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Abstract: The control accuracy and stability of the electrohydrostatic actuator (EHA) are directly
impacted by parameter uncertainty, disturbance uncertainty, and non-matching disturbance, which
negatively impacts aircraft rudder maneuvering performance and even results in rudder chatter. A
dynamic surface-based adaptive active disturbance rejection control (DSAADRC) is proposed as
a solution for these issues. It does this by developing a novel parametric adaptive law driven by
the combination of tracking error, parameter estimation error, and state estimation error to estimate
the unknown parameters, using three low-order ESOs to estimate and compensate the uncertain
disturbances online, and employing a dynamic surface method to obtain the differential values
of virtual control signals in the backstepping method to deal with non-matching disturbances. In
this research, a Lyapunov stability analysis demonstrates that the method can achieve the position
tracking accuracy of the EHA under time-varying external disturbances after first establishing an
EHA dynamics model with nonlinearity and uncertainty, followed by the design of an adaptive
active disturbance rejection control method based on dynamic surfaces for the uncertainties and
perturbations. In contrast to control strategies like Robust Control (RC) and Adaptive Robust Control
(ARC), simulation and experiment comparison shows that the method has stronger anti-disturbance
under time-varying external disturbances.

Keywords: electrohydrostatic actuator (EHA); adaptive robust control (ARC); extended state observer
(ESO); dynamic surface control

1. Introduction

With the development of power-by-wire (PBW) technology in the aerospace field,
the flight actuation system is gradually replacing conventional power-by-pipe actuation
with electrical actuation for primary and key secondary flight controls [1,2]. A novel
actuator for more electric aircraft, the Electro-Hydrostatic Actuator (EHA) consists of an
electronic control unit, a servo motor, a hydraulic pump, a cylinder, and hydraulic auxiliary
components. It has been used in several aircraft models to drive critical rudder surfaces,
such as the F-35 fighter, A350, and A380 commercial aircraft [2]. Generally, according to
the working principle, EHA can be divided into three types: EHA with fixed-displacement
pump and variable-speed motor (EHA-FPVM) [3], EHA with variable-displacement pump
and fixed-speed motor [4], and EHA with variable-displacement pump and variable-speed
motor (EHA-VPVM) [5,6].

EHAs have the benefits of high efficiency, high integration, small size, and light
weight [1,7], but they also have parameter uncertainties, disturbance uncertainties, and
nonmatching disturbances. For example, internal friction and leakage, as well as exter-
nal load uncertainties, are nonlinear disturbances, and the channels through which they
enter the system are different from the channels through which the control input signals
enter [8,9].
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Parameter uncertainties such as internal and external leakage coefficients and viscous
friction coefficients pose certain difficulties for the design of model-based EHA controllers.
The EHA parameters, which frequently deviate from the nominal values during actual
operation due to temperature, operating conditions, and other perturbations, strongly
influence the control input designed based on model information. If the control law
designed according to the nominal parameters is implemented without considering the
parameter variations, it will increase the tracking error. Wang et al. suggested a combination
of variable structure filter and sliding mode control to deal with bounded parameter
uncertainty and noise in EHAs [10], and Lee et al. combined the advantages of adaptive
PID and sliding mode control to design an adaptive anti-saturation sliding mode controller
for suppressing parameter vagueness in EHAs [11]. Ahn et al. combined an adaptive law
and an improved backstepping method to compensate for parameter uncertainty in EHA
systems [12], but the approach has trouble dealing with outside disturbances.

The EHA also has a significant amount of disturbance uncertainty, which includes
external load uncertainty as well as nonlinear disturbances within the system, like leakage
and friction characteristics of hydraulic pumps and cylinders. Because their perturbation
forms and the nonlinear functions that can accurately describe their characteristics are
unknown, these characteristics are difficult to model accurately, which results in the con-
troller’s performance under actual operation degrading or even becoming unstable, which
affects the accuracy of the EHA position tracking [13]. Sliding mode control, as a robust
control technique with strict theoretical support, has many applications in EHA control
because it can successfully handle uncertain nonlinearities and achieve asymptotic stabil-
ity [8,10,14]. However, the chattering problem in sliding mode control has been a concern.
Yang et al. designed a sliding mode observer and a new convergence law to eliminate
chattering [15], but the approach is too complex to be used. Yao et al. proposed an adaptive
robust control (ARC) strategy integrating backstepping and the adaptive method [16], and
this procedure proved its effectiveness in the control of both valve-controlled cylinders and
hydraulic motors [17,18]. High feedback gains are produced as a result of the technique’s
excessive reliance on the robust term’s ability to counteract external disturbances, which
can excite the system’s unmodeled dynamics and lead to instability [19].

