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ABSTRACT In this paper, a fault-tolerant synchronization control (FTSC) algorithm is proposed to deal with
the position tracking control problem for a dual redundant hydraulic actuation system (DRHAS) working on
active/active (A/A) mode and suffering from internal leakage faults, large disturbances, and force fighting
between actuators. Specifically, two reference trajectories are introduced and a novel nonlinear model for the
DRHAS is developed to facilitate the synthesis of position tracking control and force synchronization control.
Then, a nonlinear FTSC algorithm is proposed by incorporating adaptive control and disturbance rejection
control into the backstepping design. In which, a simple reconfiguration mechanism based on faulty param-
eters online adaptation is adopted to accommodate the faults. The matched and unmatched disturbances in
both actuators are estimated by constructing four extended state observers (ESOs) and are compensated in a
feedforward way. The stability analysis indicates that the proposed control algorithm can ensure prescribed
tracking performance for the system under internal leakage faults and time-varying disturbances, and can
make the tracking error of the faulty system converge to zero asymptotically under constant disturbances.
Finally, the effectiveness of the proposed control algorithm is verified through comparative simulations.

INDEX TERMS Dual redundant hydraulic actuation system, fault-tolerant control, disturbance rejection

control, synchronization control, adaptive backstepping.

I. INTRODUCTION

The redundant hydraulic actuation systems (RHAS) have
been universally adopted to drive the primary control sur-
faces of the modern airplanes. For example, both ailerons
of the Airbus A320 are driven by a dual redundant
hydraulic actuation system (DRHAS), and the rudder of the
plane is driven by a triply redundant hydraulic actuation
system (TRHAS) [1].

The associate editor coordinating the review of this manuscript and
approving it for publication was Jianyong Yao.

In a typical RHAS configuration, several parallelly con-
nected hydraulic actuators (HA) operate on A/A mode to
deflect the control surface, and their outputs are summed
by force [2]. A major issue that affects the position track-
ing accuracy of such system is the force fighting between
HA channels, namely the HAs output non-synchronous
forces due to reasons such as manufacturing tolerances and
individual nonlinear property, and then they fight against
each other to find an equilibrium point to drive the common
control surface [3]. To reduce force fighting and realize high-
accuracy positon tracking control for RHAS, some force
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equalization control methods such as pressure differential
equalization control [4], decoupling control [5], and motion
state synchronization control [6], [7] have been proposed in
recent years.

By employing the control strategies mentioned above,
the force fighting problem was proved to be reduced effec-
tively. However, most of the existing results have neglected
the impact of faults on the performance of the RHAS.
A fault with greatest concerns is the internal leakage in
hydraulic cylinder, which can impair the system perfor-
mance or even make the system unstable if they are not
compensated properly [8]. On the other hand, the internal
leakage faults occurring in one or more HA channels can
cause changes on dynamic response of actuators and aggra-
vate the non-synchronous force outputs, which eventually
results in more serious force fighting problem. Since internal
leakage faults are inevitable, it is very meaningful to develop
a control scheme that takes into account both control prob-
lems, i.e., the force equalization control and the fault-tolerant
control (FTC).

Many schemes such as Kalman filter-based
schemes [9], [10], wavelet-based schemes [11], neu-
ral network(NN)-based schemes [12] and observer-based
schemes [13] have been studied extensively to handle the
internal leakage fault detection problem in HAs. However,
to the best of the authors’ knowledge, research on FTC
problem for HAs especially for RHAS subject to internal
leakage faults is still very limited. In [14], an FTC algorithm
based on stochastic parameter estimation was presented for
an HA with internal leakage fault. In [15], an adaptive robust
FTC scheme based on faulty parameter adaption was pro-
posed for a single-rod HA. In [16], a set of local controllers
were designed to compensate for different levels of leakage
in HA cylinder by employing quantitative feedback theory.
In [17], a set of local fuzzy PI controllers with respect
to different RHAS operating conditions were constructed
and a strategy for synthesizing the available controllers was
developed based on the fault information obtained from
a novel disturbance-decoupled observer. In [18], several
performance degradation reference models corresponding
to different fault levels were constructed for a dissimilar
redundant actuation system in active/standby mode and a
series of adaptive fuzzy controllers were designed accord-
ingly to limit the system performance degradation. Among
these methods, the schemes [16]-[18] are linear control
strategies without consideration of disturbances and it should
be noted that a high position tracking accuracy cannot be
achieved with a linear controller due to the high nonlinear-
ity of the HA [19]. Furthermore, the nonlinear controllers
in [14], [15] have neglected the matched disturbances in
actuators.

In practice, the positon tracking accuracy of the RHAS
is affected not only by faults or force fighting between
HA channels but also by matched and unmatched distur-
bances, such as the modeling error of the pressure dynam-
ics and the unmolded load force of the cylinder dynamics.
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However, to the best of the authors’ knowledge, few control
schemes for the RHAS have considered the matched and
unmatched disturbances simultaneously. Recently, to achieve
high-accuracy position tracking performance, active distur-
bance rejection control (ADRC) has been extensively studied
to cope with large disturbances in the HA. The main idea of
the ADRC is to estimate the disturbances from measurable
states and take a control action to compensate the effects of
the disturbances in a feedforward way. In [20], a nonlinear
disturbance observer was designed to estimate the matched
disturbance by assuming the derivative of the disturbance was
zero. In [21], the periodic-like disturbances were approxi-
mated by applying Fourier series expansion and an adaptive
repetitive controller was constructed to learn and compensate
the disturbances. In [22], an adaptive extended state observer
driven by the velocity signal was constructed to estimate the
unmatched disturbance and therefore the estimation result
is easily polluted by severe measurement noise existed in
the velocity signal. In [23], a disturbance observer in the
form of a second-order high-pass filter was constructed, but
the upper bound of the estimation error was required to be
known to design the compensation control strategy. In [24],
the matched and unmatched disturbances were estimated by
high-gain observers, and two auxiliary states instead of the
derivate of the measured signal were used to avoid the ampli-
fication of the measurement noise. In [25], two multilayer
NN estimators were designed to deal with the matched and
unmatched disturbances and an asymptotic tracking perfor-
mance can be achieved by integrating with the adaptive robust
integral of the sign of the error (RISE) feedback control
approach.

