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Adaptive Robust Motion Control for Hydraulic
Actuators With an Adjustable Event Trigger

Jixiang Chen , Zhongyang Fei , Senior Member, IEEE, Litong Lyu , Weiguo Xia , Member, IEEE,
and Xi-Ming Sun , Senior Member, IEEE

Abstract—This article investigates the event-triggered adaptive
robust motion control for hydraulic actuators with parametric
uncertainties and system nonlinearities. Under the continuous
communication condition, the traditional adaptive robust motion
controller is recursively presented. In order to reduce the unnec-
essary bandwidth consumption in the aero-engine networked
control platform, an adaptive threshold triggered mechanism
according to network resources is developed to synthesize the
motion controller. Adjustable threshold parameters are involved
to flexibly adjust the data transmission times depending on
the network bandwidth occupation. It is proved that with
the motion controller and the proposed adjustable threshold
triggered mechanism, all the closed-loop system signals are
globally bounded, and the hydraulic system output achieves
asymptotic tracking to the reference trajectory by virtue of
the adaptive technique, the Nussbaum-type and sign functions.
Besides, the Zeno behavior is excluded, successfully. Finally, the
proposed event-based control scheme is tested and discussed on
the aero-engine hardware-in-the-loop (HIL) experiment platform
with hydraulic actuators.

Index Terms—Adaptive robust control (ARC), adjustable
threshold triggered mechanism, hydraulic actuators, motion
control.

I. INTRODUCTION

HYDRAULIC actuators have been widely applied in
industry due to their advantages of small size-to-power

ratio and large force/torque output capability [1], [2], [3], [4],
[5]. Actually, to achieve better motion control performance,
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the model-based control strategies are frequently used for the
design of accurate motion controllers, such as adaptive back-
stepping technique [6], feedback linearization technique [7],
and high-gain control technique [8]. In recent years, by
virtue of the rapid development of the network communi-
cation technique, the networked control systems are broadly
implemented in many applications since this configuration
brings great convenience to multiobjective information trans-
formation, coordination of different tasks and more compact
industrial site space [9]. Unavoidably, when the hydraulic
sensors, actuators, and controllers are located at the networked
control systems, these model-based control schemes require
that the system states and measured outputs are sampled in
a fixed interval, which is also called the time-triggered or
periodic sampling control. Although such sampling control
algorithm facilitates to synthesize and analyze the hydraulic
system, lots of network resources are consumed and wasted
in the case that no obvious state changes [10], [11], [12],
[13], [14], [15]. As the communication resource is generally
restricted, especially for the networked control systems [16],
it has become an important problem on how to reduce the
conservatism or limitation for the motion control schemes in
terms of the bandwidth occupation.

To save the valuable network resource, event-based control
strategies have been extensively studied [9], [10], [11], [12],
[16], [17], [18], [19], [20], [21]. The event-triggered control
concept was proposed in [9], and numerous event-triggered
control schemes were designed by input-to-state stable (ISS)
assumption. Recently, the event-triggered strategies were intro-
duced to model-based control [18], [19], [20]. It is easy to
check that the ISS assumption is hard to be fulfilled in the
presence of uncertainties. Fortunately, a great improvement
of removing the ISS assumption was acquired in [19] which
designed the event-based control schemes with a new co-
design idea. However, it is worth noting that these event
triggers used in the aforementioned literature neglect the
influence of bandwidth occupation, such as the busy commu-
nicating mode and the idle mode. In the congesting mode, the
mentioned static triggering mechanisms may be conservative
in terms of bandwidth-saving. Instead, when the communica-
tion network is idle, the predefined triggering strategies work
with a small amount of triggering times, which is possibly not
conducive to raising the bandwidth utilization. In addition, the
model-based event-triggered control schemes only achieved
the bounded results. Clearly, they generate some limitations
to obtain better output tracking or the asymptotic tracking
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performance for hydraulic system, compared to the traditional
methods, such as in [2], [22], and [23]. To overcome the main
limitation of mere boundedness, the authors in [11] and [24]
proposed some event-based control strategies to ensure the
zero stabilization error. Nevertheless, the primary motion
control objective of hydraulic actuators is to accurately track
the reference trajectory, which cannot be directly performed
using the methods from [11] and [24].

For electro-hydraulic actuators, it should be pointed out
that there is an assortment of intractable problems within
motion control, such as parametric uncertainties and uncer-
tain nonlinearities [6]. In fact, the adaptive estimation
technique has proven to be an effective technique to han-
dle the complex unknowns for various uncertain nonlinear
systems [24], [25], [26]. As a result, the adaptive technique
was early applied to solve parametric uncertainties for the
hydraulic system [2]. Furthermore, the works in [2] introduced
the deterministic robust control to synthesize the adaptive
robust controller (ARC), thereby contributing to better guar-
anteed transient performance than the adaptive control alone
in the presence of system nonlinearities. Since then, ARC and
its modifications have been applied to many practical physical
systems, e.g., the valve and pump combined systems [22], the
linear motors [27], the robot manipulators [28], and vehicle
suspensions [29].

