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Abstract: Electro-hydraulic actuators (EHAs) have been widely used in modern industries. However,
sensor faults and actuator faults in EHA systems can arise due to aging during operation, making
the system unstable and unsafe. To solve these issues, fault-tolerant control (FTC) techniques for
EHA systems have been studied intensively. In this paper, an FTC is proposed and developed
for the mini motion package (MMP) EHA system. First, a mathematical model of the MMP
system is formulated and improved to provide position tracking control using a well-known
proportional-integral-derivative (PID) controller. Second, an unknown input observer (UIO)
reconstruction is performed to estimate the states, disturbances, and sensor faults so that an
asymptotically stable control error can be obtained by a linear matrix inequality (LMI) optimization
algorithm through Lyapunov’s stability condition. Third, the FTC designed for the nonlinear
discrete-time system is formed from fault compensation based on a residual logic signal to implement
the fault compensation process and ensure stability and tracking performance with respect to
minimizing impacts of disturbances and sensor faults. Here, residual is defined by the difference
between state response and state estimation. Finally, numerical simulations and experiments of the
MMP system are presented to illustrate the efficiency of the proposed FTC technique.

Keywords: unknown input observer; fault-tolerant control; fault compensation; linear matrix
inequality; fault diagnosis

1. Introduction

Electro-hydraulic actuators have been applied extensively and have become commonplace for
controlling the position of systems in modern industries. There have been many applications in a
variety of fields, such as position control of cutting tools, aircraft wing control, and control of aircraft
landing gears. This is because electro-hydraulic actuators provide stability, precise operation and
control of nonlinear systems under heavy load conditions. However, accurate position control is an
extremely difficult and challenging issue for the operator when faults appear in the system. In the
past few decades, EHA systems have been applied to control the force or the piston position using
linearized control techniques [1] and nonlinear adaptive control techniques based on back-stepping
control [2,3] or sliding mode control [4]. Nonlinear adaptive control problems for the piston-cylinder
position have been addressed. Nevertheless, control will become more difficult if faults or failures
occur in EHA systems. These faults can arise from the components of the sensor due to aging or
broken cables, or in the components of the actuator such as failures of the electrical machinery in the
pump, or leakage, or friction in the pump and the cylinder. Dirty oil also causes disturbances in the
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system. In addition, if sensor or actuator faults are not dealt with promptly, they accumulate and
increase after each closed-loop cycle, and may even damage the system. Therefore, it is essential to
construct advanced fault detection and isolation (FDI) and fault-tolerant control (FTC) techniques
for augmenting the system to ensure the safety, reliability, and sustainability of the systems. The
benefits of FDI or simply fault diagnosis (FD) and FTC techniques for industrial systems have been
recognized [5-11]. The FD algorithm primarily consists of making a binary decision between fault
and no fault. Various fault detection and diagnosis (FDD) and FTC techniques have been developed
by researchers over the few last decades, such as the FDD technique using an extended Kalman filter
(EKF) algorithm for isolation of the sensor faults (SFs) and actuator faults (AFs) [12-14]. However,
they had private functionalities that the FDD in [13] used to detect faults based on a multiple hybrid
Kalman filter, while the FDD in [12,14] implemented a combination of FDI and FTC. Nevertheless,
FTC in [12,14] was not highly effective, but their contributions were greatly recognized, because the
feedback signal from the sensor was ignored when a sensor fault occurred with the Kalman filter
configuration in [14]. The feedback signal for the controller was chosen based on the data from the
sensor signal or the estimated state signal of the UIO, which was realized via a switch, as in [8]. It
receives the signal from the sensor if the sensor is not faulty, and (conversely) will receive the signal
from the estimation state if the sensor is faulty. Nevertheless, this method does not remove the fault,
but only performs the FDI function. As a result, the performance difference between FD and FTC was
significant. That is, the FD was used to analyze and evaluate the occurrence and location of faults in
a tracking system at the same time, while the FTC was used to analyze and evaluate the occurrence
and location of faults and remove impacts from faults or unknown input disturbances. Here, the FTC
carried out the fault compensation process, wherein the magnitude of the faults and disturbances
was determined by the unknown input observer (UIO) scheme based on the system reconstruction
approach [8,9]. The compensator performance obtains fault tolerance from the compensated signal of
the actuator and sensor fault, which depend on an effective estimation of the fault. Therefore, a fault
cancellation process employing the FTC compensation technique was studied and developed [8-11].
This functionality comprises two tasks: fault detection and fault compensation. The residual signal (RS)
can be estimated (this was determined based on the difference between the state response signal and
the estimated state signal [10-12]), and the magnitude of the fault was specified by the fault estimation
of the UIO scheme. Signal compensation is an effective fault-tolerant technology that can operate
as a redesigned controller based on pioneering studies in [15,16]. This method performs smoothly
at cancelling the effects of sensor and actuator faults, as well as disturbances, so that the system can
work well even while faults are occurring (e.g., see [8-15,17]). Its application has been developed by
several researchers, with various fault estimators, such as those using the UIO scheme [8,9,18-21],
singular value decomposition (SVD) [10,11,22], sliding mode observer [23-25], and a fuzzy state-space
observer [260]. A variety of UIO schemes can be used to estimate faults, and these can consist of AFs [27],
SFs [18,28-30], or both AFs and SFs [9,19-22,31,32]. However, estimating the magnitude of faults is an
extremely difficult and challenging task, and this problem has motivated a number of researchers. Some
studies have achieved outstanding success by including advanced observers [9,18,27-29], sliding mode
observer methods [22-24], and UIO reconstruction to estimate the sensor faults of nonlinear systems
shown in [8,9,25,28-30]. Although several applications have been found, there are still limitations
such as the decoupling of the disturbance in [9], leading to difficulties in calculating and applying
such results. Another technique for estimating faults in [8] did not require the separation of the
disturbance. However, the UIO theory of error in dynamic systems was asymptotically stable, and
was a bit cumbersome and limited in terms of its ability to estimate sensor faults. In addition, these
theories were implemented in ideal system conditions during the simulation process so that this work
will be extremely difficult if applied in practice. Estimating faults will become difficult when the
requirements for parameters of a theoretical system and a real system are similar. Thus, we need to
estimate parameters between theory and real systems, which was accomplished using a Matlab tool.
Once the faults had been estimated, the FTC signal compensation was performed by estimated faults
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through the residual signal to make a control decision [11,12]. The sensor fault-tolerant control (SFTC)
technique can operate well even if a sensor fault occurs, as long as (i) the sensor faults and disturbances
are estimated, and (ii) fault compensation is performed. Using this technique, actuator faults and
disturbances will be attributed to sensor faults to implement fault compensation after each loop. One
of the most important aspects of SFTC for faulty sensors is the ability to estimate faults arising in the
sensor, and this technology is proposed and studied in this paper.