Motivated by the above discussions, a disturbance-
estimation based adaptive backstepping fault-tolerant syn-
chronization control (DAFTSC) algorithm is proposed for
a DRHAS operating on A/A mode. Firstly, inspired by [5],
two reference trajectories are employed and a novel non-
linear model is developed to facilitate the controller design
for integrating two control objectives, i.e., the positon track-
ing and the force synchronization. Then, a DAFTSC con-
troller is developed by incorporating adaptive control and
ESO-based ADRC into backstepping design. In which,
the internal leakage faults in both HA channels are
treated as faulty parameters variation and are effec-
tively accommodated by a simple reconfiguration design
based on faulty parameters online adaptation. Moreover,
to reduce the effects of large disturbances on control per-
formance, the matched and unmatched disturbances in both
HA channels are estimated by four linear ESOs and are
compensated in a feedforward way. By employing Lyapunov
stability theory, it shows that the proposed control algorithm
can ensure the closed-loop system to achieve a prescribed
tracking performance under internal leakage faults and time-
varying disturbances, and can make the final system tracking
error converge to zero asymptotically under faults and con-
stant disturbances. The contributions of the paper are listed
below:
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1) A novel nonlinear model of a DRHAS is proposed to
facilitate the synthesis of two control objectives, namely the
position tracking and the force synchronization.

2) A simple reconfiguration mechanism based on faulty
parameters online adaptation is designed to accommodate the
faults as soon as possible.

3) The matched and unmatched disturbances in both
HA channels are estimated by constructing four linear ESOs,
and the effects of the disturbances on position tracking per-
formance of the system are greatly attenuated by employing
a feedforward compensation strategy.

4) A DAFTSC controller which incorporates adaptive con-
trol and ESO-based ADRC into backstepping design is pro-
posed to deal with the control problem of the DRHAS in
the present of internal leakage faults, force fighting and large
disturbances.

The remaining of the paper is organized as follows:
A nonlinear model for the DRHAS and a formulation of the
control problem are given in Section II. The internal leakage
faults estimation, the ESO-based disturbances estimation,
the controller design and the stability analysis for the closed-
loop control system are presented in Section III. Comparative
simulation studies are shown in Section I'V. Finally, a conclu-
sion is given in Section V.

Notations: diag(-) represents a diagonal matrix. I, and
0,, denote the n x n identity matrix and n X n zero matrix,
respectively. M7 and M~! denote the transpose and the
inverse of the matrix M, respectively. Amax(-) and Amin(+)
stand for the maximal and minimal eigenvalues of a matrix,
respectively. ||-|| represents the Euclidean norm of a vec-
tor or the spectral norm of a matrix, and ||-||yax Stands for
their maximum values accordingly.

Il. NONLINEAR MODEL AND PROBLEM STATEMENT

The structure of a DRHAS operating on A/A mode is shown
in Figure 1. Two HAs powered by different hydraulic power
sources (marked in blue and green, respectively) are con-
nected to a common control surface, and each HA mainly
consists of an electro-hydraulic servovalve and a single-rod
hydraulic cylinder.

A. NONLINEAR MODEL OF THE SINGLE-CHANNEL HA
The force balance equation of a hydraulic cylinder is shown
as follows:

.. 1 .
Xni = m_H[AIPhil — ApPhip — Bpixni — Fni — il (1)
1

where xp; and my; are piston rod displacement and piston
mass. Throughout this paper the subscripti (i = 1, 2) in italic
type denotes the two HAs in the DRHAS. A is the piston area
of the active chamber and A, is the piston area of the passive
chamber. Py;; and Py;» are the pressures of the two chambers.
By, is the damping coefficient, Fy,; is the external load of the
cylinder, and d; is the unmatched disturbance that includes
unmodeled load force and external disturbances.
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FIGURE 1. Structure diagram of a DRHAS operating on A/A mode.

Suppose both HAs in the DRHAS are connected rigidly to
the control surface and Fy; can be described as

Fni = Kpi(xn; — xq) )

where Kj; is the connect stiffness, x4 is the linear displace-
ment of the control surface which can be approximately
represented as xg = rqfg when the control surface angle 64
varies within a small range, and 7 is the radial distance of the
control surface.

The pressure dynamics of the two chambers are repre-
sented by [26]

Phit = ——(=A1%ni — ghi + Ohit+quin), 3)
Vhit

Phin = ——(Aokni + ghi — Ohi2 — quiz) @
Vhiz

where B, is the effective oil bulk modulus, Vhi1 = Vig+A1xhi
and Vhin = Voo — Aoxxp; are the volumes of the chambers,
and Vo andVy are their initial volumes. gy; is the internal
leakage of the actuator. Qp;; is the supply flow rate of the
active chamber, and Qy,;» is the return flow rate of the passive
chamber. qy;; and qy;» are the matched disturbances caused
by unmodeled pressure dynamics and parameter deviations,
which can significantly affect the dynamics of the HA [26].

Since the dynamics of the valve is much faster than the
other parts of the system, its dynamics is neglected without
significantly affecting the control performance [27]. There-
fore, we assume that the servovalve displacement xy; is pro-
portional to the control input u, i.e., xy; = ky;u;, and the flow
rates On;1 and Qpj» can be calculated by

Ohit = kqkuiRni1ti, ©)
Ohiz = kqkuiRnioui (6)

where kq is the flow rate gain, ky; is the servovalve gain, and
Ry;1, Rnip are defined as [28]

Rnit = s(ui)v/Psi — Pni1 + s(—=uj)v/Phit — Pri,  (7)
Rhip = s(uj)+/ Priz — Pri + s(—u;j)y/Psi — Phi2 ()

and the function s(x) is defined as

s(x)é{] x>0

0 x<0 ©)
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The internal leakage in the cylinder can be modeled by

gni = Gii(Phi1 — Phi2) + Civ/|Pnit — Pri2|sgn(Pnit — Phi2)
(10)

where Cj; is the normal internal leakage coefficient, and
Cy; is the unknown fault internal leakage coefficient need to
be estimated.

According to (1)—(10), define the state variables as x; =
[xi1, %2, X3)7 = [Xni, Xnis A1Phit — A2Phi2]”, then the state
space model of an HA can be written as

X1 =X
. K B 1 Ky, 1
= = i —xp gy — —d
M Mh; M M M
X3 = faintti — faiz — Cufhiz + gi
0y
where
AiB Az
Jhit = = kgkuiRnit + —— kqkuiRni2,
Vhit Vhiz
Alﬂe .
Jfhiz = ——[A13ni + Cii(Phit — Phi2)]
Vhit
A2,Be .
+ [A2xhi + Cii(Phit — Pni2)],
Vhiz
A1Be | A2f
foiz = Cui(—— + )V IPhit — Phi2lsgn(Phit — Phi2),
Vhit Vhi2
and
Alﬁe - AZ,Beq
i Vhil uil Vi : ui2

Assumption 1: The disturbances d;, g; and their time deriva-
tives are bounded; The chamber pressures of the cylinder
Pri1, Phip are bounded and satisfy P,; < Ppj; < Pg and
Py; < Phip < Pg;, respectively.