Inspired by the above discussion, it would be exciting if
the asymptotic output tracking with limited communication
resources can be ensured and the network communications
with heavy bandwidth occupation can be alleviated, simulta-
neously. To be specific, the ARC technique is adopted and
presented as the virtual controller of the event-based control
scheme. A novel adjustable threshold triggered mechanism is
then proposed to synthesize the event-based ARC controller,
but without the Zeno behavior. The main contributions of this
study can be illustrated as below.

1) The measurement error, caused by the event-triggered
rule, is resolved by the Nussbaum function, instead of
tanh(·) used in most references, such as [19] and [30].
Therefore, the robustness of the closed-loop system can
be further improved by virtue of the designed dynamic
updating law compared to the fixed gain used in tanh(·).

2) The asymptotic output tracking performance is achieved
with the proposed control strategy, rather than the merely
bounded results in [10], [19], and [20].

3) The proposed event-triggered mechanism can reduce the
amount of data sent in the congesting communication
mode, and also increase the transmission times in the
idle mode, thus improving the tracking precision.

The bus-topology protocol, due to its simple structure,
convenient operation, and easy maintenance, is always utilized
for the network transmission channels among modern indus-
trial devices. The aero-engine networked control platform, as
one typical scenario of many similar applications, is used
to test and verify the proposed event-based motion control
scheme, as plotted in Fig. 1. The value of the control voltage
is sent to the servo-valve through these network transmis-
sion channels based on the adjustable event trigger. In the
meantime, the state information is periodically sampled and
transferred to the networked controller with the same network

Fig. 1. Aero-engine HIL experiment platform.

transmission channels. Furthermore, this platform select an
electronic engine controller (EEC) as the networked controller
that can be invoked to execute the proposed control algorithm.
Experimental results will be displayed to show the high
performance for the limited bandwidth by contrast to the
traditional ARC schemes [2], as well as the flexibility of the
presented adaptive event-triggered mechanism, compared to
the static mechanisms, as presented in [11], [19], and [20].

The remainder of this article is organized as follows.
Section II formulates the problem and constructs the system
model. Section III proposes the adaptive threshold triggered
mechanism and designs the event-triggered ARC motion
controller. Section IV discusses the results of the experiment.
Finally, the proposed scheme is concluded in Section V.

II. SYSTEM MODELING AND PROBLEM FORMULATION

This article considers the single-rod hydraulic cylinder
system in the aero-engine hardware-in-the-loop (HIL) platform
which has the similar form as in [2]. The inertia load dynamics
can be modeled as

MẍL = FL − Bf ẋL − AfS(ẋL) + F (1)

where FL = A1P1 − A2P2 is the load force, ẋL and ẍL are
velocity and acceleration of the load, Bf and Af denote some
coefficients, and F is the lumped force uncertainty. All symbol
definitions can be found in the notation list. Here, S(ẋL)

denotes a known smooth function that is used to approximate
the discontinuous sign function, like (2/π)atan(1000•) in [22].

The hydraulic cylinder dynamics is expressed as

Vh1(xL)β−1
e Ṗ1 = − A1ẋL + Q1 + D1 (2)

Vh2(xL)β−1
e Ṗ2 = + A2ẋL − Q2 − D2 (3)

where Vh1(xL) = V01+A1xL, Vh2(xL) = V02−A2xL, D1 and D2
represent the flow rate uncertainties. For simplification, these
symbols are also explained in the notation list. The hydraulic
cylinder flow rates Q1 and Q2 can be given as [1]

Q1 = kq1xυ

(
s(xυ)

√
Ps − P1 + s(−xυ)

√
P1 − Pr

)
(4)

Q2 = kq2xυ

(
s(xυ)

√
P2 − Pr + s(−xυ)

√
Ps − P2

)
(5)

where xυ is the spool displacement from neutral, the symbol
s(�) = 1 ∀� ≥ 0 or s(�) = 0 ∀� < 0 and flow coefficients
kq1 = Cda1

√
2/ρ, kq2 = Cda2

√
2/ρ in which Cd is the
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discharge coefficient, a1, a2 represent the area gradient, and ρ

denotes the oil density. Actually, the servo valve dynamics is
omitted in the experiments due to faster servo valve response
compared to practical work frequency range of the cylinder.
Hence, it can be assumed that the displacement xυ is directly
proportional to the input voltage signal u, i.e., xυ = kυu, where
kυ is a positive electrical constant [22]. Define the following
symbols for simplification:

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

s1 = A1/Vh1(xL), s2 = A2/Vh2(xL)

f
�= f (xL, ẋL) = (s1A1 + s2A2)ẋL

g
�= g(xL, P1, P2, u) = s1kυkq1g1 + s2kυkq2g2

g1 = s(u)
√

Ps − P1 + s(−u)
√

P1 − Pr

g2 = s(u)
√

P2 − Pr + s(−u)
√

Ps − P2.

(6)

Introduce the state variables [x1, x2, x3] = [xL, ẋL, FL] and
arrange the hydraulic system in the state space form

ẋ1 = x2

ẋ2 = 1

M

(
x3 − Bf x2 − AfS(x2)

)+ FM (7)

ẋ3 = βegu − βef + s1D1β + s2D2β

where FM = F/M, D1β = D1βe, and D2β = D2βe.
Assumption 1: The desired trajectory xd(t) and its first

3-rd order derivatives are piecewise continuous, known, and
bounded.