Specifically, we consider an SFTC technique using a robust observer-based sensor fault
reconstruction method for a nonlinear discrete-time system with a disturbance and sensor fault.
First, a mathematical model of the MMP EHA system with bounded disturbances in the discrete-time
domain was formulated for adaptive tracking control of an MMP system using a PID controller [3].
Second, a sensor fault estimator, which is the most important component discussed in this paper, is
constructed via the UIO reconstruction method for state and fault estimation [8,22-25]. The UIO, which
we proposed by the LMI optimization algorithm, was analyzed and demonstrated (based on Lyapunov
stability and the error condition) to make the control error in the dynamic system asymptotically stable.
Robust fault estimation can be achieved by integrating the augmented system approach with the LMI
optimization algorithm [11,22-25,27]. In particular, the state and fault estimations were easily obtained
from the UIO reconstruction process. This reconstruction process is very convenient, because the
unknown input disturbance (UID) does not need to be decoupled from estimated states and sensor
faults, as they are calculated [11,12,22,23]. Third, the SFTC compensation carried out from the fault
compensation decision is established by the RS via a fault diagnosis. The SFTC is fault-tolerant, because
it provides compensated signals to sensors based on effective fault estimation because the MMP system
is integrated with a PID tracking controller to achieve good tracking performance. Fourth, simulation
results for the nonlinear MMP system with sensor faults are presented for cases with and without
SFTC, as proposed in this paper, where the situations with and without UID are considered. Finally, an
experimental setup that includes the MMP system is presented. Experimental results are shown for a
sinusoidal command signal in a situation in which the sensor faults and the disturbances were excited.
The experimental results show that the tracking response is good and that the output is approximately
the same as the command within an error of + 0.25 (mm) (+ 0.6 (mm) error in the case without the
SFTC). This implies that the tracking performance of the overall system with the implemented SFTC
works sufficiently well even when a sensor fault occurs. Therefore, the disturbances and sensor
faults are well compensated in the closed-loop system with the SFTC, and the tracking errors are
significantly reduced.

The important contributions of this paper are summarized as follows:

e  The mathematical modeling of the MMP system which is compared with [3] to apply to the
UIO reconstruction.

e Constructing an inequality under matrix is performed to determine observer gain by LMI
optimization algorithm.

e A procedure for evaluating the tracking performance of the MMP system under disturbances
and sensor faults is proposed. Based on this evaluation process, the performance level achieved
during simulations and experiments can be easily obtained.

e  Our major contribution in this paper shows that the proposed SFTC technique is successfully
applied to reduce minimum impacts of faults and disturbances aimed at stability and safety
insurance for the system.

This paper is organized as follows. In Section 2, the mathematical model of the MMP EHA system
with disturbances and sensor faults is presented. In Section 3, a UIO reconstruction formulated for the
nonlinear discrete-time system is performed to satisfy the discrete-time Lipschitz condition and ensure
asymptotic stability of the state observer under the LMI optimization algorithm. In Section 4, an SFTC
technique is proposed for the fault compensation process based on the sensor fault estimation and the
residual signals. In Section 5, numerical simulations and experimental results are presented, and these
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results are evaluated. Section 6 contains a discussion of the results. Finally, conclusions are presented
in Section 7.

2. Modeling of the EHA System

Considering the dynamics equations of the MMP EHA system, the model in Figure 1 can be
derived using Newton’s Second Law to describe the object M, [3]:

mp&p + ijfp + Fsp + Ffrc +d=A1P1-AP, 1

Here, m, is the equivalent mass, while x;, Jkp, and 5&,, are the position, velocity, and acceleration,
respectively; Ay and A; are the area in the two chambers; Fg,, F fres By, and d are the external load force
of the spring, friction force, viscous damping coefficient, and bounded UID, respectively; and P; and
P, are the pressures in the two chambers.

The spring force Fsy can be represented as

Fsp = Kspxp/ ()

where K;), is the spring stiffness.
The F g, friction force can be represented as [29]

w2 o %
Ffrc = VZe(Fbrk - Fc)e_(”Sf) _Z)p + Fc tanh(—vp ) , 3)
st st

where Fy,; and Fc are the breakaway friction and the Coulomb friction, respectively; and v, and vs are
the velocity and Stribek velocity threshold, respectively.

Figure 1. Schematic model of the EHA system.

The hydraulic continuity equations for the EHA system can be described as [3]
Py = A(Q1 - Qi - Ary), (4)

Py = Ag(Qa + Qi + Agiy), )
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where

M = Be/(Vor + A1%p), g = Be/ (Voo — Aaxp), Quai = Quo — Qa0 — Qrrand Qasi = Qoo — Qo + Qi

Be and Q; are the effective bulk modulus in each chamber and the internal leakage flow rate of
the cylinder, respectively; and Vj; and V(y are the initial control volumes of the first and the second
chamber, respectively [3].