Compared to matching disturbances, non-matching disturbances enter the system
on a different channel than the control input, which makes it impossible to compensate
for them with a conventional feedforward controller. In order to suppress non-matching
disturbances, a number of improved sliding mode controllers have been proposed [20,21].
However, these techniques require that the non-matching disturbances satisfy the assump-
tion that the amplitude tends to zero at infinity, which is challenging to accomplish in the
majority of real-world systems. Yang et al. proposed a robust control system based on a
nonlinear disturbance observer that can suppress the effects of nonmatching disturbances
and parameter variations from the system output channel [22]. To address the disturbance
suppression issue for non-integral-chain systems with mismatched uncertainties, Li et al.
proposed generalized ESO-based control methods [23]. However, the estimation peaking
phenomenon of disturbances generated in this type of method can cause control peaking
phenomenon under high observation gain conditions, resulting in unstable control quanti-
ties [24]. In order to deal with non-matching uncertainties like dead zones in EHAs and
achieve global stability, Yang et al. adopted the adaptive backstepping method [25]. But,
since EHA is a high-order system, the increase in variables in the virtual control signals
leads to the final control input comprising multi-order partial differentiation, which is
difficult to apply practically. Many corresponding solutions have been proposed for the
“differential explosion” problem, such as dynamic surface control (DSC) [26,27], command-
filtered backstepping control (CFBC) [28-30], etc. On the other hand, supersonic vehicle
attitude adjustment is where such control methods are most frequently used [31-33]. For
high-order EHA systems, the use of dynamic surface control to solve the “differential
explosion” problem, together with active compensation control to suppress the uncertainty,
has rarely been mentioned.
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In overall review, the parameter uncertainty, disturbance uncertainty, and non-matching
disturbance of EHAs pose great difficulties for their high-precision motion control. Many
studies have been performed on high-precision EHA control strategies, with the majority of
them concentrating on the suppression of a particular kind of disturbance. The above three
types of problems can all be solved simultaneously, but there have not been many studies
that successfully apply the solutions to real-world situations. Therefore, it is necessary
to design control strategies for EHA that simultaneously solve parameter uncertainty;,
disturbance uncertainty, and non-matching disturbance to ensure high precision control.

This paper suggests a Dynamic Surface based Adaptive Active Disturbance Rejection
control (DSAADRC) method for the issues with EHA in light of the aforementioned
considerations. A novel parametric adaptive law driven by a combination of tracking error,
parameter estimation error, and state estimation error is also constructed and made to
combine with a multi-stage extended state observer. The method is able to adapt to the
unknown parameters while actively compensating for the matching and nonmatching
disturbances in the system. The differential value of the virtual control signals is also
obtained because the EHA is a fourth-order system by introducing a dynamic surface
for the backstepping “differential explosion” problem. This prevents the control law’s
multi-order partial differentiation and successfully integrates the extended state observer,
the ARC method, and the dynamic surface. In the presence of time-varying disturbances,
the ultimately uniform boundedness of the system’s position tracking is still guaranteed.
The contributions of this paper lie in the following aspects:

(1) A novel method is proposed to deal with the problem of parameter uncertainty and
uncertain perturbation in high-order systems. The novel adaptive law driven by
tracking error, parameter estimation error, and state estimation error reduces the
burden of ESOs, and the dynamic surface method makes it effectively applied to
high-order systems. Compared with the current studies, the effective fusion of the
three methods is realized, and the stability analysis proves that all signals in the
system are bounded.

(2) The proposed control strategy is applied to the position servo control of EHA,
and sufficient simulation and experimental results verify the effectiveness of the
control strategy.

This paper is organized as follows: first, a description of the EHA’s nonlinear modeling;
second, a description of the DSAADRC method’s design process; and third, a demonstration
of its Lyapunov stability. The next step involves simulation and experimental validation.
The position tracking performance of three controllers, DSAADRC, Adaptive Robust
Control (ARC), and Robust Control (RC), is compared based on the established non-linear
model of EHA to confirm the efficacy of the control strategy suggested in this paper
with conclusions.

2. EHA System Description

Figure 1 illustrates the EHA’s operational theory. In response to the host computer’s
command, the drive controller activates the servo motor, which in turn activates the bi-
directional pump. The expansion and contraction of the acting cylinder are made possible
by the injection of oil into the cylinder through the hydraulic circuit. In this manner, the
specified position for the controlled rudder surface is pushed, so that the entire EHA
system realizes the function of manipulating the rudder surface position to follow the
control command. Among them, the regulating valve is used to bypass the two chambers
of the cylinder in the case of rudder surface jamming, so that the actuator can be in a
follow-up mode to avoid the failure of the aircraft’s flight control system.
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Figure 1. Schematic diagram of an EHA.