Given the desired motion trajectory xd(t), our control objec-
tive is to synthesize the event-triggered control law u such that
the system output xL tracks the signal xd(t) as closely as possi-
ble with parametric uncertainties and uncertain nonlinearities.
Meanwhile, the event-triggered mechanism should reduce the
network communication burden of congesting mode, and make
full use of idle network resources.

III. EVENT-TRIGGERED ARC DESIGN

The present section first derives the continuous
communication-based ARC motion controller [2]. Meanwhile,
we develop the event-triggered mechanism and synthesize the
event-driven ARC motion control scheme.

The controller structure is displayed in Fig. 2. Note that
the time-triggered ARC controller ensures the intermediate
signals α3a, α3s, which are treated as virtual control inputs of
the event-triggered control. Based on the design parameters
σ, m and the adaptive threshold εj, the time-based sampling
control input μ(t) is obtained, and the control signal is sent
to hydraulic system according to the proposed event trigger.

A. Design Model and Discontinuous Projection Mapping

To handle the parametric uncertainties, an unknown param-
eter set is defined as θT = [θ1, θ2, θ3, θ4, θ5, θ6, θ7] =
[1/M, Bf /M, Af /M, F̄M, βe, D̄1β, D̄2β ]. Note from (7) that

ẋ1 = x2

ẋ2 = θ1x3 − θ2x2 − θ3S(x2) + θ4 + �1 (8)

ẋ3 = θ5gu − θ5f + s1θ6 + s2θ7 + �2

where �1 = FM − F̄M,�2 = s1D̃1β + s2D̃2β, D̃1β = D1β −
D̄1β, D̃2β = D2β − D̄2β . In general, F̄M, D̄1β, D̄2β represent,
respectively, the nominal or low-frequency values of lumped

Fig. 2. Structure of the presented event-based ARC motion controller.

disturbance force FM and flow rates D1β, D2β . In parallel, the
nonlinearities �1 and �2 represent these components that are
difficult to estimate.

In the practical hydraulic system, the unknown physical
parameters and uncertain nonlinearities are always assumed to
be bounded, as in [2].

Assumption 2: The unknown parameters and nonlinearities
of the hydraulic system are in known compact sets such that

θ ∈ �θ �
{
θp min ≤ θp ≤ θp max, p = 1, 2, . . . , 7

}

�i ∈ �� � {�i : |�i| < δi(t), i = 1, 2}
where θp min, θp max, and δi(t) are known boundaries [2].

To estimate these uncertain parameters, this article utilizes
the projection mapping adaptive law from [2]. Let �̂ be the
estimate of the unknown constant � and �̃ be the parameter
estimation error (i.e., �̃ = �̂ − �). It can be then given by

Proj
θ̂i
(�i) =

⎧
⎨
⎩

0, if θ̂i = θiM and �i > 0
0, if θ̂i = θim and �i < 0
�i, otherwise

where i = 1, 2, . . . , 7. Denote τ(t) ∈ R
7 as any continuous

function and � ∈ R
7×7 as a positive define diagonal matrix,

and � = diag{γ1, γ2, . . . , γ7}, where γ1, γ2, . . . , γ7 are the
tunable gains. If we choose the adaptive law as follows:

˙̂
θ = Proj

θ̂
(�τ(t)), θmin ≤ θ̂ (0) ≤ θmax (9)

there are double advantages as mentioned in [22]
{

(P1) : θ̂ ∈ �θ = {θ̂ :θm ≤ θ̂ ≤ θM}
(P2) : θ̃T

(
�−1Proj

θ̂
(�τ(t)) − τ(t)

) ≤ 0.
(10)

B. ARC Virtual Motion Controller

This section derives the standard ARC motion controller
for a single-rod hydraulic actuator [2], [22]. Traditional ARC
motion controller can be treated as a virtual motion control
law of the event-based control scheme.

Step 1: Due to no uncertainties included in the first equation
of (8), a virtual control law can be constructed for the first
two equations. Define the switching-function-like variable as

z2 = ż1 + k1z1 = x2 − ṙ, ṙ
�= −k1z1 + ẋd (11)

where z1 = x1 − xd is the tracking error and k1 > 0 denotes
any feedback gain. By noting the transfer function G1(s) =
(z1(s)/z2(s)) = 1/(s + k1), if the error z2(t) converges to a
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small set or zero, then the signal z1(t) converges to a small set
or zero. Clearly, the control objective for tracking error z1(t)
is transferred to the virtual error z2(t). Calculate the derivative
of z2 along the system (8) as

ż2 = θ1x3 − θ2x2 − θ3S(x2) + θ4 + �1 − r̈. (12)

Denote z3 = x3 − α2 as virtual error and α2 as the virtual
control law, which can be chosen by

α2 = α2a + α2s (13)

α2a = θ̂2x2 + θ̂3S(x2) − θ̂4 + r̈

θ̂1
, α2s = α2s1 + α2s2

α2s1 = − 1

θ1 min
k2sz2, k2s ≥ k2 + d1

w3

w2
‖�φ2w2‖2

where k2 > 0 is the feedback gain, w2, w3 denote the scaling
factors, d1 and α2s2 are the positive gain and the robust control
law which are designed latter. The tuning function τ2(t) is

τ2(t) = w2φ2z2 (14)

where the regression vector φ2 is defined as

φ2 = [α2a,−x2,−S(x2), 1, 0, 0, 0]T . (15)

The nonlinear robust term α2s2 satisfies two conditions [2]{
(P1) : z2

(
θ1α2s2 − θ̃Tφ2 + �1

)
≤ ε1

(P2) : z2θ1α2s2 ≤ 0
(16)

where ε1 > 0 is a design parameter which can be arbitrary
small and θ̃T = [θ̃1, θ̃2, . . . , θ̃7]. Inspired by [2] and [22], the
robust control function α2s2 can be chosen as

α2s2 = − h2
1

4ε1
z2 (17)

where h1 ≥ ‖φT
2 (θmax − θmin)‖ + δ1.

