertainty and external disturbance. The
Stribeck static friction force model was used toidentify the friction force; the unmodeled friction force
was regarded as an external disturbance. The state equation was used to judge whether the
disturbance and the control law were on the same channel. The disturbances were divided into
matched disturbance and unmatched disturbance, two ESOs were established for estimation. The
integral sliding mode algorithm was added in the first step of the backstepping design to reduce the
steady-state error and to improve the robustness of the EHA. Based on the Lyapunov theory, the
stability and effectiveness of this control method were proven. The simulation results show that the
controller has good steady-state characteristics and high control accuracy.

The remainder of this paper is organized as follows. Section 2 presents the principle analysis and
model building of an asymmetric EHA. In Section 3, two ESOs are designed to deal with the
disturbances and its convergence is verified. In Section 4, the integral sliding mode backstepping



control (ISMBC) controller is proposed and its stability is proven. Section 5 gives comparative
simulation results. Finally, the conclusion is given in Section 6.

2. Principle analysis and modelling

2.1. Load force analysis of a micro crane

In this case study, the research object is the micro crane, as shownin Figure 1. The dimensions
of themicro-crane was measured and its 3Dmodel was created in Solidworks. After that, the dynamic
model of the crane was built by exporting a CAD assembly from Solidworks and importing into
Matlab/Simulink. The output force of the EHA system installed on the crane mainly depends on the
torque, angular acceleration

Figure 1. Structure diagram of the micro-crane.

According to Newton's second law, the torque balanceequation of the boom can be written as:
2
S Mg =]% (1)
where d?6/dt? is the angular acceleration; ] is the rotational inertia of boom.
Decomposed equation (1) to get the output force equation of the hydrauliccylinder [15]
Fep = []ZZTS +mg - %, sin(6,) + m,g -7, sin(Hl)]/dlsin(a), )
where Fey is the output force of cylinder; m is the mass of boom; %, isthe distance between
the centre of mass and the joint; 6,, is the angle between the centre of mass and the reference
coordinatevertical axis; g is gravitational acceleration;the load is connected to the crane by a hook
and chain, and therefore, the load force is always perpendicular to the ground, such that m; canbe
defined as load massincludingthe mass of load, hook and the chain; 7; is the distance from the load
acting on the arm to thejoint; 6, is the angle between the connection about the joint and load with
the reference coordinate vertical axis; d; is the distance between the cylinder base and the joint; «
is the angle between the cylinder and the joint.
Next, theworking principle of asymmetric EHA was analyzed, and thestate-space equation was
established for the EHA.

2.2. Principle analysis of EHA

The schematic of the EHA control system is shown in Figure 2. The system includes the
hydraulicsystem, the electric motor and the controller. The variable speed electric motor is controlled
by PI controller, which drives a bidirectional fixed pump. Two pilot-operated check valves are used
tobalancethe flow of the asymmetric cylinder. Tworelief valves are used for safety purpose.



Figure 2. Schematic diagram of an asymmetric EHA

The EHA, installed on the micro-crane as shown in Figure 1, runs in two operating conditions
including extending and retracting with positive load, as shown in Figure 3. Therefore, the load
pressure p; isalways greater than zero, it was given by

PL =Py — ap;. @)
where p; and p, arethe pressure of the piston chamber and the rod chamber of the, respectively;
a is the area ratio of cylinder, a = A,/A;; A; and A, arethe areas of the piston chamber and the
rod chamber of the cylinder, m?2

(a) (b)
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Figure 3. Schematic diagram of two operating conditions of EHA: (a) the EHA resistive extension; (b)
the EHA assistive retraction.

Due to the different effective areas of the asymmetric cylinder, EHA requires unequal oil flow
rateduring moving. To prevent cavitation, hydraulicoil is replenished from theoil tank through the
pilot-operated check valve 4.1, as shown in Figure 3 (a). During retracting, the excess oil flow from
the piston chamber backs to the oil tank through the pilot-operated check valve 4.1, as shown in
Figure 3 (b).

2.3. Modelling

2.3.1. Model of the electric motor

Permanent magnet synchronous motors (PMSMs) are widely used in industrial equipment
because of high power density, high efficiency and high reliability. Hence, in this paper, a PMSM is
selected to drive the EHA. The electromagnetic torque equation of PMSM in d-q reference frame can
be expressed as

Tg = 1.5p Ymisq, (4)
where Tg is theelectromagnetictorque; p, is thenumber of pole pairs; ¥, isthe rotor magnet flux
linkage; i, is the g-axisstator currents.