Ql = qump + le - Q3v
Q= _qump + Q20 — Quo

Here, Qpump = Dpw. Q1 and Qyy are the flow rate through the pilot-operated check valve on the
left and on the right, respectively. Qsy, Q4p and Qpump are the flow rates through the pressure relief
valve on the left, on the right, and the pump flow rate, respectively. D, and w are the displacement and
the speed of the servo pump, as shown in Figure 1.

Based on the system’s dynamics equations shown in Equations (1)-(6), the dynamic equation

(6)

T . T
for the system can be represented by a state vector [ X1 X2 X3 Xy ] = [ xp xp P P ] and
rewritten as

) %
X1
9:(3 N Vmﬁ fiﬁlxl (qump + Qu3i — A1x2) ’
i Voz——ille(_qump + Qo4i + Azxz)
The system of equations expressed in (7) can be represented as
X = Ax + f(x,u) + Dyd, 8)
where
0 1 0 0 19 0
a1 ax a3 g —Jr -1
A= ; (x/u) = mp ;D = my |
0 0 0 0 f A1<Dp1/l + Q131’ - Ale) 0
0 0 0 0 Do(~Dytt + Qasi + Arxr) 0
_ _Ksp . _ _B‘U . o Al . . —A2 L
ay = S = ;a3 = —; 0 = —— ;U=
mp mp mP mp

Equation (8) shows that the matrix A is a constant matrix. The system of equations shown above
can be rewritten as a nonlinear discrete-time state space model as shown below:

X1 = AxXg + Py + Dady, )
where T
[T T T .T

k= [ e o Ya Yak ] ’
1 Ts 0 0
Tsaq 14+ Tsar Tsas Tsa

Ak —_ stt1 std2 stt3 stt4 ;(ka,uk — Tsf(xk, uk); dk — Tsd

0 0 1 0
0 0 0 1

Ts is a sampling time

Obviously, system states are performed from changing the speed of the bi-directional pump,
which is controlled by a DC motor. The system is controlled via the input speed w of the DC motor so
that the output position x,,_(or the measurement output y,) tracks as closely as possible to a reference
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position y . Considering the influences and reducing the impacts of sensor fault on the measurement
output signal are the objective of this paper, and these will be described in the following section.

3. UIO for a Nonlinear Discrete-Time System

A nonlinear discrete-time system subjected to an unknown input disturbance can be represented
as follows:

{ Xp41 = Apxg + Brug + bek,uk + D gdy (10)

Yk = Cixp + Fssy

where x; € R" is the state vector, y; € R? is the output vector, d; € R” is the unknown input or
disturbance vector, and s; € RY is the sensor fault vector.Ay, By, Ci, D4, and Fs are known constant
matrices with suitable dimensions. ¢y, 4, = ¢(xx, ux) is a nonlinear function vector Yxi, x; € R",
u € R™,

If it is assumed that the Lipschitz condition applies to the discrete-time nonlinear function vector
¢x, u;, then there exists a constant T > 0 such that [8,9,11,23]

I1ADx |l < Tllxie = Ziell, (11)

where
“A(ka,ukn = ”bek,uk - (Pfck,uk“

The nonlinear system (10) can be rewritten as

{ EJ_Ck+1 = Zkﬁ_ck + axk,uk + Esk + Eddk (12)

vk = Cii

where

- | A% 0 | | 0= | Dgl|s _ T
S S (S et}

— — T
By=0;Ce=|C F [G=[0 1, |
— T - — T _
=[x sl | eRL G, =[¢L, 0] R
withn = n + p.
Based on [11,21], a UIO can be built for the nonlinear discrete-time system as shown below.

Zee1 = Fxe+ Ly — D) + Lg u,
X =2+ Hyj : (13)
Ok = Cixk
Here, §k e R”, 7k € RP, and z; € R are the estimate of the state vector X, the estimate of the
measurement output vector, and the state vector of the observer, respectively. The observer matrices
FeR™" T e R™ HeR"™, and L € R™? should be designed according to the state error vector.
The state error can be defined as
& = Xk — X, (14)

From Equations (12), and (13), we can write as

Yep1 = FXe— Lk + Lye + Ty, +H iy

—\a ke — (15)
= (F - LCk)xk + Lyk + Ty, +HCiXiia

Equation (12) can be written as:

FEE}C_H = FZkEk + lﬁxkruk + FEsk + Fdek, (16)
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Subtracting (15) from (16), we obtain:
(TE + HC %1 — X1 = (TAg — L)%
~(F-LCe)%x + TAG, ,, +TGs + I'Dydy
Based on Equations (16) and (17), the estimation error of Equation (16) can be written as

exr+1 = Neg + I"Ag_bxk’uk + rdek,

where
N =TA, - LG,

If the following conditions are satisfied:
TE 4+ HC, = I,
IG=0
TA,-LC, =N
TA,=F

Without loss of generality, the matrix I' can be defined as

I
r_[_ck b2 ]

where ¢; € R™ and ¢, € RP* are arbitrary matrices.
By solving the system in Equations (20) to (24), we obtain:

I, 0
r=| * ;1= o =
[—Ck 0]’ 1=02=0

and

T
H=[0 I, |,
The inequality in Equation (11) needs to be satisfied for the nonlinear function Aaxk/uk as:
18D, Nl < TR = il
where

—_ Tln 0 7
SERIE

From (26), the matrix E can be written as follows:

E T —T— -
o Gk [ -t 0 ] Gk <0
A¢xk,le 0 Iﬁ A(ka,uk —

7 of 22

(17)

(18)

(19)

(20)

(21)
(22)
(23)

(24)

(25)

(26)

(27)

Lemma 1 ([9]). The necessary and sufficient conditions for the existence of the UIO in (13) for the system in

(12) are as follows.