Applying the virtual input α2 to the derivative of z2 yields

ż2 = θ1z3 − k2s
θ1

θ1 min
z2 + θ1α2s2 − θ̃Tφ2 + �1. (18)

Define V1 = (1/2)w2z2
2 and calculate the derivative along

ż2 as

V̇1 = θ1w2z2z3 − w2k2s
θ1

θ1 min
z2

2

+ w2z2

(
θ1α2s2 − θ̃Tφ2 + �1

)
(19)

where w2 > 0 is a design scaling factor.
Step 2: Equation (19) means that the system realizes control

objectives when z3 = 0 and (16) is also satisfied with the
standard ARC arguments in [2]. Thus, this step synthesizes
the virtual motion controller α3 to make the virtual error z3
small or converge to zero.

Calculate the derivative of the virtual error z3 as

ż3 = ẋ3 − α̇2

= θ5gu − θ5f + s1θ6 + s2θ7 + �2 − (α̇2u + α̇2c) (20)

where α̇2c, α̇2u are the calculable and incalculable parts of α̇2
with the formulation listed as

α̇2 = α̇2c + α̇2u, α̇2c = ∂α2

∂x1
x2 + ∂α2

∂x2

ˆ̇x2 + ∂α2

∂t

ˆ̇x2 = θ̂1x3 − θ̂2x2 − θ̂3S(x2) + θ̂4

α̇2u = ∂α2

∂θ̂

˙̂
θ + ∂α2

∂x2

(
ẋ2 − ˆ̇x2

)
= ∂α2

∂θ̂

˙̂
θ + ∂α2

∂x2
·

(
−θ̃1x3 + θ̃2x2 + θ̃3S(x2) − θ̃4 + �1

)
(21)

where ˆ̇x stands for the estimate of ẋ2.
The virtual motion controller α3 is designed as

α3 = α3a + α3s (22)

α3a = 1

gθ̂5

(
−s1θ̂6 − s2θ̂7 + α̇2c + θ̂5f − w2

w3
θ̂1z2

)

α3s = α3s1 + α3s2, α3s1 = − 1

gθ5 min
k3sz3

k3s ≥ k3 + d1‖�φ3w3‖2 + d

∥∥∥∥
∂α2

∂θ̂

∥∥∥∥
2

where k3 is any positive feedback gain, d and α3s2 are the
design constants and the robust control law, which are given
latter. Moreover, the adaptive function τ3(t) is given by

τ3(t) = w2φ2z2 + w3φ3z3 (23)

where the regression vector function φ3 refers to

φT
3 =

[
w2

w3
z3 − ∂α2

∂x2
x3,

∂α2

∂x2
x2

∂α2

∂x2
S(x2), −∂α2

∂x2
, gα3a − f , s1, s2

]
. (24)

Therefore, the adaptive law is designed as

˙̂
θ(t) = Proj

θ̂
(�τ3(t)). (25)

From (21), it is easy to check that the incalculable part α̇2u

is suppressed by the nonlinear robust control law. Hence, the
nonlinear feedback term α3s2 is chosen to satisfy conditions

{
(P1) : z3

(
θ5gα3s2 − θ̃Tφ3 + �2 − ∂α2

∂x2
�1

)
≤ ε2

(P2) : z3gθ5α3s2 ≤ 0
(26)

where ε2 > 0 is an arbitrarily small design constant. Then,
α3s2 is designed as the following form:

α3s2 = − h2
2(x)

gθ5 min4ε2
z3 (27)

where h2 ≥ ‖θmax − θmin‖‖φ3(x)‖ + |(∂α2/∂x2)|δ1 + δ2.
Together with (20) and (22), we have the fact

ż3 = θ5geu − w2

w3
θ1z2 − k3s

θ5

θ5 min
z3 − ∂α2

∂θ̂

˙̂
θ

+ θ5α3s2 − θ̃Tφ3 + �2 − ∂α2

∂x2
�1 (28)

where eu = u − α3. Choose the Lyapunov function V2 =
V1 + (1/2)w3z2

3 and derive it along (28) yielding

V̇2 = V̇1 + w3z3

[
θ5geu − w2

w3
θ1z2 − k3s

θ5

θ5 min
z3

+ θ5gα3s2 − θ̃Tφ3 + �2 − ∂α2

∂x2
�1 − ∂α2

∂θ̂

˙̂
θ

]
(29)
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where w3 > 0. Using Young’s inequality obtains

z3
∂α2

∂θ̂

˙̂
θ ≤ d

∥∥∥∥
∂α2

∂θ̂

∥∥∥∥
2

z2
3

+ d1‖�φ2‖2w2
2z2

2 + d1‖�φ3‖2w2
3z2

3 (30)

where d > 0 is a constant, d1 satisfies d1 > 1/(2d), and

‖ ˙̂
θ‖2 = ‖Proj(�τ3)‖2 ≤ ‖�(w2φ2z2 + w3φ3z3)‖2

≤ 2
(
‖�φ2‖2w2

2z2
2 + ‖�φ3‖2w2

3z2
3

)
. (31)