Assuming the PMSM rotates at a constant speed, the torque balance equation between the

PMSM and the pump canbe written as



O =7 (15Pymisy — Bow — 1), (5)
where ] is the moment of inertia; B isthe viscous friction coefficient; T; is theload torque from
the pump; w,, is the angular speed of the rotor.

In the Laplace transformation of equation (5), ignoring the effects of the pump torque, the

transfer function of the motor can be given as
wm(s) K

(6)

Isq(9)  s-1
where K is the electricmotor gain, K = 1.5p:1|1m /B; T is the time constant, T =] /B.
The PMSM mainly adopts i;g = 0 vector control; the outer loop speed control provides a
reference signal for the inner current loop. This paper focuses on designing high-precision EHA
system controller, so the proportional-integral (PI) was used as a speed loop controller for the electric
motor.

2.3.2. Model of the hydraulicsystem

The output flow of the pump can expressed by
Qp = wp — ciAp, @)
where Qp is the output flow of pump, m3/s; Dp is the pump displacement, m3/r; wp is the pump
angular speed, wp = wy,, rad/s; c; is theinternalleakage coefficient, (m/s)/Pa; Ap is the differential
pressure, Ap =p;, — p,.
Due to the pressure p, close to zero, for simplification,assuming Ap = p;, equation (7) can be
rewritten as
Q= Zwp — iy ®)
The flow-pressureequation of cylinder can be expressed as
{QP = Q, =Aykp+V, pi/Pe )
—aQp = Q; = Ap¥p+ V, 0,/Be '
where @, and Q, areflowrates ofthe piston chamber and therod chamber of the cylinder, m3/s; S,
is theeffective bulk modulus, Pa; V; and V, arethe current volumes of the cylinder,m3, V; =, +
Aixp, V, =V, — A(s —xp); Vo, and V,, aretheinitial volumes of two-chambers of the cylinder; s
is the piston stroke, m.
Assumingthat the piston is moving around the centre position, the following approximation can
be given [32]:

—_—x St = — 1
Be Be  2Be 2B 10
where I} defines the total volume of the hydraulic cylinder, m3.
Combine equation (7) to (10), the following equation can be obtained:
. kDp .
— P, =— Wp — KC;p, — KA Xp, (11)

2P Po =%,
where k = 1+ a?.

The force balanceequation of thehydrauliccylinder canbe written as:
mxp = Ayp, — F () — F, — d,, (12)
where m is the totalload mass of the crane; F is theload force; d, representsunmodeled friction,
load force and external disturbance; E (x p) denotes the Stribeck friction force and its model can be
given by:
FGp) = (Fo + (B — ) - e“1")sgn(@) + o, vl = vy,
(Foth +(Fe+ (Fork—Fc)e v IPD))

FGp)=v vl < vy, (13)

Vth
where F; and F, are the coulomb friction and breakaway friction; c, is the speed coefficient; v
is the speed of the piston, v = Xp; f is the viscous friction coefficient; v, is thecritical speed.
Combine equation (11) to (12), defining state variables x = [x,x,,x5] = [xp,%p,p. ], the state-
space equation of the EHA can be writtenas:

X, =X,
Xy = 0163 6, F(x;) — 6, F, —6,d,
X3=bu, —0;x,— 0,x5

y=X

. (14)



1

For simplification, the parametersset can bedenotedas 6, = %, 6, = ~ 6; = ZkﬁeAl, 6, = 2% Beci

153 w7

b= kBeDp

- Since the external load force and external disturbance cannot be directly measured, two
t

ESOs will be designed to estimate them later. To facilitate the design of the observer, the load force
and external disturbance are combined into one item, d,(t) = —6,F, — 6,d,. Due to the wear, the
change of temperatureand pressure in the hydraulicsystem, parameters S, f, c¢;, V, etc, become
uncertain, which will cause internal disturbance, d,(t) = Abu, — A8, x, — AB,x;. Therefore, the
equation (14) canbe rewritten as:
X1 = X2
X,=6,x5— 0,F(x,) +d,(®)
X3=bu, — O3, — 0,x5+d, ()
y=x
Usually, d,(¢) is regarded as the unmatched disturbance while d,(t) is considered as the
matched disturbance. Because d,(t) and the control law u, are in the same channel, but d,(t) is
in another channel and it cannot be eliminated directly by the controllaw .
Next, the integral sliding mode backstepping controller will be designed to compensate for the
matched disturbances and unmatched disturbances, to guarantee the cylinder actuator following

(15)

smooth trajectory yq = x4
The following assumptions arenecessary for the controller design.