(@) rank(CyDy) = rank(Dy)

) [Ak—ln D,

] =n+p,and Dy is a full column rank
Cr 0
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Ak—ZIn Dd
(© [ c 0

]:n—i-p Yz with |z| > 1

Lemma 2 ([12]). For the following equation

Ckr1 = OC + uy, (28)

the eigenvalues of the matrix ® € R™" belong to the circular region D(a, p) with center a + jO and radius p if
and only if there exists a symmetric positive definite matrix P € R™" such that the following condition hold

-P P(®-al,)

IR (29)

Theorem 1. For system (12), there exists a robust UIO in the form of (13) such that the output error satisfies
lleyll < f”dk” jn a prescribed circular region D(a, r) if there exists a positive-definite symmetric matrix P € R™",
matrix Q € R™P, and positive scalars u, and ¢ such that the following inequalities hold:

—ul, 0 Cr 0 0
+ -P PIA,-QC, Pr P(TD,)
+ x  —PH+eTt 0 0o |<0 (30)
* * * —ely 0
* * * * _[JL;I
and o _
—P PrA; - —aP
= ] <0, (31)
* —r“P
where Q = PL.
Then, the state observer (13) is asymptotically stable.
Proof of Equation (26). Consider a Lyapunov function V; = EZI_’Ek. The difference between two
adjacent steps of the Lyapunov function AV}, = Vjq — V is calculated as
AV = VTk+1__ Vi —
NTPN-P NTPI  NTPID, (32)
— AT % r'er  1'PTD; A
 \T— —
. + (D) PIDy
-T —T T T
where A = | g, APy
Moreover, Equation (27) can be expressed as:
T 0 0
E=ATf 0 I 0]|rA<0, (33)
0 0
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Combining Equations (32) and (33) leads to:

NTPN-P NTPT NTPID,
AV < AT * I'Pr TTPID,; |A-eE
* * 033
011 NTPT NTPID,
= AT * 022 FTﬁFBd A
* * 033

(34)

where
i) D =T= S\ Brm
011 = N'PN—-P+ ¢t 7,033 = (FDd) PI'D,
02 = FTﬁF — Slﬁ

To satisfy the measurement error condition |lell < plldill of the output, the matrix © can be

represented as
- I 1=T= -
@—[Zk] i G 0 H e"]so, (35)
k

0 - yld
Using Equations (32) and (35), the matrix T,; can be written as

T, = AV +0© <0, (36)
Finally, an inequality of matrix T, can be represented as

—T— — — —
011+%Cka NTPr NTPID,

T — —
Tw <A * o ITPID,; |A (37)
* o — g
= ATII,A
where .
P+eTT+IGC 0 0
I, = * -ely 0
* * —yId
NTPN NTPr  NTPID, (38)
+| + rTer 1TPIDy
\T— —
* +  (IDy) PrDy
Applying the Schur Complement Lemma [33] to Equation (38) for IT,, < 0, we have:
-P PT Ay — PLC, PI  PID,
o - eths
m, =| * P+et T+kaCk 0 0 , (39)
* * —8Iﬁ 0
* * * —uly

Similarly, Equation (30) is satisfied by applying the Schur Complement Lemma [32] to Equation (39)
forIl,, < 0.0

Proof of Equation (27). Using Lemma 2, inequality (31) is met by applying Equation (18). O

In summary, the design procedure for the sensor fault estimator consists of the following steps:

Step1l:  Build the augmented system (12) for the nonlinear discrete-time system (10).
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R R

Step2:  Determine the matrices Q, P, F,and L = P Q by solving the LMI matrix inequalities (30)
and (31).

Step3:  Obtain the state estimate and the fault estimate as Xk = [ Iy onxp ]§k1 and §, = Esaack,

respectively, where Cs = [ Orxn I ]

Remark 1. This UIO reconstruction only applies to observable systems. For systems that are not possible to
observe, the reduced-order observer construction shown in [33,34] should be applied.

Remark 2. This paper uses the sensor fault reconstruction in [8,26] to design a discrete-time nonlinear observer
system for the state observer that is asymptotically stable. Here, constructing and proving Theorem 1 to apply the
LMI optimization algorithm was made simpler [8] by using Lyapunov’s stability under matrix equations. With
this sensor fault reconstruction, it is possible to estimate the faults using the UIO model, which has advantages
such as directly estimating the sensor fault on the UIO without decoupling the disturbance matrix, as shown
in [9].

Remark 3. Constructing a robust UIO reconstruction method using LMI optimization algorithm was utilized
by a function He as performed in [8]. However, in this paper, by applying Lyapunov stability theory under the
formulated matrix equations, a robust UIO reconstruction method for using the LMI optimization algorithm was
demonstrated that was simpler than in [8], and in which the state observer is asymptotically stable.

4. Sensor Fault-Tolerant Control for the MMP System

4.1. Fault Diagnosis-Based General Residual from the Sensor Fault Signal

The general residual due to a sensor fault is defined as the difference between the response signal
and the feedback estimation signal from the UIO. The residual vector is calculated as [11]

"k = Y — Tk (40)

The FD method consists of two main tasks: fault detection and fault isolation. The fault detection
process involves determining whether a fault has occurred based on information from the RS, which
means that vy = 0if s = 0 without fault, and r, # 0ifs; # 0 with fault [11]. The fault isolation
process is executed to make a binary decision signal based on the fault detection process through
executing logic that is constructed via the RS and the threshold value k. The binary decision signal is 0
when [r¢| < k, and conversely, this signal is 1 when |r¢| > k.