In the end, substituting (30) and (31) into (29) has

V̇2 ≤ −w2k2z2
2 − w3k3z2

3 + w2ε1 + w3ε2 + w3z3θ5geu. (32)

C. Event-Triggered ARC Motion Controller

In this section, the adaptive threshold triggered mechanism
is proposed and applied to co-design the event-triggered ARC
motion controller for hydraulic actuators.

It is supposed that the system control signal is sampled
and transmitted via the network transmission channel at time
sequence {tj, j ∈ Z} satisfying 0 = t0 < t1 < · · · < tj <

· · · Now, we directly give the adaptive threshold triggered
mechanism as follows:

tj+1 = {
t > tj

∣∣|e(t)| > σj|u(t)| + mj
}

(33)

where e(t) = u(t) − μ(t) is the measurement error, μ(t)
represents the time-based sampling control law, which is

μ(t) = − N(ξ)α3a + (
1 + σj

)
α3s − sign(z3)mj (34)

where σj = εjσ, mj = εjm, and 0 < σ < 1, m > 0
are the design parameters, the function N(ξ) = ξ2 cos(ξ) is
the Nussbaum-type function [31], ξ(t) is the solution to the
differential equation

ξ̇ (t) = − gα3az3. (35)

Here, sign(·) represents the sign function [11] and εj ∈
[0.1, 1] is a monotone nondecreasing function of the current
network bandwidth occupation p%.

Eventually, define the event-triggered ARC control law as

u(t) = μ
(
tj
) ∀t ∈ [tj, tj+1

)
. (36)

Remark 1: Clearly, under the premise of assuring the con-
trol performance, the proposed triggered mechanism (33)
changes the amount of triggered times following the param-
eters σj, mj. After introducing the adjustable threshold εj, the
parameters σj, mj turn to be adjustable. On one hand, (33)
can generate less amount of triggered times by increasing the
value of threshold εj, which reduces the communication burden
of the heavy network bandwidth occupation. On the other
hand, (33) raises the utilization of network resources when the
network bandwidth is idle, with a smaller value of threshold
εj, thereby achieving more high tracking precision. As in [18],
a simple form of the function εj can be given by

εj =
{

p/100, p ∈ [10, 100]
0.1, otherwise

(37)

where p% represents the network bandwidth occupation.

Remark 2: There are mainly two merits on using N(ξ)

in this article, instead of tanh(·) used in previous results,
e.g., [19], [30]. First, N(ξ) is easily utilized with the updating
law ξ̇ (t), but tanh(·) requires to predefine a fixed gain. Thus,
N(ξ) can improve the system robustness in terms of selecting
gains. Second, N(ξ) enables to achieve the asymptotic tracking
performance. Instead, the nonlinear control using tanh(·) only
holds the bounded results.

D. Stability Analysis and Avoidance of Zeno Phenomenon

The present section establishes the stability, and avoids the
Zeno behavior with respect to the closed-loop hydraulic system
under the proposed event-based ARC law. These results are
collected in Theorem 1.

Theorem 1: Consider the hydraulic system (8) with control
law (36), adaptive threshold triggered mechanism (33), and
the adaptive law (25). If Assumptions 1 and 2 are satisfied,
all signals of the closed-loop system are bounded by

V2(t) ≤ V2(0)e−k0t + ε

k0

(
1 − e−k0t

)
+ � (38)

where k0 = min{2k2, 2k3}, ε = w2ε1+w3ε2 and � is a known
bounded constant. Further, if, after a finite time, �1 = �2 = 0,
i.e., the hydraulic system is only with parametric uncertainties,
the hydraulic system performs asymptotic output tracking, i.e.,
z1(t) → 0 as t → ∞. Besides, there is a scalar T > 0 such
that tj+1 − tj ≥ T ∀j = 0, 1, 2, . . . , hold.

Proof: As in [19], the control law (36) is derived by

u(t) = 1

1 − λ1(t)σj
μ(t) + λ2(t)

1 − λ1(t)σj
mj (39)

where −1 ≤ λ1(t) ≤ 1 and −1 ≤ λ2(t) ≤ 1.
Applying (39) to (32), we get

V̇2 = − w2k2z2
2 − w3k3z2

3 + w2ε1 + w3ε2

+ w3θ5g

(−N(ξ)z3α3a

1 − λ1(t)σj
− z3α3a

)
(40a)

+ w3θ5g

((
1 + σj

)
z3α3s

1 − λ1(t)σj
− z3α3s

)
(40b)

+ w3θ5g

(−|z3|mj − z3λ2(t)mj

1 − λ1(t)σj

)
. (40c)