Assumption 1. The second-order time derivatives of tracking trajectory x,4 and x4, %4 are all
bounded.

Assumption 2. The first-order timederivatives of disturbances d,(t) and d,(t), areall bounded by
|d,(@®)] < &, |d,(®)] < &,. The positive constants &, and ¢, areall satisfiedby &;,&, > 0.

Assumption 3. The nonlinear term Fi(x,) is globally Lipschitz with respectto x, where |Ff(x2)| =
|F; (x,) — F(2,) < 7lx, — %, 7 is thepositive Lipschitz constant [33].

3. Design and analysis of ESOs

3.1. Design of ESOs

The traditional state observer can only beused to observeunknown state variables in the sy stem,
such as position xp, velocity ¥p and load pressure p.. However, the unmatched disturbance and
the matched disturbance cannot be effectively estimated. In this paper, the system model (15) of the
EHA was divided into a position-velocity subsystem and a pressure subsystem. The disturbances
d,(¢) and d,(¢t) are extended, respectively. Two ESOs were designed to estimate the unmatched
disturbanceand the matched disturbancein real-time, respectively. The position-velocity subsystem
is expressed as:

X1 =X
X, = Hlxs—GZFf(x2)+xe1, (16)
Xe1= Wy
=% )
where y; is the output of the position-velocity subsystem, xo; = d,(t), %o, = d,(6) = w,.
The pressuresubsystem canbeexpressed as:
X3 =Dbu, —O3x,— 0,x3+ x,,
xez =Ww; ’ (17)
Yo = X3
where y, is the output of the pressuresubsystem, x,, = d,(t),%,, = d,(t) = w,.
Two ESOs for twosubsystems aregiven as:
"é\l = fz + ll(xl - 561)
=913€ _GZFf(£Z)+fe1+lz(x1_f1)’ (18)

3
fel = l3(x1 - 561)

Sy
N



, (19)

A

{fg =bu, — 0,8, — 0,85+ R oy + hy (x5 — £5)
Xep = hy (x5 — %;)

~

where # represents the estimation value of *; the observer gains L = [l;,1,,15] = [3w,, 3wZ, wZl,
H = [hy, h,] = [2w.,w?]. Further, the estimation error is defined as ¥=+ — # and represents as:

£,= —3w,X, + X,
X, = —3wlix, + 0,%;— 0, F + Ry (20)
X1 = WX, +w,

{fsz —2W2Ey— 0%, — 0, %5 + Koy 1)
Koy = —W2X;+Ww, !

Remark 1. The model F;(%,) representsthe estimation of the nonlinear friction force, which can be
obtained by substituting the observation value %, into Fi(x,). F is defined as the estimation error
of the friction force, F = F(x,) — F(%,).

Then, the scaled estimation errors are defined as & = [&,,¢,, &3] = [%,,%,/w, , %o, /W2] in the
position-velocity subsystem and € = [¢;,€,] = [%;,%.,/w.] in thepressuresubsystem. Therefore, the
dynamics of thescaled estimation errors can be described as:

£=w,Ae+ B, 2%l g =, (22)
€= WeAce+ By 22+ By 22, (23)
-3 1 0 0 0 ‘ ’
-2-6, 1 1 0
where As =(-3 0 1}, Bgl = |1}, Bsz =10} Ae = [ -1 * 0]’ B€1 = [0]’ BEZ = [1]
-1 0 0 0 1

As the matrix A, and A, is Hurwitz, two positive definite matrixs P, and P. hold the
following matrix equality:

ALR +RA. =1, (24)

ALP. +PA, = —I,. (25)

3.2. Lyapunov analysis of ESOs

Based on Assumption 1 and Assumption 2, The ESO1 was designed to observe the unmatched
disturbance and the velocity of the position-velocity subsystem, and the ESO2 was used to observe
the matched disturbance, respectively. Next, in view of the Lyapunov method, the stability of the
designed ESOs were analyzed. The analysis method was divided into two parts, corresponding to
two ESOs.