B. NONLINEAR MODEL OF THE DRHAS
Based on the model of the single-channel HA, the model of
the DRHAS can be easily derived. Define the state variables

as
T

r = | X1 %12, X3

X21, X22, X23

. T
2 | Xn1, %1, ArPhin — A2Pni2 (12)
Xh2, ¥h2, A1Pn21 — A2Pn22 |
then the state space of the DRHAS can be written as
x| | X2
| X1 | x22
x12 ] X X X
S L B30 e IO
| X22 | x21 X22 Xx23
+ Hux. — Hsd
B P —F,—F30+H,
(13)
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where

H\| = diag(Kni /mn1, Kn2 /mn2),

H> = diag(Bn1 /mn1, Bna /mn),

H3 = diag(1/mn1, 1/mp),

Hy4 = diag(Knira/mn1,Kora/my2),  d = [dy, da]"
Fy = diag(funi. froD).  F2 = [far2. fu2l” .

F3 = diag(fn13, fn23),

Hy=1lq1,9]", 0=I[Cu, Col"

is a vector of unknown internal leakage fault parameters,
u = [up, uz]T is a vector of system inputs, and x; = [6q, Od]T
is the coupling term between two HAs.

Assumption 2: The fault parameter vector 8 satisfy

omin <0< omax (14)

where 6, and 0.« are known constant vectors, @i, =
[01 min, 92min]Ts and 0 max = [61 max, 92max]T~

Remark 1: Noting Assumption 1, equations (7) and (8),
we have Rp;; > 0, Ry > 0. Thus, the inequality fi;; > 0
holds and the matrix F; is reversible.

Suppose the DRHAS is working on A/A mode and the
outputs of the two HAs are summed by force. Then the
dynamics of the control surface can be represented as

(Fan1 + Fan2)ra = Jaba + Baba + Ti. (15)

where the driving forces Fan1 = Fhi, Fanz = Fna, Jq is the
moment of inertia, B4 is the damping coefficient, and T, is
the load torque.

Define the system outputs as y; = 64,y2 = éd, and
then according to (2) and (15), the output equation of the
DRHAS can be written as

V=
P
. rd "d
y2 = 5 (Knxin + Kioxio) = 5 (Kt + Koyt (16)
—@m - =T
Ja Ja b

C. MODEL TRANSFORMATION AND PROBLEM
STATEMENT

For the DRHAS (13) and (16), the goal of this paper is
to design a fault-tolerant synchronization control scheme to
ensure that

1) The output control surface deflection angle 63 can track
the reference trajectory 6; accurately, especially in the present
of internal leakage faults, matched and unmatched distur-
bances.

2) Synchronized force outputs for HAs can be maintained
to reduce the force fighting effectively no matter in fault-
free or faulty cases.

To achieve the above control objectives and simplify the
nonlinear controller design, two reference trajectories for the
controller are introduced [5].

Firstly, a reference trajectory x;; which is derived from (16)
is introduced for positon tracking control.

Assumption 3: The reference trajectory 6; is C° continuous
and bounded.

73109



IEEE Access

T. Li et al.: Disturbance-Estimation-Based Adaptive Backstepping Fault-Tolerant Synchronization Control

Theorem 1 [29]: For function fi(x11,x21) = Knix11 +
Knox21, the output deflection angle of the control surface 64
can track the reference trajectory 6; accurately if the function
Sf1(x11, x21) can track the reference trajectory x;; which satis-
fies

Ja 12 Bd 1 .
X1 = —[L(Kni + Kn2)y1 + ——y2 + —T1 + dri
ra Jq Ja Jq

—k222 — Zl]. (17)

where, a;; = —kjz; + ér is a virtue control input, z; =
y1 — 6; and z = y» — o4 are error variables, k; and kp
are positive constants. The proof of the theorem can refer to
reference [29].

Then, a reference trajectory xy, is employed for force out-
puts synchronization control for two HAs.

Define a function as f>(x11, x21) = Kn1x11 — Knax21 and
a reference trajectory x;p = (Kn1 — Kn2)rqf4. Based on (2),
the fighting force between two HAs can be represented as

AF = Fp) — Fr2
= (Knix11 — Knox21) — (Kni — Kn2)raba  (18)

and it can be observed that the fighting force AF will
approach to zero to achieve force outputs synchronization
when the function f>(x11, x21) can track the reference trajec-
tory xyp accurately.

Remark 2: It is easy to deduce that the actual deflection
angle 6y and its time derivative éd are bounded, and the
reference trajectories x;; and xo are both C3 continuous
and bounded. Readers can refer to [29] for more detailed
information.

Based on the two reference trajectories, a new state vector
is defined as follows:

X11
[m} (19)

Silxin, x21)
X11,X21,1) = =T
Flar, . 1) |:f2(x111x21)
Ko Ko is a linear transformation matrix.
Kni —Kn2

Then, by introducing the linear transformation 7' for the
first two equations of (13), a new state-space model for the
DRHAS can be obtained as

where T =

Firxo1, 1) = f(xi2, %22, 1)
Fxiz, x00, 1) = =M f (x11, %21, 1) — Mof (x12, X22, 1)
+M3x3 + Myx:. + THq4
x3=Fu—-F,—F;0+H,
(20

where M| = TH\T~',M> = TH,T~',M; = TH3, M4 =
TH,,Hy = —Hd.

Remark 3: Based on the definitions of T, H3 and M 3, it can
be found that M3 is reversible.

To facilitate the use of backstepping method for controller
design, define a new state variable as X3 = M3x3 and the
state-space model (20) can be represented in the following

73110

————{DoBli 5

Fault
DOBI2 i« Parameters
x, Adaptation
X %
ell "el2 ) HAI |
P i ‘ Fan
X =
5| Reference b o v
S DAFTSC [/
@, | Trajectories v | Controller ¢ Control | _11
S Generation |12 Surface
Fana
FIGURE 2. Structure diagram of the proposed DAFTSC algorithm.
semi-strict-feedback form [30]:
S, xa1,0) =f (2, x22, 1)
Sz, x22, 1) = =M1 f (x11, 21, 1) — Mof (x12, X22, 1)
+x3 +Myx.+THy4
X3 =M3Fiu —M3F, — M3F30 + M3H,.
(21)

Therefore, for the DRHAS (21) subject to internal leak-
age faults 6, matched disturbance Hy and unmatched dis-
turbance H 4, the aforementioned control objectives can be
transformed into the following new ones:

1) The state variable fi(x11, x21) can track the reference
trajectory x; accurately.

2) The state variable f>(x11, x21) can track the reference
trajectory x;o accurately.

Ill. DAFTSC ALGORITHM

In this section, a DAFTSC algorithm is proposed to fulfill
the aforementioned control objectives. The magnitude of the
internal leakage fault in each HA channel is obtained by
online adaptation, and the matched and unmatched distur-
bances in the system are estimated by constructing four linear
ESOs [26], [31], [32] through full state feedback. A nonlinear
controller employing the estimated information is synthe-
sized by backstepping technology. A structure diagram of the
proposed algorithm is illustrated in Figure 2.