Note that (40a) is first calculated as

w3θ5g

(−N(ξ)z3α3a

1 − λ1(t)σj
− z3α3a

)
= w3θ5(ν(t)N(ξ) + 1)ξ̇ (41)

where ν(t) = 1/((1 − λ1(t)σj)). We derive (40b) with the aid
of z3α3s ≤ 0 as

w3θ5g

((
1 + σj

)
z3α3s

1 − λ1(t)σj
− z3α3s

)

≤ w3θ5g

((
1 + σj

)
z3α3s

1 + σj
− z3α3s

)
= 0. (42)

The term (40c) can be rewritten as

w3θ5g

(−|z3|mj − z3λ2(t)mj

1 − λ1(t)σj

)
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≤ w3θ5g

(−|z3|mj + |z3|mj

1 − λ1(t)σj

)
= 0. (43)

Thus, the inequality (40) can be summarized as follows:

V̇2 ≤ − k0V2 + ε + w3θ5(ν(t)N(ξ) + 1)ξ̇ (44)

where k0, ε are defined in theorem 1. Furthermore, we multiply
ek0t to both sides of V̇2 and obtain

d
(
V2ek0t

)

dt
≤ [

ε + w3θ5(νN(ξ) + 1)ξ̇
]
ek0t. (45)

Moreover, integrating (45) from 0 to t yields

V2(t) ≤ w3θ5e−k0t
∫ t

0

[
(ν(s)N(ξ) + 1)ξ̇ (s)

]
ek0sds

+ V2(0) + ε

k0
(46)

where w3θ5, V2(0), ε/k0 are the bounded constants, and ν(t)
is the bounded time-varying function. According to Lemma 2
in [32] or further results in [33], it can be concluded that ξ(t),
V2(t) and e−k0t

∫ t
0 [(ν(s)N(ξ) + 1)ξ̇ (s)]ek0sds are bounded.

Inspired by [20], denote a constant �1 as the upper bound
of e−k0t

∫ t
0 [(ν(s)N(ξ) + 1)ξ̇ (s)]ek0sds, and let bound � =

w3θ5 max�1. Thus, combining (46) and � , the inequality (38)
in Theorem 1 is obtained. The global boundedness of error
z2, z3 is obtained immediately, and z1 is also bounded. System
state x, measurement error e and control input u are bounded
since the estimation parameter θ̂ , the desired trajectory yd and
its first 3-rd derivatives are all bounded.

In order to prove the asymptotic convergence, we give a
Lyapunov function as

V2θ = V2 + 1

2
θ̃T�−1θ̃ . (47)

By virtue of (P2) in (10), (16), and (26), differentiate (47)
as

V̇2θ ≤ w3θ5e−k0t
∫ t

0

[
(ν(s)N(ξ) + 1)ξ̇ (s)

]
ek0sds

− w2k2z2
2 − w3k3z2

3. (48)

Borrowing from [31], it can be deduced that the errors
z2, z3 ∈ L2 due to the boundedness of closed-loop signals.
Hence, ż2, ż3 ∈ L∞. Using Barbalat’s lemma obtains z2(t) →
0 as t → ∞, and then the tracking error z1(t) → 0 as t → ∞.

We now show that there exists a constant T > 0, in which
any interexecution interval is lower bounded by T . Denote
t∗j = tj+1 − tj as the interexecution internal.

Assuming t∗−
j → 0, one obtains

lim
t∗−
j →0

∣∣∣e
(

tj + t∗−
j

)∣∣∣

= lim
t∗−
j →0

∣∣∣μ
(

tj + t∗−
j

)
− μ

(
t∗−
j

)∣∣∣

≤ lim
t∗−
j →0

∣∣∣−N
(
ξ(tj + t∗−

j )
)
α3a

(
tj + t∗−

j

)
+ N

(
ξ(tj)

)
α3a
(
tj
)∣∣∣

+ lim
t∗−
j →0

∣∣∣(1 + σj
)
α3s

(
tj + t∗−

j

)
− (

1 + σj
)
α3s
(
tj
)∣∣∣

+ lim
t∗−
j →0

∣∣∣sign
(

z3(tj + t∗−
j )

)
mj − sign

(
z3(tj)

)
mj

∣∣∣. (49)

Fig. 3. Test-rig of the aero-engine HIL platform.

Using the continuous functions N(ξ), α3a, and α3s to (49)
has

lim
t∗−
j →0

∣∣∣e
(

tj + t∗−
j

)∣∣∣

≤ lim
t∗−
j →0

∣∣∣sign
(

z3(tj + t∗−
j )

)
mj − sign

(
z3(tj)

)
mj

∣∣∣. (50)

For the rest proof, we adopt the same line with the
analysis from [11]. The proof is divided into two parts.
(i) When z3(tj) �= 0, sign(z3(tj)) is a continuous function, (50)
ensures the equality limt∗−

j →0|e(tj + t∗−
j )| = 0. (ii) When

z3(tj) = 0, the function sign(z3(tj)) is discontinuous, one has
limt∗−

j →0|e(tj + t∗−
j )| ≤ mj based on (50). By the adaptive

threshold triggered mechanism (33), the measurement error
e(tj+1) satisfies the following inequality:

∣∣e(tj+1
)∣∣ =

∣∣∣e
(

tj + t∗j
)∣∣∣ > σj

∣∣μ(tj
)∣∣+ mj ≥ mj. (51)

The above analysis implies that the facts in case (i) and
case (ii) are contradicted to the adaptive threshold triggering
mechanism (51). Thus, the hypothesis is not true and then
t∗−
j > 0 holds for any interexecution internal. That is, there is

a constant T > 0 such that t∗j ≥ T = min{t∗−
1 , t∗−

2 , . . . ,} > 0.
Note that if the asymptotic result is achieved, i.e., z3(tj) = 0,
the Zeno behavior can be excluded by virtue of case (ii).
Moreover, in this context, the avoidance of Zeno behavior
can also adopt the same line used in [19]. Namely, the Zeno
behavior is eliminated.