Part 1: Stability analysis of the ESO1 that includes unknown stateand unmatched disturbance.

Define theLyapunov function V;

v, = "R, (26)

Combine equation (22), (24) and take the derivative of equation (26), obtain:

V, =€éTPe+e"RE
eT(ATR, + RA e + 26" BB, (6,55 — 0,Ft)/w, + 26T B.Bey wy /W2
—eTlLe+ 2e"P.B,, (6,%5 — 60,F)/w, + 2" P.B,,w,/w? , 27)
—Nell (A in UDNell = 2Q1 BB N (6, 5 — 6, 710) /Wy + BB, 11 €, /WD)
— el A i Ul ell — 29,)
where 9, = 2 (||p8381||%+ ||P£B£2||‘i—%)

IA

To guarantee the convergence of the designed ESO1, the derivative of V; must satisfy V; <0,

9 y o N 9
Ami;m.Addltlonally,cons1derlng llell isultimately bounded by llell S;{mi;(l). Then

it means that £, ¥,, X5, Xo; all exist boundaries. Thus, there must be a set of known positive
constants pi;, f,, ps and p, thatsatisfy %1 < py, 1£,1 < py 1251 < uy and 12,1 < u,.

Part 2: Stability analysis of the ESO2 that contains matched disturbance.

Define theLyapunov function V,

intheway llell >

v, = " Re, (28)
Combine equation (23) with (25) and take the derivative of equation (28), obtain:



V, = €TPe + eTPe€
eT(ATP. + PAJe — 20,€"P.B,, X,/w. +2€TP.B., w,/ w,
—€Tl,e — 26, P. B, £,/ w, + 26T P.B,, wp/ W, . (29)
—Amin UINEll? + 2llell 1By 165 po/ we + 2l el 1P B, Il s/ w,
el (A i Tl = 9,)
where 9, = 2||P.B., 116; u,/ we + 2IP.B, | s/ w,
To ensure the convergence of the designed ESO2, the derivative of V; must satisfy V; <0, in

92 9, .
. . Then it
Amin(lz) min(lz)

means that %,; exist boundary. There must be a known positive constant y that satisfies |¥,| <
Hs.

I IA

the way llell > Always, considered llell is ultimately bounded by llell < I

4. Design and analysis of ISMBC controller

4.1. Design of the controller

In this paper, the backstepping design was applied to compensate for the disturbances of
matched items and unmatched items in the EHA. In order to further reduce the tracking error and
suppress the oscillation of the EHA, anintegralslidingmode control algorithm is introduced into the
position control term.

According to the system (15), it can be known that thesystem feedback output y isthe state x,,
and the tracking trajectory is defined as y; = x,4. Hence, the position tracking error e, of the EHA
can be represented as

€ = X3~ Xqq- (30)
Using the system (15), the derivativeequation of the trackingerror e; can be expressed as:
€4 =X, — X1gq. G1)

Here, the sliding mode surface s is designed to ensure position tracking accuracy; An integral
item is introduced to suppress the switching oscillation.
s=e; +ky, (32)
where { is theintegralitem, { = fot e, dt; k, theintegral gain thatisa positive constant.
The derivativeof the sliding surface s canbe defined as:

$=x,— %14+ kgye;. (33)
Select constant velocity approach law as the control law of integral sliding mode control
s = —psgn(s), (34)

where p is the switchinggain.
For the first equation of thesystem (15), in which the inputis the state x,. Due to x, cannotbe
obtained directly, a virtual controllaw a, is designed for x,.The error function e, is defined as:

e, =X,—ay, (35)
Using equation (33), thevirtual controllaw a, can be designed as:
ay = X9 —kyS = koeq, (36)
Combiningequation (33) and (36), the dynamicof thesliding surface s canbe further expressed
as:

$§ = —k;s — psgn(s) +e,. (37)

Therefore, the dynamic of the virtual controllaw a; canbe represented as:
G, =%1q+ k,(ky + kods — (kg + ke, + kie;. (38)

According to equation (35), the error e, is unknown, since the state variable x, cannot be
measured directly. Therefore, its estimated value £, is introduced from the ESO1 (18); the virtual
error e, canbe splitintotwoparts,includingthecomputablepart e,. and the non-computable part
€