A. FAULTY PARAMETERS ONLINE ADAPTATION
To estimate the unknown fault parameter vector 6, an online
adaptation law is chosen as

6= "Proj;(To) 22)

where I' = diag(I"(, I'») is a diagonal positive definite matrix
to control the parameter adaptation rates, o is an adapta-
tion function, which will be obtained by synthesizing the
Lyapunov stability analysis later, and Pr ojéi(-i) is
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a discontinuous projection mapping which is defined as [33]:
0 if 6; =Oimax and ; > 0

0 if 0,' = eimin and o< 0. (23)
i otherwise

Projs (i) =

The projection mapping in (23) can ensure the parameters
adaption process has the following properties:

PLO € Q5 2 {0 : Omin < 0 < Oruas), (24)
P29 [[' Projy(Te) — 0] <0, Vo. (25

B. EXTENDED-OBSERVER-BASED DISTURBANCE
ESTIMATION

Two linear ESOs which are denoted as DOBI11 and
DOB21 are constructed to estimate the unmatched distur-
bance in HA1 and HA2 respectively.

Define an extended state vector as Xej| = [x;1, Xi2, Xei1]T =
[Xhis Xhis —d,-/mh,-]T and let Xe;1 = hej1 (1), here hej(¢) is an
unknown but bounded function which denotes the change rate
of the unmatched disturbance. Then, based on the first two
equations of (11), an extended state-space equation can be
written as follows:

!J'Ceil = Aci1Xeil + Peit + Heit 26)
Yeil = Cei1Xeil
010 0
where Aeit = [0 0 1|, @1 = | ¢ |, Het =
000 0
0
0o |
hei (1)
b = —Huy, %xiz + mth_xB + Knﬁ—ﬁ@d, and

- Y,
Cei1 =[1,0,0].
According to (26), the DOB11/DOB21 can be designed as

Xeil = AcitXeil + Peit + Kei1 Ceit Xeit —Xei1)  (27)

where X;| is the estimate of x;, and the observer gain K|
can be chosen as

2 3 T
Kein = [30u1. 303, 03 | 28)

in which wej; > 0 is a design parameter that can be seen as
the bandwidth of the observer.

Denote the state estimation error as Xejj = Xejl —
Xeil = [Xi1, X2, Xei1]T and the scaled estimation error as
e = len, en.enl’ = [T, X/ weit, Xeit [w?;17, thus the
dynamics of the scaled estimation error can be described as

) hei1 (1)
& = weilAsi€i + Bei— (29)
eil
-310 0
whereA;;=| -3 01 (,B;=1]0
-100 1

Since the matrix A,; is Hurwitz, there exists a symmetric
positive definite matrix P;; that satisfies

AlLPi +PiAg=—I. (30)
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Remark 4: It should be noted that the ESOs in (27) are
driven by position signals rather than by velocity signals,
which can greatly reduce the effect of the measurement noise
in the disturbance estimations.

Two linear ESOs which are denoted as DOB12 and
DOB22 are constructed to estimate the matched disturbance
in HA1 and HA2 respectively.

Based on the last equation of (11), there are two ways of
defining an extended state vector:

Case 1: Let Xepn = [x3, Xei2]? = [A1Pnit — A2Phi2, qi
then an extended state equation is described as

]T

bl

€1y

Xeip = AcinXeir + Pein + @oip + Hein
Yeiz = CeinXein

01 i1U;i = Jhi
where A¢pp = |:Ooi|7 P.n = |:fhll 10 fh12:|’ Ve =

P i
W30 Heo = [, heo]” and Ceip = [1,01

In which hejp(t) denotes the change rate of the matched
disturbance ¢; and it is unknown but bounded.

Case 2: Let Xen = [x3. %)’ = [A1Phit — A2Phin,
qi — fhigé’i]T. The extended state equation has a similar form
as (31), and the only difference lies in the expression of H;o,
here Heip = [0, hein(1)]” .

Whatever the definition of the extended state we adopt,
the constructed ESOs are the same and they are described as

X2 = AcinRein + Peiz + @oip + KeinCoin(Xeiz — Xeiz)  (32)

where e is the estimate of Xei2, Keip = [2wein, wéZ]T
is the observer gain and wej» > 0 is the bandwidth of the
observer.

Denote the state estimation error as Xepp = Xe2 —
Xein = [i3, Xein]” and the scaled estimation error as n; =
[ni1, r],-z]T = [fcl-g, )Nceig/a)e,g]T. For case 1, the dynamics of
the scaled estimation error can be described as

hein (1)

1 = weiAyinl; + By, o Dyifui36; (33)
(7
where Ay; = :% (1)i|,Bni = (1) and Dy; = |:(1) :

Considering the case 2, the dynamics of the scaled estima-
tion error can be given by

+ B, hein®) (34)

Wej2

1); = wenAyil;

Remark 5: The derived observer estimation errors (33)
and (34) will facilitate the latter stability analysis to achieve
different theoretical results in different conditions.

Since A,; is Hurwitz, there exists a symmetric positive

definite matrix P;, that satisfies

AlPp +PpA, = —I. (35)
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C. CONTROLLER DESIGN

To achieve the control objectives, based on the system
model (21), a DAFTSC controller is presented in this section.
The design procedure of the controller is presented as follows:

Step 1: Denote the reference trajectory as x; = [x;[, xol”
and the tracking error of the system (21) is

21 = [z11, zi2l” =f (i1, X1, 1) — Xy (36)

Using a virtual control law a1 = [oq1, alz]T to stabilize

f(x12, x22, t) and the error between f(x12, x22, t) and a«; is
defined as

2 =221, 720]" =21 +hkizi =f(x12, x20, 1) — ey (37)

where a1 £ —kyz| + X;, in which the feedback gain matrix
k1 = diag(ky1, k12) is a diagonal positive definite matrix.

Considering (21), (37) and differentiating zo with respect
to time, we can derive that

2 = =M f (x11, %21, 1) — Mof (x12, x22, ) + X3
+Mux.+THg —a;. (38)

Let ey = [o1, @2]" denotes the virtual control law of the
state X3, and the discrepancy between X3 and «> is defined as

23 = (231, 232" = %3 — . (39)

Combining the two-channel mismatched disturbances into
A N ~ 1T

a new vector xej = [Xei1,Xe2117. Let Xe1 = [Rer1, £e21]
denotes the estimate of x.j, thus the virtual control law o)

can be designed as
o) = 0gq + 0y
a2y = Mif(x11, x21, 1) + Mof (x12, x22, 1) — Max,
—TX1 +ay,
oy = —krzo (40)

where oy, is a model compensation term,o,s functions as a

nominal stabilizing feedback, and the feedback gain matrix

ko = diag(ka1, k27) is a diagonal positive definite matrix.
Substituting (39), (40) into (38), then we have

22 =23+ THq — Txe1 — kozo. (4D

Step 2: Considering (21), (39) and differentiating z3 with
respect to time, we can obtain

23 =M3Fiu —M3F, — M3F30 +M3Hq—d2 42)

and based on (40), the derivative of the virtual control ey can
be calculated by

d2 = &26‘ + dZu
dao dorp

Yoo = — = e  x00, 1
oo 5 + 8f(x“’le’t)j"(1612 X22,1)
30(2
————[-M f (x11, x21, 1)
of (x12, x22, 1)
_ ~ dory
—M>f (x12, x22, ) + X3+Max. + Txc1] + g el
el

. dary -
oy = 1 43)

— = Tx
f (x12,x20,1) ©
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in which a». belongs to the calculable part of &, that can be
employed in the controller design, &y, represents the incal-
culable part that will be adjusted by certain robust feedback
control design, and X; = [ien,fcez]]T = Xe] — Xel.