2.1. Model of Brushless DC Motor (BLDCM)

The servo motor used by EHA is a brushless DC motor. Because the motor’s electrical
response is much faster than the mechanical response, its characteristics are treated as a
proportional link, that is U = kew + Ri. Consequently, the brushless DC motor is treated as
a first-order link with the bus voltage U as input and the spindle speed w as output. The
dynamic equation is given by the following:

U=k.w+Ri
T, = kei 1)
]ma]:Tg_TL_Bmw—Tf

where k, and k; are the back EMF and torque coefficients, respectively; R is the equivalent
resistance; 7 is the bus current; T, is the electromagnetic torque; |, is the rotational inertia;
Ty is the equivalent external load; By, is the viscous friction coefficient; and Tf is the
static friction.

2.2. Pump-Controlled Hydraulic Cylinder Model
The hydraulic pump’s inlet and outlet flow rates are determined by the hydraulic
pump’s working principle, as follows:

Qi = Dy — Li(pi — po) — Lo(pi — pa) — o,

| @
Q, = wD, — Li(Pi — pg) + Lo(po — Pa) + VE’;’ Po

where Q; and Q, are hydraulic pump’s inlet and outlet flow rates, respectively; Dy, is the
discharge volume; L; is the internal leakage coefficient; L, is the external leakage coefficient;
Pi, Po, and p, are the inlet pressure, outlet pressure, and tank pressure; V;, and V,,; are
the equivalent volume of the inlet and outlet chambers; and B, is the elastic modulus of
the fluid.

The hydraulic cylinder’s dynamic equation is as follows:

Q =Ax+ %% + Le(p1 — pr)

)
. dpy

Qr = Ax — S — Le(pr — pr)
where Q and p represent the flow rate and pressure of the corresponding chamber, the
subscripts | and r denote the left and right chambers of the cylinder, respectively; A is the
effective area of the piston; x is the piston displacement; and L. is the cylinder’s internal
leakage coefficient.
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Neglecting the pressure drop loss in the valve block, by the flow continuity theorem,
it is known that Q; = Q; and Q; = Q,. Combining Equations (2) and (3), the model of the
pump and cylinder can be expressed as follows:

Dpw = Ax + AP + Labp + Q, @

where Vj is the effective volume of the chamber; L, is the total leakage coefficient of
the pump and cylinder, which is proportional to the difference in pressure Ap; Q, is the
unpredictable flow loss; M is the total equivalent mass of the cylinder and load; B, is the
viscous friction coefficient of the cylinder; K; is the elastic load coefficient; and F f and Fp,
are the static friction and external load, respectively.

By combining Equations (1) and (4) and choosing the system state variable as

X =[x;xpx3x4)" = [xxAp w]T, the state space equation of the EHA can be established
as follows: .
X1 = X2
. Fe+F
xZ:ﬁ)@,—%JQ— fML
X3 = %(Dlﬂ% — Axy — Lexg — Qun)

X4 = %(ktu%m — Buxg — Dpx3 — Ty)

©)

where ], is the total rotational inertia of the pump and motor; and Q, is the unpredictable
flow loss.

3. Controller Design
3.1. Problem Description

From Equation (5), it is known that the EHA is a fourth-order system with bus volt-
age U as input and piston rod displacement x; as output. There are unknown external
disturbances in the system, such as the external load force of the hydraulic cylinder F, the
immeasurable flow loss Q,;; including the leakage flow inside and outside the pump, and
the static friction torque of the motor shaft T, which are all unpredictable and difficult
to obtain their dynamic characteristics, and parameter uncertainty, reflected in the fact
that the true values of B, L., B, are not known. They are time-varying due to factors
such as temperature and hydraulic system pressure. All these factors pose challenges to
model-based control law design.

Redefine the vector of unknown parameters as follows:

Be BeLe Bu,"

0= [61/92/03}T: [M/ VO /]—7} .

Then, Equation (5) can be rewritten as follows:

X1 = X2
Xp = %Xg —01xp — F(t)

. D (6)
X3 = ﬁTopsz - 5{’,fo —6x3 — Q(t)

. D
%3 = 3 (U —kexg) — Thx3 — 6334 — T(t)

a

In Equation (6), F(t) = (Ff+ FpL)/M, T(t) = Tf/Ja, and Q(t) = QuaBe/Vo. It is
crucial to remember that even though the parameter’s true value is unknown, its upper
and lower bounds are simple to determine:

GGQGZ{GZQminSGSQmaX}
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T

T r denotes the minimum and maximum values of the
Gmax [Glmax 2max 93max]

known parameters, respectively.

where { 91];1111 = [elmin GZmin 63min]

3.2. Nonlinear Projection Design

Design Proj(*) as a nonlinear projection, denoted as follows:

0,if él' > Bimax and éi >0
Pro]éi(.i) = 0,if él‘ < Bimin and éi <0 @)

o;, else

In Equation (7), i = 1,2,3. The adaptive law is designed as follows:

8 = Proj(—T®@), (Bmin < 8(0) < Oimax) ®)

In Equation (8), I and @ are the diagonal gain matrix and the adaptive function to be
designed, respectively. At this point, the following properties can be obtained:

9609 I{QieminSGSQmax}
0TI~ 'Proj» (T@) — @] <0 ©
]

3.3. Extended State Observer (ESO) Design

It is easy to find that the system states x1, x3 and x4 are all measurable quantities in
Equation (6). In order to estimate external disturbances, three extended state observers can
be designed. One could infer the following:

F(t) = hi(t)
Q(t) = ha(t) + hi < [hilmax (i =1,2,3) (10)
T(t) = ha(t

Considering the perturbations F(t), Q(t), and T(t) in the three subsystems, the three
extended state observers are designed for their different subsystem orders:

21 =% — 37 (% — x1)
22:% —b1xa — F(t) — 372 (% — x1) (11)
F(t) = -1 (%1 — x1)
{ J.AC.3 = %(DPJQ} — sz) - é2X3 — Q(f) — 21’2(323 — X3) (12)
Q(t) = —13 (%3 — x3)
{ Ry = (U kexs) — I%xs — O3y — T(t) — 275(%4 — x4) (13)
T(t) = —13(2s — xa)

where 7;(i = 1,2,3) is the observer’s adjustable parameter, which can be determined by the
necessarily required bandwidth. The definition of the observation error is 8 = é — e. By
differing the first two, third, and fourth equations of Equation (6) by Equations (11)—(13),
the expression of the observed error is as follows:

171 = T1A1771 — Bﬂ%x
i1y = A — C1box3 — G2 Z(t) (14)

715 = T3Asi3 — D1f3xy — Dz%

_ Bzhlriit)
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where m = [3?1,322/1’1, F(t)/T%]T/ M = [23/ Q(t)/TZ]T/ N3 = [X4IT(t)/T3]TI B] = [0/ 1, O]T/

B, = [0,017, ¢ = [1,0", & = [0,1", by = [1,0", D, = [0,1]7, and
31 0

A=|-3 0 1 ,AZ_[j —01],143_[:% —01}
-1 0 0

Since matrix A;(i = 1,2, 3) satisfies the Hurwitz condition, there must be a positive
definite matrix P;(i = 1,2, 3) such that the following equation holds:

AP 4+ PA; = —1,(i = 1,2,3) (15)
where matrix I represents the corresponding identity matrix.

Hypothesis 1. The derivative term h; of the extended state in three ESOs with respect to time
satisfies |h;| < A;,i = 1,2,3, where A; are unknown positive real numbers representing their
boundaries. It is important to note that the three linear extended-state observers have the same
structure. It can be inferred from the analysis in [34] and [35] that the observer’s observation
error bounds and convergence speeds are related to tunable parameters T;(i = 1,2,3), and the
desired performance can be achieved by adjusting them. We will talk about its stability proof in
the next section.

3.4. Design of the DSAADRC

Due to the presence of non-matching disturbances in the system, the backstepping
method is used for the design of the controller.
STEP.1: Tracking errors e; and e, are defined as follows:

1 = X1 — X4
ex = e1 +kjer = xp — Xoeq (16)
Xoeq = —k1€1 + x4

That is, when ¢, tends to 0, e; must tend to 0. Therefore, the control quantity is
designed so that e, tends to 0.
STEP.2: The derivative of ¢, with respect to time ¢ is as follows:

= %3% —61x — F(t) — X2¢q
Design the virtual control signal a3 for x3 and define the error e3 as follows:
€3 = X3 — 03
a3 = (§3a + ass)

a3, = O1x0 + ﬁ(t
azs = —kaeo

A 18
j (18)

where k; is the adjustable control parameter, and a3, and a3, represent the model compensa-
tion term and the robust term, respectively. By substituting Equation (18) into Equation (17),
the dynamics of e; are as follows:

. A ~ -
ey = M63 + 6hx0 + F(t) — koeo (19)

STEP.3: Similar to step.2, the design goal is to make e3 converge to 0. The derivative of
ez with respect to time ¢ is as follows:

e3 = X3 — &3 = %(Dple — Axp) — 02x3 — Q(t) — a3 (20)
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a3 in Equation (20) includes two parts, a3, and a3, which represent the calculable and
non-calculable parts, respectively, and can be written as follows:

ioe = 553 (2 — By — () + 550+ Gt + %2+ 1 B (1)
sy = 32 (01 + F(1))

axz

(21)

Design the virtual control signal a4 for x4 and define the error e; = x4 — a4. The virtual
control signal a4 can be designed as follows:

0y = “4113‘"‘45

P
taq = Axz + 3 (3 + B2x3 + Q(1)) (22)
g5 = —%kses

The dynamic equation of e3 can be obtained by combining Equations (20)—(22) as follows:

PeDyp
0

eg + 0rx3 + Q(t) — dzy — kzes (23)

STEP4: Similar to the previous step, the derivative of e; with respect to time ¢ is
the following:

1 U—kgx4
(2
kR

From Equation (22), a4 is a function of time ¢, the system state vector X, and the
unknown parameter vector 6. The “differential explosion” problem can be avoided by
adopting a dynamic surface approach to obtain ay.