€; = eyt gy, =Xy — Ay, = Xy =X = Xy, 39)

Usually the computable part e,. is used in the controller design. Based on equation (15) and

(35), the derivativeof the virtual error e, can be written as:
é,=0x3— 0,F(x,) +d, —d, (40)



In this step, the statevariable x; isused asthe virtual controlinput. Then, a virtual control law
a, is designed for it to improve tracking performance and to afford feed forward compensation for
unmatched disturbances. Define virtual controlinputerror e; as:

€3 = X3—a,. 41
The virtual controllaw a, canbe designed as:
@, = -(6,F(%,) - d, — s + dy —kye,). (42)
1

Combining equation (40) with (42), the dynamicof the virtual error e, can be rewritten as:
é,=0,e;—kye, — 0,F(x,)+d, —s, (43)
For the third equation of system (15), in which the input is u,; u, isalso the control input of
the EHA. According to the definition of a, and xj, the virtual controlerror e; can be divided into
a computablepart e;. and a non-computablepart e, :
e3 = €3+ ey, €3 = X3 =0y, 63, = X3~ X3= X3 (44)
Based on equation (15) and (44), the derivativeof thevirtualerror e; cann be writtenas:
é;=bu, —O;x,—0,x5+d, —d,, (45)
where d, is defined as the dynamic of the virtual controllaw a,, which can be calculated by:
i, = é(ez Fe(8) — dy —$ + 6y — kyéy),
Gy =%+ kg + kods — (kg + kgé, + ke, (46)

Ns
and N
S+N

is thefilter gain. dl is the dynamicof the estimate of unmatched disturbance, which can be obtained

where Fi(%,) is the dynamicof the estimate of friction, which canbe obtained by a filter

in the same way.
In view of the é; approachingO0, the resulting controllaw u,, is designed as

1 ~ ~ .
uw=;(93x2+94x3—d2+a2—91ez—kze3c), (47)
Substituting the controllaw (47) into equation (46), it follows that
€3 = —kye; — 0,6, — 0, %, —0,%5+d,. 48)

4.2. Stability analysis of the controller

To prove thestability of the proposed ISMBC controller, the Lyapunov function of the controller
is defined as V;

Vy=>s?+-el+-el, (49)
Consider the Lyapunov function of the total system as
V=V +V, +1, (50)

From the equation (27), one obtains
V, = —eTlLe+ 26" P.B,, (6,85 — 6,F)/w, + 2T P.B.,w, / w?

< ~ Gl () — Dllell? + w27 + w2llell? ’ 1)
where ¥, = = IB.B,,|l, ¥, = Z[IRB,l.
W5 Wo
From the equation (29), one obtains
V, = —€"l,e—20,€" P.B, %,/w. + 2" P.B,, w,/w, 52)

< —Apin @) — 2 llell? + w2&2 + w2|lell?
where W, =~ [IRB,, Il, ¥, = ZIRB, I
Differentiating V; andcombining the equation (37), (43) and (48), one obtains

V, = ss+e,6, +e;é,
= s(—k,s — psgn(s) + e,) +e, (6,05 — kye, — 0, Fr(x,) + d; —s) + es(—kyes — 0,5, — 0,%5 + d,)
= —k,;s?—kye? —kzeZ — plsl — 6,e,F(x,) + e,d, — 66,8, — O,e5%; + e5d,

1 1 1 1 1
kst = (ky + 20,1 —2) €2 — (ks + 26, +36, —3) €3 — plsl + Wy llell” + Wl
where W =§min{—92’[ -6;,1}, ¥, = %min{94, 1}.

Combining the equation (51), (52) and (53), the derivative of the Lyapunov function V is written

. (53)

IA

V=V, 47,4V,

, 54
< e llel? = ¢, llell? — ¢u5? — cye2 — cee? — ¢ lsl + o ©4)



where ¢; = Apin () =4 =Wf = W5, ¢, = Amin () =2 W7 =¥, 63 =k;, ¢4, =k, +§92T _iz Cs =
ks, +%93 + §94 —i, Ge =p, 0=—pls| + W22 + P2&2,
The necessary and sufficient conditions for the stability of the control system should satisfy
V<0 (55)
From the equation (54), if condition (55) is satisfied, the following inequality holds by seleceting

control parameters:
¢=0i=12--,6

g llell? + g, llell? + ¢u5% +¢,e2 + ¢se2 + g4lsl =0
According to inequality (56) and omitting integral term s and sliding mode term plsl, greater

(56)

controller gain is required to achieve the control system stability. Therefore, it can be concluded that
the introduction of integral sliding mode control into the backstepping design can achieve higher
stability and better robustness.