Combining the two-channel matched disturbances into a
VeCtor Xep = [Xe12, Xe22]” and letXer = [fcelz, fcezz]T denotes
the estimate of x.».

Note that the matrices | and M 3 are reversible, then based
on (42) and (43), the control law u can be designed as

u = F7 "M 4 us)
u, = MsF, +M3F36 — M3xe) + e
us = —k3z3 (44)

where the feedback gain matrix k3 = diag(ksy, k3p) is a
diagonal positive definite matrix. u, is an adjustable model
compensation term through the use of fault parameters online
adaptation and disturbance estimation, and ug is a linear
robust control law to help stabilize the closed-loop system.

Denote Xer = [fce 12, )Ncegz]T = Xe2 — X2, then by substitut-
ing (44) into (42) we can obtain

—(5[2,, — k313- (45)

D. STABILITY ANALYSIS
To facilitate the system stability analysis, some parameter
matrices are introduced as follows:

we1113 03 wei2Ip 0,
W = y ) W = )
! [ 03 we2113 ] e [ 0, welh

[ wenn 0 | wer2 0
M. = I 0 a)€2li|’ M62_|: 0 w622:|,
[0 0 1 0 0 0
Ni=1o 0 0 0 o 1]
[0 1 0 0
Na2=10 0 o0 1] (46)

Theorem 2: Consider the DRHAS (21) with internal
leakage faults, constant or slowly-varying disturbances,
e he11(t) = he21(t) = 0, he12(t) = hexa(t) = 0, the pro-
posed controller (44) combined with the four constructed
disturbance observers (27), (32) and the adaptation function
presented by

o= —a)3F3TM§Z3 — /LngDszﬂ (47)

can guarantee that all the closed-loop system signals are
bounded, the fault estimation error, the disturbance estima-
tion error and the system tracking error converge to zero
asymptotically if the following matrix A is positive definite
by selecting suitable feedback gain matrices k1, k», k3 and
proper positive design parameters w, w3, (1 and ws.

A A
S
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where
kq —0.5I, 0,
Ay =| —-05I, ko —0.5wI> |,
02 —0.50)212 a)3k3
026 0254
Ay = —EwQTM§1N1 0254 ’
1 1
503 (M2 —ki —k)TMENy - =S osM3M N,
1
EMI(Wel—I6) 0654
046 EHZ(Wﬂ —14)
Proof: Considering the definitions of xejj = —d; / mp;,
Xei» = g; and thus the following relations hold:
Hg=x., Hg=xe. (49)

Lete = [E]T eg ]T, then based on (29) and the parameter

matrices We; and M. in (46), we can obtain:

é=WeAce +B.M_ ) He (50)
| Aa 03 _ B 035
where A, = |:03 A | B, = 031 B.r and
he11
Ho=|°" |
el he2t

It is easy to see the matrix A, is Hurwitz, and there exists a
symmetric positive definite matrix P satisfying the follow-
ing Lyapunov equation

ATP  +P 1A, = -1 (51)

where P| = |:P(;1 Pg] :|

Similarly, let us denote n = [an, ng]T, then based on (33)
and the parameter matrices We> and M, defined in (46),
we can derive

= WeAym +B,M_ He, — D, F30 (52)
_ Anl 02 _ Bnl 02><1 _
where 4, = 0, Ay , By = 02,1 By s Hey =

h D, 0
el2 anan — nl YU2x1 )
hez2 L 021 D | .
Since the matrix A, is Hurwitz, there exists a symmet-

ric positive definite matrix P, that satisfies the following
Lyapunov equation

APy +PrA, = -1 (53)

P, O
0 Py |
Considering the definitions of X¢1, Xe2, Xei1, Xei2, € and 7,
and by introducing four parameter matrices Mc1, Mep, N1
and N, we can obtain

= 2
Xel = MelNlé‘,

where P, = |:

Xeo =MeoNoy 54

Define a Lyapunov function as

1 1 1 1
V=221 + —ozizo + sw3zjz3 + suie’ Pre

2 2 2 2
L 7 Lot _ =
+§/L2n P21]+§0 r—e. (65

VOLUME 7, 2019

Then, the derivative of (55) can be described as
. 1 1
V=zl21 + wzdir + w3z 23 + EméTPw + §M1€TP16"

1 . 1 . Am g~
+§M217TP271+§M217TP271—0TF 9. (56)

According to the definitions of W1 and W, in (46), we have
Wa=W0, WLPI =P1We, WA, =AWe1, (57)
Wa=W0, WhLPy=P:We, Waod,=A,We. (58)

Then, noting (50), (51) and (57), we can derive

1 1
zméTPle-i-leeTPlé
_ 1 Tw Tp\B.(M-"Y’H 59
=—jme cl€ + n1&" P1B.(M_ ' )"Her.  (59)

Similarly, based on (52), (5§3) and (58), we have

1 . L,
SH2l P277+§/L277 Poy

1 _ ~T
= —5MzﬂTWe27I+IL277TPZBnM621He2 — b FiD] Poy.
(60)
Substituting (37), (41), (45), (59) and (60) into (56), and
note that he11(f) = he21(t) = 0, he12(t) = hexa(t) = 0, ie.
H. =0,H. =0, thus we can obtain
V =zl (—kiz1 +22) + 022} (23 + THg — Txe1 — kaz2)
+ w32y (M3H g —M3 xe2 + M3%e2—d2, — k3z3)
e Were — L oW n— wsd] MFsd
E/fvlé' el€ EMZW e2 N— w33 M3r'3
— 120" FID Py — 71714, 61)
Then, substituting (43), (49), (54) and the fault adaptation
law (22), (47) into (61), we have
V = —zlkizi +20 20 + wzh 23 — wnzh kozo — w328 kazs
+ w2l TMZ N & + w3z M3M N o1
— w3zl (M3 — ki — kp)TM? N &