4.2. Sensor FTC Compensation

Sensor fault output from the measurements influences the closed-loop behavior and corrupts the
state estimation.

The FTC designed to diagnose the position SFs of the MMP system is shown in Figure 2. The PID
main controller performs conventional closed-loop position tracking control such that the measurement
signal is employed, as in [5]

Yek = Yk — Fs, (41)
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Sensor
+ fault =
PID e %
5 Syt
eference 4=
X,
Ve U UI1O k
( = Diagnosis and §k B
A Compensation ke
+
Residual "X X,
Vi ¢
/51
SFTC ~

Figure 2. Structure of the observer based on sensor fault-tolerant control.

Fault compensation is performed by a logical process wherein fault magnitude is received from
the estimated fault signal based on the residual signal to make a control decision based on the binary
signal. The fault compensation process will not be executed if the binary decision signal has a value

equal to 0; otherwise, if the binary decision signal is equal to 1, the fault compensation process will be
executed using the threshold k. [11].

4.3. PID Control for MMP System

The control error is one of the most important factors to be chosen for evaluating the PID controller
performance. The control error is defined as

e = Yr = Ycks (42)
The maximum position error ey, of the position control error e, shown in Figure 3 can be
described as

€kmax — Yrmax — Yckmax~ (43)

where Yrmax and Yexmax are the maximum values of the reference and response signals in the time
period (t4, 7).

During time

Figure 3. Scheme to assess the control error of the PID controller using SFTC.

The minimum position error ey, of the position control error ¢, is computed for the time period
(t1, tp) in Figure 3 as

€kmin = Yrmin ~ Yckmin, (44)
where t; and ¢, are the begin time and the end time of the time period used to calculate the position
control error. During the time period (¢, £2), Yrmin and Ycgmin are the minimum reference signal and

the minimum response signal, respectively, as shown in Figure 3.
The maximum control error of the system during the time (t;, t,) is obtained as

€ckmax — max(|ekmax|/ |ekmin|)/ (45)
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The control error performance 1 of the system is defined as follows based on the maximum
control error e gmax during the time period (t, t,):

M = (1 - eckﬂ) X 100 (%), (46)
Skmax
Skmax — Smax — Smin (47)

where Smax and sy are the maximum and minimum sensor faults, respectively, during the time period

(tll tZ)
To explicitly evaluate the effect of a fault, the sensor fault error e is defined as

€sfk = €fk — €0cks (48)

where e and g are the position control error in the case of sensor fault and the position control error
for the case without sensor fault, respectively.
The maximum sensor fault error e;fmax Of the sensor fault error ey is computed as

€sfkmax — max(|efkmax ’ IeOCkmax|)/ (49)

Similarly, the control error performance & of the system during the time period (¢3, t,) is calculated
in terms of the sensor fault error e; fkmax aS

€s fkmax

Skmax

& = (1 - )x 100 (%), (50)

5. Simulation and Experiment Results

5.1. Parameters of the MMP System

Determining the parameters of the MMP system is complex and difficult when the parameters of
the theory system are similar to the parameters of the experimental system. Therefore, we determined
the main parameters of the MMP real system to specify the parameters of the real system. These
parameters are defined as shown in Table 1 based on the values of a real system, namely, a KYB MMP
with a $40-$20-250 mm cylinder and a 24V DC motor. After the fundamental parameters were
confirmed by normal calculations, the other parameters were determined by using the parameter
estimation method in Matlab. Finally, the main parameters of the MMP real system are listed in Table 1.

Table 1. Basic parameters of the MMP system.

Components Values Units
Ay, 0.0013 m?
A, 9.4 x 10* m?
Ve 2.09 x 104 m3
Ver 4.0065 x 107 m3
mp 10 kg
Be 29 x 108 Pa
Ksp 2383 Nm
p 870 Kg/m®
D, 25x107° m3

The parameters of the MMP model in Equation (9) were determined to be

Bkz[o 0 0 O]T;Ckz[l 0 00];Fs:1;Ts:0.001
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1 T, 0 0

A _ | ~18311e~01 9.463%~01 9.7297e~08 —9.1700¢ - 08
k= 0 0 1 0
0 0 0 1

where a sampling time Ts = 0.001(s) is applied to all of the simulation processes.
The reference signal is given as

yr(t) = 1.5sin(0.8t) + 1.5, (51)

We assume that the sensor fault s(t) is given as

0 iff<11
15t -16.5 if11 <t<12
205151875t if 12 <t < 12.008
0 if 12.5 <t <2275
) =1 5 _455/4 if 2275 <t<23 ' (52)
1.25 if 23<t<295
150 — 5t if29.5 < t <30
0 if t>30

Based on design experience, we chose positive scalars T = 30,7 = 0.05,a¢ = 0.3,¢ = 0.2,and
u = 0.1. We can solve for the matrices P, Q, L and F using the LMI defined in (30), and (31) if the
solution is feasible. We obtained the following results:

1 0 0 0O 0 —3.5384e + 01 6.0184e + 03

0 1.0 00 0 1.6396e — 05 —1.4685e + 02

r'=| 0 010 0|H=|0]|Q=/| -58678-12 |;L=| —2.0567e — 04
0 0010 0 5.5310e — 12 1.9385e — 04

-1 0 0 00 1 —3.5384e + 01 —6.0187e + 03

1.1636e +02 —6.0117e-05 1.8585e—-11 -1.7518e—-11 1.1636e + 02
-6.0117e - 05 3.5111le—-09 -1.5609e-16 1471le—16 —6.0116e—05
P=| 1.8585e—11 -1.5609e—16 3.3143e—-09 —1.4222¢—23 1.8585e—11
-1.7518e —11 1.471le-16 —1.4222e-23 3.3143e-09 -1.7518e-11
1.1636e +02 —-6.0116e—05 1.8585e—11 -1.7518e—11 1.1636e + 02