5.Simulation analysis

5.1. Simulation model

To verify the control performance of the proposed controller, a multi-domain model was
established in Matlab/Simulink, as shown in Figure 4. The simulation model considers the dynamic
response of the motor, the uncertain factors in the hydraulic model including matched disturbance
and unmatched disturbance. The parameters of the EHA are shown in To prove the superiority of
the designed ISMBC controller, the following three control methods were for comparison.

1) Integral sliding mode backstepping control (ISMBC): this is the proposed control scheme in
this paper and the design is described in Section 4. The controller parameters were tuned by hand, k1
= 4500; k= 100; k3= 3; ko=30; wo = 1000; we=5000; p = 0.5.

2) Backstepping control (BC): the control schemeis the sameas theISMBC controller but without
integral slidingmode term. To verify the effectiveness of the integral slidingmode control method in
the paper, let =0 and p = 0. Other parameters arethesame as thosein the ISMBC controller.

3) Proportional-integral-derivative control (PID): this is a classic control algorithm, which is
widely used in industrial fields. This controller realizes the trajectory tracking by tuning the three
parameters, including proportional gain kp, integral gain kiand derivative gain ka. Properly increasing
these gain parameters can improve the control accuracy, but the excessive gain would also cause
oscillation and reduce system stability. Finally, through trial and error, parameters wereset as: &, =
28500; & = 1000; k4= 0.
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Figure 4. Schematic diagram of multi-domain model

To provethe superiority of the designed ISMBC controller, the following three control methods
were for comparison.

1) Integral sliding mode backstepping control (ISMBC): this is the proposed control scheme in
this paper and the design is described in Section 4. The controller parameters were tuned by hand, k1
= 4500; k2= 100; k3= 3; ko=30; wo = 1000; we= 5000; p = 0.5.



2) Backstepping control (BC): the control schemeis the sameas the ISMBC controller but without
integral slidingmode term. To verify the effectiveness of the integral slidingmode control method in
the paper, let =0 and p = 0. Other parameters arethesame as thosein the ISMBC controller.

3) Proportional-integral-derivative control (PID): this is a classic control algorithm, which is
widely used in industrial fields. This controller realizes the trajectory tracking by tuning the three
parameters, including proportional gain kp, integral gain kiand derivative gain ka. Properly increasing
these gain parameters can improve the control accuracy, but the excessive gain would also cause
oscillation and reduce system stability. Finally, through trial and error, parameters wereset as: kp =
28500; & = 1000; k4= 0.

Table 1. Parameters of the EHA

Parameter (unit) Sym Value Parameter (unit) Sym Value
bol bol
mass of boom (kg) m 30 pump displacement (m3/r)  Dp  13.3x10%
load mass (kg) m 0-300 big chamber area (m2) A 12.6x10+4
gravitational acceleration 9.81 small chamber area (m?) A2 6.4x10+4
(m/s?)
motor gain (rad/(sA)) K 8.95 total volume (m?3) Vi 4.4x10-4
motor time constant (s) T 7x104 cylinder stroke (m) s 0.35
?If)f;)ctlve bulk modulus s 1.4x109 E)(lr;rjls[))/;e;kage coefficient a 2 93x10°
critical speed (m/s) Vth 104 coulomb friction (N) Fc 50
breakaway friction (N) Fork 100 viscous friction coefficient f 2000
speed coefficient Cv 10

5.2. Results analysis

5.2.1. Observer verification

In view of the fact that the micro-crane mainly performs ascent and descent motions, the

controller tracking trajectory was designed as a smooth curve with a max displacement of 0.3m,
startingtorise at t=0.5s,and startingtofall at t=6s. The desired position of the EHA is shown as the

curvexid in Figure 6 (a).