Remark 3: Theorem 1 implies that the tracking error expo-
nentially converges to an adjustable neighborhood of the origin
by virtue of the proposed controller with or without parameter
estimators. On the contrary, if there no system nonlinearities
and the parametric uncertainties are resolved by adaptive laws,
the closed-loop system achieves what the well-known adaptive
controller performs, i.e., the asymptotic output tracking [2].

IV. COMPARATIVE EXPERIMENT

The aero-engine HIL distributed experiment platform
with electro-hydraulic actuators is built for comparative
experiments. The cable applies the RS-422 full-duplex com-
munication protocol with bus topology shown in Fig. 3. The
band rate is set as 614400bps, and three nodes are connected
by cables, containing a physical node and two virtual nodes.
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The physical node 1 denotes the hydraulic-driven device of
the aero-engine HIL platform, including the electro-hydraulic
system and data acquisition unit. Two virtual nodes repre-
sent other data-driven models with respect to some physical
systems of the aero-engine HIL platform. In the physical
node 1, the data acquisition device adopts PXI-8840 industrial
computer, which performs the A/D and D/A transformation.
The control voltage value of servo-valves is transmitted via the
network cables and updated in accordance with (33). The state
measurements are periodically transferred to the networked
controller (EEC) using the same cables. Then we describe
the physical part of node 1 as below. ATOS-DLHZO series
proportional valve is used as the servo-valve and NADO-TPM
series sensors are utilized to measure the position and velocity.
The single-rod hydraulic cylinder is adopted with the piston
diameter 40 mm and the rod diameter 25 mm. The maximum
stroke and velocity are 0.5 m and 0.3 m/s, respectively. The
supply pressure Ps = 4 Mpa and the payload is mass load
with M = 70 kg. The proposed control scheme is tested and
compared from the respective of tracking precision and the
amount of data sent. To show the advanced performance, two
types of comparative experiments are done.

Experiment 1 is used to show the advantages and flexibility
of the adaptive threshold triggered mechanism, by contrast to
the static mechanism in [11]. Then the experiment 2 analyzes
and compares the networked control system performance with
the limited communication resource for the proposed event-
triggered control scheme and the traditional time-triggered
adaptive robust motion controller [2].

A. Experiment 1: Comparison of the Different
Event-Triggered Mechanisms

In a congested network environment, the traditional static
event-based control schemes may be conservative in reducing
bandwidth occupation. The adaptive event trigger proposed in
this article can solve this issue, and the amount of data sent
is actively increasing in the relaxed network environment.

To compare the difference of the proposed adaptive thresh-
old triggered mechanism (33) and static threshold triggered
mechanism in [11], two event-based control strategies are
selected as follows.
C1: The adaptive threshold triggered mechanism (33) with

σ = 0, N(ξ) = −1.
C2: The so-called fixed threshold triggered mechanism

in [11] with static threshold parameters.
This test adopts S-curve trajectory, and the maximum

velocity is 0.15 m/s and the maximum acceleration is
0.15 m/s2, as shown in Fig. 4. The upper bounds on the
feedback gains should be finite and determined by available
bandwidth of the controller, which are often subject to
the dynamics of servo-valve. A more pragmatic approach
is thus to let α2s = α2s1 + α2s2 = −K2z2/θ1 min, α3s =
α3s1 + α3s2 = −K3z3/(gθ5 min). It suggests that the
nonlinear gains are replaced by the large enough linear
gains such that k1 = K2 = K3 = 50. Besides, other
parameters are given by w2 = 108, w3 = 1, � =
diag{10−11, 0.01, 0.01, 10−8, 10−7, 0.001, 0.001}, θ̂T (0) =

Fig. 4. Tracking performance comparison of two strategies in experiment 1.

Fig. 5. Detailed numerical comparison of tracking error in experiment 1.

[0.0146, 0.72, 1.4, 0, 109, 0, 0]. All the uncertain parameter
boundaries were identified using the least squares estimation
technique: θT

max = [0.02, 4, 2, 4, 2 × 109, 120, 120], θT
min =

[0.01, 0.3, 0.1,−4, 7 × 108,−120,−120]. Since most of
operating conditions have been considered in the system
identification, the obtained boundaries are effective and
reliable for the motion control [22].