Replace a4 in Equation (22) with X4 and redefine a4 as the output of X, through one

ey = X4 — Ay = — Dpx3) —03x4 — T(t) — a4 (24)

low-pass filter (ps + 1)_1. Additionally, the conditions listed below are satisfied:

iy + 0y =Xy
{ 24(0) = 74(0) @)

From Equation (25) the following can be further derived:

. Xq4 — Qg
gy = ——— (26)
%

At this point, it is possible to design the control input U as follows:

U= (Uy + Us)
u, = DPJC3 + ]a(é3X4 + T(t) + 064) + keX4% (27)
Us = — Jakyey

Combining Equations (24) and (27), the dynamic equation for ¢4 can be rewritten
as follows:
ey = O3x4 + T(i’) — kyey (28)

The filtering error es can be defined as es = a4 — X4. Then, the dynamic equation of es

is as follows: B
x4_“4—i4:—%5—§4 (29)

65 = (g — X4 =

It is noteworthy that according to the definition of the filtering error e5 and error ey,
the following can be derived:
eg = x4 — (X4 +es) (30)
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Therefore, by combining Equations (20) and (30), the dynamics of e3 can be rederived
as follows:
_ BeDy
Y

(es +e5) + Opxz + Q(t) — &z — kses (31)

Remark 1. In this study, in order to facilitate the design of control laws, the influence of filtering
error on control accuracy in the dynamic surface control method is ignored. But, in fact, such
simplified processing will reduce control accuracy to a certain extent. In order to compensate for the
loss of control accuracy, a compensation mechanism for filtering errors can be designed [36], that is,
¢ is introduced and designed as follows:

{ = —L{ —2es*sgn({) +es, (0) =0 (32)

where L is a positive tunable parameter.

3.5. Stability Analysis

The Lyapunov function V, is designed as follows:

3
1 Tar  qx
V, = ZE Tpl-m+§9Tr 19 (33)

e
I\J\»—\

Combining Equations (14), (16), (18), (19), (29) and (31), the derivatives of V, with
respect to time ¢ can be obtained as follows:

. 5 _ A\
V, = <‘21%ei2+ .z InIPm; + 19Tr—19)
1= 1=
=e1(ex —kye1) +ex(dhes + 0120 + F(t) — kaeo) + 63[Be L(eg + e5) + Opxz + Q(t) — day — kzes]

+eg(O3xy + T(t) — kyeq) + 65(—; — %) — *T1H’71|| -1 P1319ﬁ - *T2||’72H — 13 P,C105x3

—La|lysll? = 4T PsD1Bsxy + 67010 — 4T Py B, ’”—() — I PGy " — T PyD, ")

(34)

Suppose there exists an upper bound M, for %y, i.e.,

The adaptive law 8 can be designed as follows:

é = @1X2 + Q2X3 + P3X4
= [ep + PR | oy 8 g, )
= [0, —e3+ 173 P.C1 — ?5 ,0]

= [0,0,—es + B0y — ]’

T
(35)

where é; > 0 (i = 1,2,3) is the gain parameter. Substituting Equation (35) into Equation (34),
based on Young's inequality [37], the following can be inferred:

' 2 2 2 2 (1 Mo
Via < —kie5 — koes — ke — kyej — (? - ﬂ)e5
B.D

o (leallea] + [eslles])

+exlea] + #xlezlles] + =5

93
axz

+1¢ |ea||m13| + T2les|[22] + Talea| [ya2] 4+ 17 | 532 [leal s
2 2 2
—2(m = 1)ml* = 3w =Dl - 33— 1)l

2 2
(|1PBa | ) + (wc”m@m>

(36)

(P D )y B BB g2y 02



Aerospace 2023, 10, 747 10 of 19

where the parameter ¢ > 0. Equation (36) can be further simplified as follows:

Vo< —ZTAZ +¢

2, 2 2 | 1AT2
< = Amin(A) (€17 + 2l 17+ 18717) + ¢
(37)
< - mm( )( Z 6‘ + Z Ao (D) P771 7Amax1(r_1)9Tr710) +e
<AV +e
The results that can be obtained after resolving this inequality are as follows:
Va(t) < Va(0) exp(—Aat) + Ai[l —exp(—Aat)] (38)
a