L L 7
—su1e" (Wep — e — SH2n (Wea — Dy

2
1 T 1 T 62)
——pie'e— = )
2/"1 2#«27/ n
Denote Z = [z],z7, 28, e, 97" Since the matrix A

in (48) is positive definite, we can obtain
V< -ZTAZ

< —Amin(A)E@ z1+h o +h s +ele+nTp) & —W. (63)
where W is a positive function. Therefore, V € Lo, W €
L, and zy, 22, 23, & 7n and @ are bounded. Since x;
is C3 continuous and bounded, based on (36), (37) and
the definition of &1, it can be derived that f(x11, x21, 1),
f(x12,x20, 1), 21 and o are bounded. Since y; is bounded,
the coupling term x. is bounded. According to Assumption 1
and 2, it can be inferred that the states x, the extended states
Xeil, X2 and their estimates X1, Xej2 are bounded. Therefore,
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X and its time derivative are bounded. Then, noting (39)
and (40), it is easy to derive that e and X3 are bounded.
Then, according to (43), a is bounded. Moreover, noting
Assumption 2 and (44), it can be inferred that the system
control input # is bounded. In conclusion, all signals in the
closed-loop system are bounded. From (29), (33), (37), (41)
and (45), it can be inferred that W is bounded. Thus W is
uniformly continuous. By applying Barbalat’s lemma [34],
it can be obtained that W — 0 as t — oo, which leads to the
results of Theorem 2.

Theorem 3: For the DRHAS (21) subject to internal leak-
age faults, uncertain time-varying disturbances, i.e., he11(¢) #
0, he21 () # 0, he12(f) # 0 and hera(t) # 0, the proposed
controller (44) combined with the four disturbance observers
(27), (32) can guarantee that all the signals in the closed-loop
system are bounded and the following Lyapunov function V

1 1
V=czlzi+ -l o+ —wszhzs + e’ Pre

2 2 2 2 )
+5pan Pon (64)
is bounded by
V < exp(—A)V(0) + %[1 — exp(—A1)] (65)
where

M - ’
£ = > (HPIBs(Me1l)2H ||Hel||maX>

w2 _ 2
+ 7 (HPZBUMCQI H ”HeZ”max)
A = 2Amin(A) min{Ap, l/lJvl)Lmax(Pl)v 1/#2)\max(P2)}y and
A =min{l, 1/wy, 1 /w3}.

Proof: Let us consider the definitions xe;; = —d; / Mhj, Xei2 =
qi — fhi36 in this case and then we have
Hy=x.. Hq—F30 =xq. (66)

Let n = [an, ng 17 ,according to (34) and the definitions
in (46), we can obtain

N'=WeAyn+B,M, He. (67)
Then from (53), (58) and (67), it can be derived that

L vy v 17 T -1
(Euzﬂ P>n) ==Kl Wentpon' PoByM , Hey.  (68)

A Lyapunov function V is defined as (64). Substituting
(37), (41), (43), (45), (54), (59), (66) and (68) into (64),
the time derivative of V can be expressed by

= —ZlTk1Z1 + ZITZ2 + a)zzzTZ3 - a)zzszzzz - w3z§k3z3
—+ a)zngMglNle —+ a)3Z§M3M52N2)1
— w3zl (M3 — ki — kp)TM? N &

1 T 1 T
e (Wer —Ie — Ml (Wea =1y
_ 1
+uie"PiBeM_' Hel — SH lell?
T -1 1 2
+pon’ PoByM , Her — FH2 g~ (69)
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Based on Young’s inequality [35], the following inequali-
ties can be derived:

e P\B.(M_'YHe

< o1 llel [ PrBeISH? | 1B et lmax
K1 K1 - 2
< Eh el + 5 (| PiBea g Herllne) . (70)
pan' P2ByM 5 Hey
< izl [P2BM G| 1H 2l
2 w2 _ 2
< S+ B2 (|PoBoM3 | IHlne) D

Substituting (70) and (71) into (69), we have

V< —ZlTk1Z1 +ZITZQ + w222TZ3 - w2z2Tk2z2 - w3z3Tk3z3
+ wzzg TM§1N1€ + a)3z3TM3M62N277
— w3zl (M3 — ki — kp)TM? N &

1 T 1 T

e (Wer —De — SHan (Wex —I)n
"1 _ 2

+7 (HPIBS(Mell)z H |H 1 ”max)
J1%) _ 2

+ 22 (|PaByMG | 1H 2l )

< -ZTAZ +&. (72)
Since the matrix A is positive definite, then we have

14

IA

—Amin(A)(lezl +z2Tm +Z3TZ3 +ele+ nTn) +£&

IA

1 1 1
—Amin(A)[le(Ezlrzl + Ea)zz; o+ §w3z§zs)

+ 2 (1 e'Pe)+ 2 (1 TP
— —— (T

Whma Py 2 T P 2H T
+& <AV +E. (73)

which leads to the results shown in Theorem 3.

Remark 6: Noting (65), a prescribed tracking performance
can be achieved, i.e., the transient response and steady-state
error of the system can be adjusted via several controller
parameters to fulfill the design requirements. Specifically,
the transient response can be speeded up by

increasing A and the steady-state tracking error & / A can be
made arbitrarily small by increasing A or decreasing &. For
example, the value of A can be increased by selecting suitable
feedback gain matrices ki, k, k3 to increase the value of
Amin(A) on the premise that the matrix A is positive definite,
and the value of £ can be reduced by improving the observer
bandwidths we11, we12, We21 and wer.

IV. SIMULATION RESULTS
A model of a DRHAS was established in the MATLAB/
Simulink environment. The parameters of the model are listed
in Table 1.

To evaluate the control performance of the proposed algo-
rithm in the face of internal leakage faults, large disturbances
and force fighting problem, the following four algorithms
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TABLE 1. Parameters of the simulation model [29].

Parameter Description Value
P,,P, Oil supply pressure 28(Mpa)
PP, Oil reservoir pressure 0(Mpa)
ky sk, Servovalve gain 3.04x107 (m/A)
k, Flow rate gain 7.5%10° (m’ /s /pa"?)
my, s My, Piston mass 55(Kg)
AL A Piston area 147%107 (mz)
Effective oil bulk
800(M;
P. modulus (Mpa)
B,,,B, Damping coefficient 1x10* (Ns / m)
Vio » Vao Initial volume 0.735x107 (m*)
Normal internal leakage 12, 3
Gi» Ca coefficient 110" (m’ /s / pa)
K, , K, Connection stiffness 1x10° (N / m)
Iy Radial distance 0.15(m)
Jy Moment of inertia 13.5(Kgm”)
By Damping coefficient 51.75(Nms)
K, Elastic load coefficient 9.14x10° (N / m)

with similar control structure (shown as Figure 2) are used
for comparison.