First, for a clear comparison, the network bandwidth is
assumed to be idle at t ∈ [0, 15), and congesting at t ∈
[15, 30), where packets dropout according to the bandwidth
occupation will happen in the congesting mode. The tracking
error curves of C1 and C2 are compared in Fig. 4, and more
detailed numerical comparison versions are shown in Fig. 5,
where ‖z1‖1 = ∫ tf

t0
|z1|dt, ‖z1‖2 = ∫ tf

t0
|z1|2dt, and ‖z1‖max

represents the maximum value of |z1|. In the congesting mode,
i.e., t ∈ [15, 30), C1 generates less amount of triggered
times than C2 by noting Fig. 5. Intuitively, C1 can save the
communication resource and reduce the burden of network
bandwidth. Furthermore, the relaxed network environment
greatly reduces the possibility of packet dropouts occurring
in the process of data transmission, as displayed in Fig. 5.
In the mode of congesting communications, C1 assures better
tracking precision than C2 by virtue of the adaptive technique
and the Nussbaum-type function. When the bandwidth turns
to be idle in Fig. 5 (0-15s), more high-accuracy tracking is
achieved by C1 with smaller thresholds compared to C2.

The comparative experiment results verify the flexibility of
the proposed event-triggered mechanism. Especially, in the
congesting bandwidth mode, the designed event trigger (33)
reduces the amount of triggering times with larger thresholds,
which further relaxes the network congestion. Meanwhile, the
output tracking performance is efficiently enhanced for the idle
case, which also helps raise the network bandwidth utilization.
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Fig. 6. Comparative tracking errors in experiment 2.

Fig. 7. Comparison of updating frequency in experiment 2.

TABLE I
NUMERICAL COMPARISON OF TRACKING ERRORS IN EXPERIMENT 2

B. Experiment 2: Comparison of Motion Performance Under
the Limited Bandwidth

It’s proved that (33) has more advantages in the congesting
communicating mode by contrast to the static mechanism. This
experiment considers the bulk of the bandwidth hogged by
two virtual nodes in the cable, as in Fig. 3. That is to say, the
limited network resources are remained for updating control
signals of node 1. Therefore, the presented event-triggered
ARC control scheme is compared to the traditional ARC
and RC (ARC without adaptive estimation) approaches [2]
with the limited input updating frequency. If the updating
frequency shown in Fig. 7 exceeds a set value, the data sent
is supposed to drop out. For a clearer illustration, the new
reference trajectory is employed with the maximum velocity
0.25 m/s and the maximum acceleration 1 m/s2, as in Fig. 6.

The threshold parameters of event-triggered mechanism (33)
are selected as σ = 0.02, m = 0.02, and ξ(0) = 1.86. The
control gains are k1 = K2 = K3 = 60 and adaptive tunable
gains adopt the similar values as the experiment 1. The same
control gains and/or adaptive gains are configurated for three
motion control approaches.

Fig. 6 shows the tracking performance comparisons for
three methods, and the numerical comparisons of tracking

Fig. 8. Comparison of control inputs in experiment 2.

Fig. 9. Resulting signals of event-triggered ARC in experiment 2.

error are collected in Table I. It is evident to show that the
adaptive technique helps improve the transient response and
tracking precision by comparing ARC and RC approaches.
Meanwhile, the comparisons between event-triggered ARC
and ARC can demonstrate the necessity and significance of
the event-based control in terms of the motion performance
and the usage of network resources. Furthermore, the best
tracking precision can be provided by the traditional ARC
with infinite network resources. However, it is impractical
to consider infinite communication resources for every node.
We deploy a constraint of input updating frequency shown
in Fig. 7, and the average number of triggering times per
second for three controllers are also shown in this figure.
Under this limitation, the traditional ARC and RC lose a
large amount of input data, stochastically. Furthermore, the
event-based ARC control scheme rejects and eliminates the
effect of the measurement errors (arising from unsent data
packets) with the aid of the Nussbaum-type function. As
shown in Table I, in the presence of the bandwidth con-
straint, better tracking performance can be ensured by the
proposed event-based ARC scheme, compared with traditional
ARC and RC methods. In the end, the signals ξ(t), N(ξ), z3
and parameter estimates are depicted in Figs. 9 and 10,
respectively.

In conclusion, the experiment results suggest that the
proposed algorithm is effective and practical. The event-
triggered ARC presented in this article occupies less network
resources than the time-triggered ARC used in [2], and also
achieves high motion performance in the HIL networked
platform.
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Fig. 10. Parameter estimates in experiment 2.

V. CONCLUSION

This article proposes an adjustable threshold triggered
mechanism and synthesizes the event-based ARC motion
control algorithm for hydraulic actuators to ensure as high as
possible motion performance with the limited network band-
width. The newly developed threshold triggered mechanism
actively reduces the transmission times to a range accepted
by the network transmission channel, and also helps relax
the congested network environment. Meanwhile, the utilization
rate of idle network resources can be raised by increasing the
transmission times and thus improving the tracking precision.
It’s strictly proved that all the closed-loop hydraulic system
signals are globally bounded, and the hydraulic system output
achieves asymptotic tracking to the desired trajectory with the
aid of the adaptive technique, the Nussbaum-type and sign
functions. Besides, the Zeno behavior is avoided, successfully.
Finally, comprehensive experiments have been done to reveal
the benefits of the proposed algorithm which simultaneously
satisfies the high motion performance and the constraint of the
limited network bandwidth.

In experiment, the adaptive gain is hard to be selected for
satisfactory estimation performance. It is thus suggested to
study the dynamic-gain-based algorithm for simple implemen-
tation of ARC. In addition, future research can focus on the
theoretical analysis between the control performance and the
consumption of communication resources. These studies will
be helpful for improving the current theory and application.
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