9.9991e-01  9.7297e—-04 4.9095e-11 -4.6271e-11 O
-1.8311e—01 9.4639%e-01 9.7297e—-08 -9.1700e—-08 O

F= 0 0 1 0 0
0 0 0 1 0
-9.9991e-01 -9.7297e-04 -4.9095e-11 4.6271le-11 O

5.2. Simulation Results

A model of the sensor FTC for the MMP system was constructed in Simulink to perform numerical
simulations using input and output signals where we assumed that the sensor is faulty, as described by
Equation (52). Simulation results of the MMP system were compared between a system without UID
(dy = 0) and a system with UID dy = 0.0025rand(2,t) (mm), which are shown in Figures 5-8. Here,
the PID controller parameters (Kp = 1.63193, K;= 2.45106, and Kp= 0.01068) are used in all simulations
with a set point of the initial state in the system xg = [0,0,0]".

The simulation results in Figure 4a show the effects of the fault on the PID position response
signal, as well as the fault estimate from 11s to 12.008 s, and from 22.75 s to 30 s for the case without



Energies 2019, 12, 4337

14 of 22

FTC. We can also see that the PID position response signal follows the reference signal at locations
where there is no fault impact.

PID response and it estimation (mm)

—— Reference input (mm)
— =PID position response (mm)
= == Position estimation (mm)

Position response and its estimation (mm)

Reference input (mm)

— — PID position response (mm)
= == - Position estimation (mm)

(b)

Figure 4. Position and estimate of position without FTC (a) disturbance dy = 0, (b) disturbance dj, .

In contrast, the PID position response signal does not follow the reference signal at locations
where there is a fault change. The PID position response signal shown in Figure 4b is also affected by

an unknown disturbance of the actuator. Additionally, the sensor fault and its estimate are similar to
one another, as shown in Figure 5a, which means that the fault estimator of the UIO works well. A big
difference between the sensor fault and the estimated fault is observed in Figure 5b under the impact
of the disturbance d.

Sensor fault and its estimation (mm)

the same, although the system is impacted by the disturbance.

-0.5

-1.0 4

2.0

1.54

1.0+

0.5

0.0

Sensor fault (mm)
= = +|ts estimation (mm)

5 10 15 20 25 30 35
Time (s)
()

Sensor fault and its estimation (mm)

Sensor fault (mm)

= = «|ts estimation (mm)

5 10 15 20 25 30 35
Time (s)
(b)

Figure 5. Sensor fault and estimated fault without FTC: (a) disturbance d;, = 0; (b) disturbance d .

In contrast, we see in Figure 6a,b that the PID position response signal and the reference signal are
approximately the same when the SFTC technique is applied to implement the fault compensation
process. The system still operates normally, even when the fault and disturbance are compounded.
Figure 6 shows that the response signal nearly replicates the desired signal, and this issue also proves
that the PID position response signal with the disturbance and without disturbance is approximately
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Reference input (mm)
44 — — PID position response (mm)
- - - -Position estimation (mm)
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Figure 6. Position and its estimation with FTC (a) disturbance d; = 0, (b) disturbance dj.

Time (s)

The simulation results in Figure 7a,b shows that the sensor fault and disturbance of the actuator
decreased to approximately zero after the SFTC compensation procedure. This demonstrates that the
SFTC technique and the sensor fault estimator work well for the MMP system. Disturbances coming
from the actuator can be cancelled after each fault compensation, so we can use only a sensor FIC for
fault compensation without needing an additional actuator FTC for fault compensation.

20 = Sensor fault (mm) Sensor fault (mm)
£° = = «|ts estimation (mm) T 204 = = -|ts estimation (mm)
E £
= 151 = 154
K] o
= ]
£ 1.04 _E 1.0 4
2 g
2 054 2 054
el el
e C
= 00 ! oo m— S 00
g ' 3 I
S 05 S 05
2 2
$ [}

1.0 4 @ 1.0

T T T J v T 1 T T T T T T 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (s) Time (s)
(a) (b)
Figure 7. Sensor fault and estimated sensor fault with SFTC: (a) disturbance dy = 0 and (b)

disturbance d.

The results of the PID controller performance are shown in Table 2. The results were used to
evaluate the effectiveness of the SFTC technique of the PID controller based on data related to the
maximum control error e max and the control error performance n;. The evaluation was conducted
by numerical simulation with and without a disturbance and corresponding cases with SFTC and
without SFTC, respectively. We can clearly see that the maximum control error e m,y for the case
without a disturbance strongly decreased when SFTC was applied, which decreased from 1.424 to
0.175 from 0.1 s to 15 s, 0.431 to 0.041 during 15 s to 25 s, and 0.388 to 0.139 from 25 s to 35 s. The
control error performance 1) of the PID controller was high when the SFTC was used, as it showed the
average error performance e.max (1x) increased from 46.52% to 92.67% for the cases without and with
SFTC, respectively. Similar results also show the maximum control error e.max for the cases when the
disturbance strongly dropped from 1.450 to 0.185, 0.608 to 0.062, and 0.480 to 0.062, corresponding to
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times of 0.1 s to 15s, 155 to 25 s, and 25 s to 35 s, respectively, while the average error performance
eckmax (k) significantly increased from 38.77% to 92.58% when SFTC was employed, as shown in
Table 2. The disturbance showed a pretty big influence in the case without SFTC, with an average error
performance e.gmax from 46.52% to 38.77% which is compared to average error performances €gmax
from 92.67% to 92.58% for the case using SFTC. Overall, most of the impacts of the disturbance and
sensor fault were reduced under SFTC technology.