According to Equation (38), the closed-loop system’s parameters are all bounded by
the control law in Equation (27), and the gain parameter can change this constraint.
In Equation (37), 7T = e T 171T , 172T , 173T , ], there are as follows:
(A1 Az Az Ay 0
AL A3 0 0 0
\h(t| ,A=|AL, 0 Ay 0 0],
173 Imax
+(||PsD2|| )+ + + +(53 AT, 0 0 As 0

h 2 h 2
e = (||P,B> ”\ 1(t)|max) (”p C, ”\ 2(f)|max)

L0 0 0 0 Al

(k-3 0 0 0
1 A
Dy e D, Be 1
A=|0 1 ks _21\)/?) _2% ,Azzzlo 1 0],
DyBe 0 01
0 0 i ka 0
DyBe 1 M?
|00 W 0 -5
7 -1 0 0
1 1 —1 0 1[—1 0
A3:7 0 Tl—]. 0 ,A4—|: _:|/A5|: _:|
2 0 0 T1—1 2 0 -1 2 0 T3 1
00 0 00 00
,10 0 1 0 1 0 1
_T a —T _3
Ap=—110 0 |52, Aiz=—210 0], Ag=—210 0],
0 0 0 0 0 0 0
00 0 0 0 0 0

1 1 1 1 }
)\max(Pl) ’ )\max(PZ) ’ )Lmax(PB) ’ /\max(ril) ’

where Apin(®) and Amax(®) represent the minimum and maximum eigenvalues of e, re-
spectively.

Mg = 2Amin(A)min{1,

4. Simulation Analysis

Three sets of simulation experiments are created for comparative analysis in order to
confirm the efficacy and superiority of the above-designed control strategy. The desired
input x, is given as x; = 0.04 sin(7tt)[1 — exp(—#)]. The four controllers are as follows:
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(1) The DSAADRC controller is proposed in this paper. In this set of simulations, the
controller parameters used are the following: gain matrix I' = diag{5000, 6.2 x 10!,
3.5 x 10~4}; ESO gain T; = (200, 500, 1000), (i =1, 2, 3); gain parameter J; = 1000, (i=1,
2, 3); feedback gain k; = (100, 50, 155, 227), and (i = 1, 2, 3, 4); filter parameter p = 0.01.
The upper and lower limits of the parameters are set to Omax = [40, 150, 20] and
Omin = [0, 0, 0]. Since the parameters” actual values are unknown, it might be helpful
to set the initial estimates of the parameters to 6=10,0,0]

(2) The Backstepping Robust Controller (RC), which has the same feedback gain as
DSAADRC. Compared to DSAADRGC, it also has the same model compensation term,
but without the parameter adaptive function and ESO.

(3) Adaptive Robust Controller (ARC). Although this controller gives the RC an adaptive
function, it lacks the ESO’s external disturbance compensation effect. Its adaptive
parameter gain and feedback gain are the same as those of DSAADRC.

Table 1 lists the primary variables used for the EHA position servo simulation.

Table 1. Simulative parameters of the EHA.

Parameters Values
Piston effective area A (m?) 1.134 x 1073
Effective stroke L, (m) 0.1
Leakage coefficient L, (m3/(s/Pa)) 25x 10711
Elastic modulus of oil B, (N/m?) 6.86 x 108
Total cylinder volume Vy (m?) 4x10°4
Viscous friction coefficient of the cylinder B, (N/(m/s)) 1000
Mass of cylinder and load M (kg) 243
Pump Displacement Dy (m3 /rad) 3.98 x 1077
Viscous friction coefficient of the motor B, (N-m/(rad/s)) 6 x107*
Phase resistance R (Q)) 0.2
Phase Inductance L (mH) 1.33
Inertia of the spindle J, (kg~m2) 4 %104
Torque coefficient K; (N-m/A) 0.351
Factor of back EMF K, (V/(rad/s)) 0.234
Elastic load factor Ks (N/m) 0
Bus voltage U (VDC) 270

Figure 2 displays the simulation outcomes for the position tracking error for the three
control methods. The estimation results of ESO and the adaptive convergence results of un-
known parameters in DSAADRC are also shown in Figures 3 and 4, respectively. It should
be noted that after several iterations of parameter tuning, the obtained simulation results
can be seen in Figure 2. The first error waveform is the same for both RC and ARC, and the
tracking error for ARC gradually decreases to less than 0.2 mm from the second waveform,
reflecting the influence of adaptive law. It can be seen from a comparison of DSAADRC
and ARC that ESO has a positive impact on estimating the uncertainty perturbation in the
system, which is also evident from Figure 3. Additionally, the accumulation of feedforward
compensation has improved the ability of DSAADRC to suppress outside disturbances.