1) DAFTSC: The parameters of the proposed control algo-
rithm are chosen as: k;y = ky = k3 = diag(1000, 1000),
w = 1 x107°% a3 = 1 x 10712, u; = 1 x 10,
w2 = 1 x 10'°. The parameters for designing the reference
trajectory x;1 in (17) are chosen as: kj=k, = 300.The gains
of the four ESOs are chosen as: wei1 = wep1 = 250,
we12 = we22 = 500. The upper and lower bounds of the faults
are:0) max = @ max = 3 X 1070, 0} min = 82 min = O, and the
fault adaptation rates are chosen as: 'y = ', = 1 x 10732,

2) Adaptive Fault-tolerant Synchronization Control
(AFTSC): This control algorithm is similar to the proposed
DAFTSC algorithm but without consideration of disturbance
compensation. To achieve a fair comparison between these
two algorithms, the parameters of the control algorithm,
the parameters for the reference trajectory x;; design and
the fault adaptation rates are the same as those chosen
by DAFTSC.

3) Disturbance-estimation based Synchronization Control
(DSC): This control algorithm is similar to DAFTSC but
without fault tolerance capability, and the value of the param-
eter é,- in observer (32) is set to zero by default. The other
parameters setting in the algorithm are the same as those
in DAFTSC.

4) Robust Synchronization Control (RSC): This algo-
rithm has the same control structure as the other three ones.
However, only robust feedback control terms are employed
to handle the disturbances and faults in the DRHAS, and
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the feedback control gains are the same as those chosen
by DAFTSC.

In addition, 6, = arctan(0.2 sin(2r¢))[1 —exp(—0. 1t3)] rad
which fulfills the Assumption 3 is employed as the reference
trajectory of the system. An elastic load F1. = Kgxq is used to
simulate the air loads acting on the control surface. Consider
the following fault scenario: at ¢ = 10s, an internal leakage
fault with C;; = 1 x 1077(m?/s/pa) occurs in HA1 and an
internal leakage fault with Cp = 5 x 1077 (m? /s/pa) occurs
in HA2.

To test the control performance of each algorithm under
large disturbance condition, two types of disturbances are
inserted. The unmatched disturbances, i.e., the lumped dis-
turbances d; and dp in two HA channels are set as:
dy = 100sin(2rt), dp = 400sin(27t). Moreover, two
input disturbances which have the similar form as the
system reference trajectory have been added to the sys-
tem by modifying the control inputs [36], ie., Au; =
Aup, = 1.5arctan(0.2sin(27¢))[1 — exp(—0.1t3)]. These
disturbances are employed to simulate the matched distur-
bances which can greatly affect the dynamics of the system.
From (3)-(6) and (11), we can further derive the expressions
of the matched disturbances in both HAs as

A A

q = 1_ﬁequu1RhllAM1 + Z—'Bqukuthleul, (74)
Vhii Va2
A1Be Az Be

q =

kqkw2Rpo1 Auy + ——kgkpoRnoo Aua. (75)
Vho1 Vhoo

Remark 7: According to equations (74), (75), (7) and (8),
it can be observed that the matched disturbances ¢; and ¢»
inserted in this simulation test vary with the changes of the
chamber pressures Pp;; and Pp;». Since the internal leakage
faults can cause significant changes in chamber pressures of
the HAs, the amplitudes of the matched disturbances will
change after the occurrence of the faults.

Three performance indexes [36], i.e., the maximum, the
average and the standard deviation of the position tracking
errors (M., [Le, 0e) are used to evaluate the steady-state posi-
tion tracking performance before and after fault occurrence.
Similarly, the maximum, the average and the standard devia-
tion of the fighting force between HA channels (My, 1y, of)
are introduced to assess the synchronization performance of
each algorithm before and after fault occurrence. Moreover,
the indexes M. and My are used to investigate the fault-
tolerant ability of each algorithm during the fault transient
time. The steady-state indexes are calculated from the data
of the last three cycles of the corresponding steady-state
time period, and the fault transient performance indexes are
calculated based on all the data of the transient time period.

Figure 3 compares the position tracking performance of the
four algorithms, and the corresponding performance indexes
are summarized in Table 2. The curves of the fighting force
between HA channels under the control of four algorithms are
shown in Figure 4 and the specific indexes for the measure-
ment of the system synchronization performance are listed in
the Table 3.
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TABLE 2. Indexes for measurement of position tracking performance for four algorithms.

Steady state before fault occurrence

Fault Transient Steady state after fault occurrence

Algorithms t €[5s,10s) t €[10s,11s) t €[25s,30s)
M, (rad) M, (rad) o, (rad) M, (rad) M, (rad) M, (rad) o, (rad)
RSC 0.0068 0.0033 0.0022 0.0076 0.0076 0.0050 0.0021
DSC 6.4248e-004 9.3518e-005 9.9560e-005 0.0013 0.0013 6.4505e-004 9.9560e-005
AFTSC 0.0017 7.4245e-004 5.3790e-004 0.0059 0.0014 4.7411e-004 4.5464e-004
DAFTSC 6.4987¢-004 9.5390e-005 1.0113e-004 9.1860e-004 4.0139¢-004 5.2185e-005 5.1044¢-005
001 x 10*
3 4
E L AMAMARAMARARARARARARAANAL _
& y V V V V V } U U U V U U U U V U U U U J U U U V g MM UnUnUnUn UnUnUnUn Unununuﬂ UnUnUnUﬂ
0oy , 5 10 15 20 25 30 = _i
x 10 Time(s) o, 5 10 15 20 25 30
d AAMARAAAARAAAAA
Smmsaasand LULULTLIAAL 2 IWAAMMAMAAMS
: 2 ny ARAARAN
2 5 10 15 20 25 30
P 10° Time(s) o, 5 10 15 20 25 30
= f N x 10 Time(s)
s ﬁwﬁwnh“““uuuuuu >
g 0 AAAAAAAARARAAAARAL] g2 A
E 2 i % 0 UV..YL'L LA bl A LA L
% 5 10 15 20 25 30 < _i
L 10° Time(s) o 5 10 15 20 25 30
-c'é }F 4 x 10 Time(s)
o3 AL L L L L L L] Z
z b Zo N ENNNNTN RN RN
s 9
SIh 5 1‘r0 15 20 25 30 = p
Time(s) 0 5 10 15 20 25 30
Time(s)

FIGURE 3. Position tracking error.

From the simulation results, it can be observed that under
normal condition, disturbances is the main factor affecting
the position tracking performance of the system and the two
algorithms with disturbance estimation and compensation,
namely, the proposed algorithm and the DSC algorithm can
achieve better positon tracking accuracy than the other algo-
rithms. In addition, by comparing the index of the stan-
dard deviation o, it can be found that the position track-
ing accuracy of the algorithm with disturbance estimation
and compensation fluctuates less than the other algorithms.
Furthermore, influenced by the unequal disturbances, the
fighting force between two HA channels is enlarged. Even
with the same synchronization control mechanism, the syn-
chronization performance of some algorithms can decrease
dramatically. For example, the maximum fighting force for
RSC can reach 2.6338e+003 N. In contrast, the maximum
fighting force can be reduced to 273.4514N by the proposed
DAFTSC algorithm due to the use of disturbance estimation
and compensation.