Table 2. Error assessment e ym,x using the PID controller.

Without FTC With FTC
Content d=0 With dj d=0 With dj
€ckmax (mm) nk(%’) €ckmax (mm) Mk (%) €ckmax (mm) nk(o/") €ckmax (mm) Mk (%)
From0.1sto15s 1.424 5.06 1.450 3.30 0.175 88.33 0.185 87.65
From15sto25s 0.431 65.53 0.608 51.40 0.041 96.71 0.062 95.07
From 25st035s 0.388 68.97 0.480 61.57 0.139 92.98 0.062 95.03

Average error performance

ectom. from 0.1s to 355 - 46.52 - 38.77 - 92.67 - 92.58

Moreover, the results in Figure 8 clearly show the influence of sensor faults on the control error
signal ey in the cases without disturbances and without SFTC. In contrast, when we utilize the SFTC
technique to implement a simulation in a case without a disturbance, the effect of the sensor fault is so
small that the control error signal ey in the case with a sensor fault is approximately the control error
signal ey in the case without a sensor fault, which is shown in Figure 8b.

2 -

Position error e, with s,#0 (mm) 27 Position error e, with 5,20 (mm)
- = = - Position error e, with s,= 0 (mm) = = ==Position error e, with s,= 0 (mm)
€ €
E E 1
5 5
o 5
5 | 5
= o
Z 0 ~v _B\. _— =2} _gvglv,évév
o ' v 3
a a
-1 ! Y ! Y ! Y ! -1 T T T T T T 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (s) Time (s)
(a) (b)

Figure 8. The position control error e, of the PID controller without disturbance dj for the cases:
(a) without SFTC, (b) with SFTC.

We can also see the influence of the sensor fault on the control error signal e; ¢ in the cases without
disturbance and without SFTC more clearly in Figure 9a as well as in Figure 9b for the case without
disturbance and with SFTC.
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Figure 9. The position control error ez of the PID controller without disturbance dy for the case:

(a) without SFTC, (b) with SFTC.

Similarly, the results of the control error signal e show a pretty big influence under disturbance
conditions for the case without a SFTC as shown in Figure 10a. Although the system does have a
disturbance and sensor fault, the system successfully removed faults when the SFTC was performed as

shown in Figure 10b.

27 Position error e, with 5,20 (mm)
- - - - Position error e, with s,= 0 (mm)
£
E 1
S
(W)
=
g
@
c
kel
20
o
a
_1 T T T T T T
0 5 10 15 20 25 30 35
Time (s)
(a)

(mm)

Position error e

2 -

Position error e, with 5,0 (mm)
- - - - Position error e, with s,= 0 (mm)

[N

o
1

5 10 15 20 25 30 35
Time (s)
(b)

Figure 10. The position control error ey for the case with disturbance dy for the case: (a) without SFTC,

(b) with SFTC.

The influence of sensor fault on the control error signal e, ¢ in Figure 11a,b showed a result similar

to that shown in Figure 9a,b.
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15 Position error e, (mm) 15 Position error e, (mm)
E 1.0 4 E 1.0
S 051 S 051
5 | &
c c
ke S
-0.5 4 ' -0.5 4
T T T T T T 1 T T T T T T 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (s) Time (s)
(a) (b)
Figure 11. The position control error ey for the case with disturbance dy for the case: (a) without SFTC,

(b) with SFTC.

Similarly, an evaluation of the SFTC technique based on the maximum sensor fault error e fxmax
and the error performance & is shown in Table 3. The average performance & for the sensor fault error
€sfkmax 15 44.53% without SFTC and 94.91% with SFTC for the case without disturbance di. The lowest
performance interval (0.61%) is from 0.1 s to 15 s. The average performance & is reduced by increasing
the disturbance di. The system achieves a performance of only 36.74% without SFTC. However, the
system achieves a performance of 93.78% when SFTC technology is applied for the disturbance dj, case.
High average performance &, was obtained by applying the SFTC technique to the MMP system in the
cases without a disturbance (94.91%) and with a disturbance (93.78%). These results demonstrate that
the SFTC technique works well. The results of the control error evaluation shown in Tables 2 and 3 can
demonstrate the superiority of the proposed FTC method compared to the traditional PID method.
This superiority can be shown in average error performance e max Which was increased by 46.15%
(from 46.52% to 92.67%) of without disturbance case and by 53.81% (from 38.77% to 92.58%) of with
disturbance case that shown in Table 2.

Table 3. Error assessment e jxmax using the PID controller with disturbance dy.

Without FTC With FTC
Content 4,=0 With d, 4,=0 With d,
esﬂ(max (mm) ‘Sk(o/") Esﬂ(max (mm) gk(o/") esﬂ(max (mm) gk (%) Esfkmax (mm) };k(o/“)
From 0. 1sto15s 1.464 237 1.490 0.61 0.215 85.64 0.225 84.95
From 15sto25s 0.431 65.49 0.609 51.30 0.006 99.54 0.023 98.15
From 25st035s 0.428 65.75 0.521 58.31 0.006 99.54 0.022 98.24

Average error performance

€4 fimax from 015 t0 35 s - 44.53 - 36.74 - 94.91 - 93.78

In addition, this evaluation can also show in Table 3 by average error performance s fgmax which
was increased by 50.38% (from 44.53% to 94.91%) of without disturbance case and by 57.04% (from
36.74% to 93.78%) of with disturbance case.