a b %107
@ - 0.15 () 5
300 .= 1d —~ 300 E
/ \ "~ Xy g - E
V4 \ e é E o
E 200 ,l \ 5 E200 e
£ 5
g / ‘»\ 0 o) 5 c
£100 / \ §  E100 2
@« / = %] -
o \ B o <
A~ / \ g & =
o ~- A 0 7
=
-0.15 -5
0 5 10 0 5 10
Time (s) Time (s)

Figure 5. Tracking curve and estimation curve of hydraulic cylinder under ISMBC controller: (a)

position tracking and position error; (b) position estimation and position estimation error;

Under the ISMBC controller, the actual output position of the EHA almost overlaps with the
reference position signal. The maximum error occurs when the crane just starts todescend, the value
is 0.124mm; the EHA mean error only 3.93 X10-3mm. It can be seen that the ISMBC controller can
achieve high accuracy position control. On the other hand, the position estimation and position
estimation error of the ESO1 are shown in Figure 5 (b). The maximum position estimation error is
only 3.52 X10-*mm. The estimation error is small enough that the observed position can be regarded
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as the actual output position of the EHA. The estimated values of other stateare shownin Figure 6.
The observation results show that the designed dual-ESOs can provide accurate feedback values for
ISMBC controller and BC controller.
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Figure 6. States and disturbances estimation of ESOs under ISMBC controller: (a) velocity estimation;
(b) unmatched disturbance estimation; (c) load pressure estimation; (d) matched disturbance

estimation.

5.2.2. Control performance without load
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Figure 7. The comparison of control performance of the three controllers without load: (a) position
tracking error; (b) controller output.

Without load, the three controllers were used for the closed-loop position control of the EHA.
The position error and control output of the three controllers areshown in Figure 7 (a) and Figure 7
(b), respectively. From Figure 7 (a), it can be seen that ISMBC possesses the highest controlaccuracy,
and the position tracking error is almost approaching to zero; BC control accuracy is second to
ISMBC, which shows the integral sliding mode surface has the effect of reducing the trackingerror.
Meanwhile, if PID controlis used to achieve higher control accuracy, the proportional gain mustbe
increased, which would cause more severe oscillations to the system. In Figure 7 (b), the control
output curves of the three controllers also prove this point. When the motor speed changes rapidly,
the PID control output will oscillate violently, which brings unstable factorsto the sy stem. The control
output of ISMBC controller and BC controller is smoother.

To intuitively express the control accuracy and stability of each controller, five evaluation
indexes were defined to evaluate the performance of the control. Those indexes include maximum
tracking error M,, average tracking error u,, standard deviation of the tracking error o, , average
controller output u, and standard deviation of the controller output o,. Without load, the
evaluation indexes of the three controllers arelisted in Table 2. It can be seen that, except for o, the
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ISMBC controller has the lowest indexes, so its control performance is the best, followed by BC
controller and the PID control performanceis the worst.

Table 2. Comparison of evaluation indexes of the three controllers withoutload.

Unit (mm) M, He o, Hy o,
PID 1.14 7.17 X102 0.629 43.28 2949
ISMBC 0.124 3.93 X103 1.92X10-2 1.69 286.9
BC 0.374 3.11X10-2 9.10X10-2 3.787 2728

5.2.3. Control performance with varingloads

Figure 8 (a), (b), and (c¢) show the different control errors of PID, ISMBC and BC with loads of
100kg, 200kg, and 300kg respectively. From Section 2.3.2., the main component of the unmatched
disturbance is external disturbance and load is the main source of external disturbance. The ESO1
can accurately estimate the unmatched disturbance with varyingloads, to realize the compensation
for the unmatched disturbance. Theestimated values of unmatched disturbances with varyingloads
are shownin Figure 8 (d). Based on the simulation results, the three evaluationindexes M,, p, and
o, areobtained and listed in Error! Not a valid bookmark self-reference..
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Figure 8. Position tracking error change of three controllers and e xternal dis turbance observation with
varying loads: (a) position tracking errors of PID; (b) position tracking errors of BC; (c) position
tracking errors of ISMBC; (d) estimation of external disturbances with varying loads.