During the fault-transient time, the position tracking per-
formance degradation can be further aggravated by large
disturbances, especially for the system without disturbance
compensation. As shown in Figure 3 and Table 2, under the
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FIGURE 4. Fighting force between HA channels.

same fault condition, the maximum position tracking error
for RSC can reach 0.0076 rad, larger than the other three
algorithms. This means that the algorithm with only robust
feedback control design cannot accommodate the faults and
large disturbances anymore. In comparison, by utilizing the
disturbance compensation design, the algorithms DAFTSC
and DSC can suppress the deterioration in position tracking
performance more effectively than the other algorithms.

Similar results can be found in the aspect of the synchro-
nization performance of the control system. Note that the
magnitudes of the faults in two HA channels are not the
same and this may lead to a more serious force fighting prob-
lem. Moreover, the existence of large disturbances will make
the problem worse. Therefore, the algorithm which incor-
porates faults and disturbances compensation will improve
the synchronization performance of the system. As shown
in Figure 4 and Table 3, during the fault-transient time, the
maximum fighting force for DAFTSC is 4.1716e+003N, the
smallest of the four algorithms.

After experiencing a fault transient time, the faulty system
enters into the steady state. During this time period, the posi-
tion tracking accuracy of the closed-loop system is mainly
affected by the faults. Therefore, the algorithms with fault
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TABLE 3. Indexes for measurement of system synchronization performance for four algorithms.

Steady state before fault occurrence

Fault Transient

Steady state after fault occurrence

Algorithms t €[5s,10s) t €[10s,11s) t €[25s,30s)
M, (N) 1 (N) o (N) M (N) M (N) 1 (N) o (N)
RSC 2.6338e+003 1.2479¢+003 799.2289 2.0298e+004 2.0613e+004 1.3411e+004 6.2426e+003
DSC 272.8188 36.8442 25.6461 8.1328e+003 8.2034e+003 3.4791e+003 1.8888e+003
AFTSC 530.3088 339.7230 176.8424 2.2126e+004 4.1941e+003 582.0500 784.9022
DAFTSC 273.4514 36.8973 25.9278 4.1716e+003 4.6103e+003 217.5879 500.1590
S ——— [ o —Jonrrsc = IAARRAAATAARAARAAARARARARAA
- o LR PR ALY
0 ?(107 5 10 Tini(s) 20 25 30
s w s w s @ o AMAMMARARMAAARAARAAR
Tinss 2 VTV VVVVVVRVVVRVVYY
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4 e Time(s)
10
g2 5 o MAMAAAAAAAARARARRAARARARAN
0 ; R A
2 5 10 15 20 25 30 % 5 10 15 20 25 30
Time(s) x 10 Time(s)
FIGURE 5. Estimations of internal leakage faults in two HA channels. % 0 VAVAVA thnvhvn FfiVnVAVA VAVAVAVA VAVAVAVA VAVAVAVA
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FIGURE 6. Estimations of the matched and unmatched disturbances in
two HA channels by using the DSC algorithm.

estimation and compensation ability exhibit better position
tracking performance. According to Table 2, the average posi-
tion tracking errors of the algorithms DAFTSC and AFTSC
are 5.2185e — 005 rad and 4.7411e —004 rad respectively,
less than the other two algorithms. Moreover, the DAFTSC
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FIGURE 7. Estimations of the matched and unmatched disturbances in
two HA channels by using the proposed DAFTSC algorithm.

algorithm outperforms the AFTSC algorithm for all positon
tracking performance indexes due to its disturbance rejection
ability. As shown in Table 3, similar results can be found in
the aspect of the synchronization performance of the faulty
system.

Remark 8: In normal condition, the unequal disturbances
d; and dr make differences in displacement dynamics
between two HAs and the differences are the most obvious
as the piston velocity of each hydraulic cylinder changes
its direction. For DSC and DAFTSC, the positon tracking
errors (or the fighting force) caused by the displacement
differences are greatly reduced by employing the disturbance
estimation and compensation strategy. However, as shown
in Figure 3 and Figure 4, the curves of the position tracking
error (or the fighting force) for DSC and DAFTSC still exhibit
some ‘“‘glitches” when the piston velocity of the hydraulic
cylinder experiences a direction change. Similar results can
be found after the occurrence of the faults, and during this
period, the differences of the displacement dynamics are
mainly caused by the unequal faults in two HAs.

Figure 5 compares the faulty parameter estimation results
for the algorithms DAFTSC and AFTSC. For the proposed

73117



IEEE Access

T. Li et al.: Disturbance-Estimation-Based Adaptive Backstepping Fault-Tolerant Synchronization Control

DAFTSC algorithm, estimations of the internal leakage faults
in two HA channels converge to their real values at about
t = 12s. In contrast, the AFTSC algorithm has constant
estimation error during the whole estimation process under
the influence of large disturbances.

The estimation results of the matched and unmatched dis-
turbances in two HA channels for the algorithms DSC and
DAFTSC are presented in Figure 6 and Figure 7, respectively.
According to (21), the faults appear in the same equation
as the matched disturbances and thus mainly affect the esti-
mation accuracy of the matched disturbances. As shown in
the second and fourth subgraphs of Figure 6, the matched dis-
turbance estimations of the DSC algorithm deviate from their
true values immediately after the occurrence of the faults,
for the disturbance observers (32) employed in this algorithm
do not have parameters updating online. In comparison, the
disturbance estimations of the DAFTSC algorithm gradually
converge to their real values with the convergence of the
faulty parameter estimations.

V. CONCLUSION

In this paper, a fault-tolerant synchronization control algo-
rithm based on adaptive backstepping technology and distur-
bances estimation is proposed to handle the control problem
of a DRHAS on A/A mode in the face of internal leak-
age faults, large disturbances and force fighting problem.
To achieve positon tracking and force outputs synchroniza-
tion simultaneously, two reference trajectories are introduced
and a novel nonlinear model of the DRHAS is developed.
Based on the backstepping method, a nonlinear controller
incorporating the adaptive control and the observer-based dis-
turbance rejection control is proposed. In which, the internal
leakage faults are accommodated by a simple reconfiguration
strategy based on faulty parameter online adaptation, and the
matched and unmatched disturbances are estimated by four
ESOs and are compensated in a feedforward way. Compar-
ative simulation results finally demonstrate the effectiveness
of the proposed control algorithm.

Since the proposed control algorithm is designed based on
full-state feedback, future study will focus on the develop-
ment of an output-feedback FTSC algorithm for the DRHAS
under the condition that only the displacement signals in
both HAs are measurable. Moreover, how to design a control
scheme to handle the fault-tolerant synchronization problem
for the DRHAS in the present of time-varying disturbances
to achieve asymptotic stability needs to be investigated.
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