5.3. Experimental Results

5.3.1. Diagram of the Testbed for the MMP System

In this section, the configuration of the EHA testbed setup is presented, where the EHA system
includes a hydraulic cylinder, which is adjusted directly by operation of the bidirectional pump, as
shown in Figure 12a. This means that changes in the cylinder speed depend on electric power shifts of
the motor.
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SCB-68A
(PCI NI 6251)

LDVT sensor
(TCLA - 30A)

Auplifier
(DSI-301B)

Compnuter |_ \fj_ -~

—— (] 1 .
ﬁ Crmr : o~ Object M, MMP EHA system
L.

Motor driver MD03
r PCICard 6251

(a) (b)

Figure 12. The testbed for the EHA system: (a) structure of the testbed for the EHA system,
(b) experimental EHA testbed.

Therefore, to control the piston position of the cylinder, the relationship between electrical energy
changes of the motor and piston position changes needs to be established. To do this, a linear variable
differential transformer (LVDT) sensor is used to obtain data from the piston in the form of a digital
signal. When the LVDT sensor TCLA-30A touches the surface of object Mp, as shown in Figure 12, the
signal will be transferred to amplifier DSI-301B. Then, this signal will be transferred to the computer
through a PCI card (NI 6251). Conversely, if the difference between the desired signal and the feedback
signal from the LVDT sensor is zero, then the computer will send the analogue signal to the motor
driver via PCI card NI 6251. As a result, the system operates under closed-loop control. The controller
for the testbed is implemented on a personal computer (core 2 Duo 2.2 GHz) using Matlab Simulink
version 2013b (32 bits) and the Real-time Windows Target Toolbox.

5.3.2. Results

SFTC experimental scheme of the MMP real system is performed using the setup shown in the
diagram in Figure 12a,b. This technique is proposed to improve the performance of the PID controller
for the MMP real system. The principle of this process is as follows. The feedback signals from the
LVDT sensor signal where these sensor signals are filtered by a lowpass filter in combination with
the mean value to smooth out the noise, which makes control easier. The experimental results were
performed under a predetermined fault condition in (52) and the reference input in (51) for the MMP
system. The results are shown in Table 4. The value of the error performance 7 for the case without
SFTC was —5.69%, which indicates low performance. A negative value for the performance implies
that the real system is affected by several faults, disturbances, and noises that are unknown.

Table 4. Evaluation of the error e .y using the PID controller.

Sinusoidal Reference Signal

Content Without FTC With FTC
€ckmax (1m1m) 1Nk(%) €ckmax (mM11) Ni(%)
From 0.5sto15s 1.721 —-4.74 0.903 39.80
From 15st025s 0.979 21.64 0.254 59.99
From 25s5t035s 1.550 -3.96 0.254 79.68
Average error performance from 0.5s to 35 s - -5.69 - 59.82

The experimental results are shown in Figure 13. The PID position response signal is significantly
improved when using the SFTC technique, as shown in Figure 14a,b. The effectiveness of this technique
was evaluated using error performance 1y, as shown in Table 4. The differences between the average



Energies 2019, 12, 4337 20 of 22

error performances are listed in Table 2 and 4 for the cases with and without SFTC, showing the
effectiveness of the technique. Specifically, the control error performance 7y is 59.82% for the case in
which the SFTC technique was applied, which is shown in Figure 14a,b.

= PID response without FTC(mm)
= == Reference (mm)
44 = = = Sensor fault (mm)

= PID response with FTC(mm)
= = = Reference (mm)
44 = = = Sensor fault (mm)

Reference, PID response and sensor fault (mm)
Reference, PID response and sensor fault (mm)

Time (s) Time (S)
(a) (b)

Figure 13. PID position response and an estimate of position: (a) without FTC, (b) with FTC.

2

Position error (mm)

. Position error (mm)

|

-

-

o

Position error (mm)
Position error (mm)

S
S

<

&

-1 -1

0 5 10 15 20 25 30 3t 0 5 10 15 20 25 30 35
Time (s) Time (s)
(a) (b)

Figure 14. PID position error in the experiment: (a) the case without SFTC, (b) the case with SFTC.

6. Discussion

In this paper, a mathematical model was developed based on [3]. In addition, a UIO based on the
system reconstruction approach is applied to perform state and fault estimation. These techniques were
studied and improved upon based on the proofs in previous papers [11,21]. Asymptotic stability of the
state observer is guaranteed using the LMI optimization algorithm. Here, the numerical simulation
process was conducted successfully on the MMP model. In particular, the SFTC technique was
implemented effectively in the simulations and experiments. The experimental results showed that the
position response in the case of SFTC was better than without SFTC. This performance of the applied
SFETC resulted in an increase of 65.51% (from —5.69% to 59.82%) as shown in Table 4.

7. Conclusions

The SFTC technique was performed successfully in simulations and experiments for a nonlinear
EHA system. The SFTC performance in simulations was approximately 93.78% in the case with a
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disturbance and 94.91% in the case without a disturbance. The fault and disturbance were nearly
cancelled out when the SFTC technique was applied. In experiments using a real MMP system, the
average performance was 59.82% when the SFTC technique was used. With the SFTC technique, the
average performance increased by 65.51% (from —5.69% to 59.82%) and the control error improved, as
shown in Table 4 and Figure 14a,b. Thus, the system can work well even when faults occur.

Author Contributions: The mathematical modelling of the MMP system which is constructed to apply to the
UIO reconstruction. An inequality under matrix is performed to determine observer gain by LMI optimization
algorithm and a procedure for evaluating the tracking performance of the MMP system under disturbances and
sensor faults is proposed. Constructing the evaluation process of the error performance during simulations and
experiments was performed to determine the level achieved. T.V.N. and C.H.’s major contribution in this paper is
that the proposed SFTC technique is successfully applied to reduce minimum impacts of faults and disturbances
aimed at stability and safety insurance for the system.
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