To further verify the effectiveness of the proposed DSAADRC method, a perturbation
is injected to the control signal at 10 s with a disturbance value of 1; = 10 + 100x,. Its
tracking error and ESO for perturbation estimation simulation results are displayed in
Figures 5 and 6, respectively. When the system input signal is perturbed, as shown in
Figures 2 and 5, the position tracking error curves of RC and ARC are significantly shifted,
with the maximum tracking error increasing from 0.4 mm and 0.2 mm to approximately
2 mm, while the tracking error of the proposed DSAADRC method stays within 0.2 mm.
This disturbance acts on the control input signal, which is equivalent to artificially adding a
perturbation to the fourth channel of Equation (6), i.e., assigning a value to T(t). Combining
this with Figure 6, it is also evident that at the 10th s, the ESO of both Q(t) and F(t) do not
exhibit discernible significant fluctuations, while the observations of T(t) are able to track
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their actual changes. This demonstrates that the DSAADRC method is able to estimate and
account for the disturbances in the system inputs with ESO, significantly enhancing the
system’s robustness.
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Figure 2. Tracking error of the sinusoidal signal in RC, ARC, and DSAADRC.
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Figure 5. Tracking error of the sinusoidal signal under disturbance in RC, ARC, and DSAADRC.
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Figure 6. Estimated results of ESO under disturbance. (a) Estimate of F;; (b) Estimate of Q;
(c) Estimate of Tt.

5. Experimental Verification
5.1. Test Bench

An EHA prototype and test platform, as shown in Figure 7, were established in order
to validate the suggested control method. A position sensing element is used to detect
actuator displacement, while the sensor signals are fed to the controller through an SG37-2-
09.52 encoder. In addition, two pressure sensors are employed to monitor the pressure in
the two chambers of the piston cylinder. The regulating valves are performed for mode
switching in operation. Table 2 displays the EHA prototype’s specifications.

Figure 7 displays the main components of the experimental platform. The control
commands, with a sampling rate of 200 Hz, were originally executed on a host computer
as reference inputs, which are compliant with the computational simulation. The power
electronics are set up for signal exchange and processing. Control commands are delivered
from the host computer to the power electronics and then to the EHA as inputs. Specifically,
the motor driving signals and valve signals together constitute the inputs to the EHA
system. The former is generated by integrating control commands and system feedback
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signals, while the latter changes the mode of operation. The feedback signals from the EHA
system, containing the motor current and displacement of the actuator, are fed back to the
host computer via the power electronics. The feedback data used in this experiment are
derived from a second-order Butterworth filter with a cutoff frequency of 40 Hz, which is
five times the referenced bandwidth of the EHA [8].

EHA & Test platform

Power,
electronics

Motor driving signals
Valve signals

Position signals

Pressure signals

3 Motor speed signals
Current signals

Sensing Position
data command

Host computer

Figure 7. EHA experimental platform.

7 load
cylinder

Table 2. Parameters of the EHA prototype.

Parameters Values
Rated pressure (MPa) 11
Rated speed (mm/s) 300

Rated load (kN) 12
Effective stroke (mm) 110
Rated voltage (VDC) 270

Bandwidth (Hz) 5

5.2. Results

The EHA studied is used for aileron actuation in medium-sized civil airliners. As an
actuator of the primary flight control rudder surface, it is mainly used to continuously
adjust the output displacement according to the instructions of the flight control computer
during the take-off and landing of the passenger aircraft and then adjust the deflection
angle of the rudder surface. Take the Airbus A320, a typical medium-sized civilian airliner
as an example. Its aileron actuator has a stroke of 44 mm and a bandwidth of about 1 Hz,
but it should be noted that the indicators here correspond to the worst-case scenario. In
reality, under normal circumstances, actuation functions operate well below these extreme
values. During the course of a typical mission, only —80 to 20% of the available force
and £15% of the available speed are used [38]. Therefore, the desired input signal here is
given as x; = 0.01sin(7tt), which is a sinusoidal signal with an amplitude of 10 mm and a
frequency of 0.5 Hz. The EHA position tracking errors under various methods are shown
in Figure 8 as a result of the position servo control experiments that were conducted on the
EHA control methods of RC, ARC, and DSAADRC, respectively.

As seen in Figure 8, when the results of RC and ARC are compared, it is discovered
that both controllers have a tracking error of approximately 1.7 mm at the starting stage;
however, the tracking error of ARC tends to converge over time as a result of the adaptive
estimation of parameters. The parameters of the adaptive gain matrix are correlated with
the convergence rate at 35 s, and the tracking error converges to 1.5 mm. This indicates
that the designed adaptive law can modify the unknown parameters of the system online,
which is advantageous to enhance the tracking performance. While the RC lacks the ability
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to learn and correct unknown parameters online. As a result, for a constant external load,
the position tracking errors of the RC controller at 0 s and 35 s are essentially unchanged.
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Figure 8. Tracking error of the sinusoidal signal in RC, ARC, and DSAADRC (Experimental results).