Analyzing the datain Figure 8 (a), (b), and (c) show the different control errors of PID, ISMBC
and BC with loads of 100kg, 200kg, and 300kg respectively.From Section 2.3.2., the main component
of the unmatched disturbance is external disturbance and load is the main source of external
disturbance. The ESO1 can accurately estimate the unmatched disturbance with varying loads, to
realize the compensation for the unmatched disturbance. The estimated values of unmatched
disturbances with varyingloads areshown in Figure 8 (d). Based on the simulation results, thethree
evaluation indexes M,, u, and o, are obtained and listed in Error! Not a valid bookmark self-
reference.., it can be found that as theload increases, the indexes gradually decrease with the ISMBC
controller. But with the BC controller, only index p. appearsa downward trend,and other indexes
appear anupward trend. Thus, theresults indicate that the integral sliding mode surface can enhance
the robustness. In the meantime, only index M, of the PID controller shows a downward trend,
while other indexes show anupward trend. It shows that within a certain range, larger load force can

improvethe control performance for the EHA.
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Table 3. Comparison of the evaluation indexes of the three controllers with varying loads.

Load mass M, He o,
100kg 1.06 0.112 0.619
PID 200kg 1.05 0.103 0.654
300kg 1.041 0.121 0.652
100kg 0.158 0.023 0.079
BC 200kg 0.192 0.012 0.099
300kg 0.236 0.007 0.115
100kg 0.073 0.003 0.013
ISMBC 200kg 0.061 0.003 0.012
300kg 0.052 0.001 0.011

5.2.4. Control performance with varying disturbances

The swinging, the sudden increase and decrease of the load mass during motion would also
cause external disturbance. In order to simulate the swinging, a sine force E;, = 300sin(2nt) is
applied. On this basis, a pulse signal with an amplitude of 3000N and a period of 2s was added to
simulate the sudden increaseand decrease of theload. The simulation results areshownin Figure 9.
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Figure 9. Simulation results of the three controllers with varying disturbances: (a) control errors with
sine disturbance; (b) unmatching disturbance observed value with sine disturbance; (c) control errors
with sine disturbance plus pulse disturbance; (d) unmatching disturbance observed value with sine
disturbance plus pulse disturbance.

From Figure 9 (a) and (c), it can be seen that the ISMBC controller is the least affected, followed
by the PID controller, and the BC controller is most affected by these external disturbances. This
further proves that the integral sliding mode control has stronger anti-disturbance ability.

In summary, compared with the PID controller, the backstepping design can obtain higher
control accuracy. In the first step of the backstepping design, the integral sliding mode surface is
introduced into the position error term, which not only further improves the control accuracy, but
also boots the robustness.

6. Conclusions
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This paper developed anovel control algorithm ISMBC that introduced integral sliding mode
control into backstepping design, based on two extended state observers. The proposed control
strategy was applied to solve the problems including nonlinearities, parameter uncertainties and
external disturbances in the EHA. Lyapunov analysis shows that the proposed control system has
higher stability and better robustness than the traditional backstepping design. A multi-domain
model was established in the MATLAB/Simulink, including electric motor, hydraulic system,
mechanism of a micro-crane and the proposed ISMBC controller. The following conclusions are
obtained by simulation and analysis.

(1) Without load, the ISMBC controller shows the best control accuracy and fastest response.
Compared with PID, the controlaccuracy canbe increased by 89% and compared with backstepping
control by 67%.

(2) With the loads of 100kg, 200kg and 300kg, the simulation results show that all control
evaluation indexes of the ISMBC controller have a downward trend when load increases. With PID
control, only the control accuracy index decreases slightly and the other indexes show an overall
upward trend. However, all indexes of the BC controller rise.

(3) With load, sinusoidal force disturbance plus step force disturbance signals were applied to
the system. The simulation results reveal that the ISMBC has the smallest position error and needs
the least timeto return toastablestate; the BC control has thelargest error, but the oscillation during
the recovery processis smaller than PID control.

The results of this study indicatethat, compared with the PID controller, the BC controller can
greatly improvethe control accuracy of the system, but the system stability and robustness degrade.
Hence, the ISMBC was proposed, by introducing the integral sliding mode control into the
backstepping design. The simulation results show the proposed ISMBC can not only further improve
the controlaccuracy, but also can enhance system stability and robustness.

Although the ISMBC control algorithm can improve the control performance of the EHA, it has
only been verified by simulation, without being verified by experiment. In the next stage of work, the
test platform will be established for further proof and application. On the other hand, the proposed
controller relies on accuratesystem parameters.In the following research, we will use adaptivelaw
to estimate system parameters and torealize adaptive control.
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