Further, comparing the experimental results of DSAADRC and ARC controllers, it is
found that the tracking errors of both converge gradually with time, while the tracking
error of the former at the starting moment is 1 mm, which is much smaller than that of the
latter at 1.7 mm. This suggests that the estimation and advance compensation effect of the
ESO on the external load results in a much lighter task for the robust term, increasing the
system’s tracking accuracy.

In order to further quantitatively evaluate the performance of the three controllers,
the tracking errors of the last two cycles in the experimental results were quantitatively
analyzed using the following four performance indicators, which were defined as follows:

(1) Maximum absolute error (MAE)

En = max {le(i)[} (39)

where N is the number of signal points. MAE reflects the magnitude of the absolute
value of the following error.
(2) Average absolute error (AAE)

1y
Uy = NZIe(l)I (40)

(3) Standard deviation of error (SDE)

1Y ?
Se = ﬁ;[IE(l)I—ue] (41)

1

SDE reflects the convergence speed of the controller, i.e., the smaller the value, the
faster the convergence.

(4) Average time-weighted absolute error (ATAE) [39,40]
18
He = 55 L (ile()]) (42)

i=1

ATAE focuses more on the error size after the system enters a steady state.
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The above four performance indices are used to fairly compare the tracking perfor-
mance of different controllers. It should be noted that the smaller the value of the four
indices, the better the tracking performance. Table 3 displays the comparison results, which
clearly demonstrate that the DSAADRC method outperforms the other two controllers in
each of the four evaluation indices.

Table 3. Tracking performance indices of three controllers.

E;, (mm) Se (mm) u, (mm) pe (mm)
RC 1.73 0.0438 0.0552 917.78
ARC 1.54 0.038 0.0476 816.28
DSAADRC 0.84 0.0316 0.0406 436.72

The estimation results of ESO in the DSAADRC are shown in Figure 9. By analyzing
the estimation results of the three observers, it can be concluded that the largest influence
on the EHA displacement is F;, which also confirms the role of the observer’s estimation in
improving the system’s accuracy.
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Figure 9. Estimated results of ESO (experimental results). (a) Estimate of F; (b) Estimate of Q;
(c) Estimate of T;.

The outcomes of parameter adaptation in DSAADRC are depicted in Figure 10, and it
is clear that 6, has converged to almost a fixed value, 03 exhibits a trend of convergence,
whereas 6 is still in the process of convergence, which explains why the tracking error of
DSAADRC in Figure 8 is still in the convergence state.

It is true that the speed of parameter convergence can be improved by increasing
the parameters of the adaptive matrix, but since there is also an estimate of 6 in ESO,
excessive adaptive gain will negatively impact the observational results of ESO, which
will affect the systematic error and thus affect the process of parameter adaptation. In
practical experiments, the estimation of unknown parameters by the adaptive law and the
observation of perturbations by the ESO are mutually coupled processes that necessitate
numerous parameter adjustments and iterations in order to ensure accurate ESO estimation
and convergence of adaptive parameters while taking into account the system’s good
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tracking performance. This outcome is still adequate to demonstrate the superiority and
potential of the DSAADRC, though.
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Figure 10. Adaptive results for unknown parameters (experimental results). (a) Estimate of 6;;
(b) Estimate of 6;; (c) Estimate of 03.

6. Conclusions

This study develops an EHA dynamics model with uncertain parameters and dis-
turbance terms. An adaptive active anti-disturbance control method based on dynamic
surfaces is designed using the framework of the backstepping method to address the issue
that non-matching disturbance, parameter uncertainty, and disturbance uncertainty in
the system cause the EHA control accuracy and stability to degrade. It is shown that all
parameters of the closed-loop system are bounded based on Lyapunov stability theory,
which is verified by simulation and experiment. The conclusions that follow are attained.

(1) The benefits of the proposed dynamic surface-based adaptive active disturbance
rejection control method include estimating external disturbances, overcoming pa-
rameter uncertainties, and preventing “differential explosion”. This method combines
dynamic surfaces, adaptive robust control, and ESO. Even in the presence of time-
varying external disturbances, it can guarantee the position tracking accuracy of EHA.

(2) Two techniques, namely robust control and adaptive robust control, were compared
and used to verify DSAADRC. The simulation and experiment results demonstrate
that DSAADRC was superior in three evaluation indices, including maximum abso-
lute error E,;, average standard deviation S, and average error u,, which indicate
the effectiveness of the method in suppressing disturbances and the superiority in
improving the accuracy of EHA position tracking.

Despite the above advantages, the designed DSAADRC method still has shortcomings,
particularly in terms of the number of parameters to be tuned and the absence of clear
guidelines and methods. Because of its quick and efficient parameter tuning method, it is
still valuable to study in depth.
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