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Abstract—This article studies the event-triggered control
(ETC) of servo motor systems based on fully actuated sys-
tem (FAS) approach. The dynamics of servo systems is first
simplified as a second-order FAS model, with which the con-
trol law can be synthesized for a desired tracking error
dynamics in a very simple and straightforward way. To save
the communication resource in networked control system
(NCS), an ETC scheme is applied with a fixed threshold
strategy, and a hyperbolic tangent function is employed to
guarantee the exponential stability of the control system.
Unfortunately, various uncertainties and disturbances in
actual systems may severely degrade the tracking accuracy.
To overcome this issue, a general dynamical compensator is
utilized to better suppress the unknown disturbances. Fur-
thermore, the stability of the control system is analyzed in the
presence of parameter uncertainties. Simulation experiments
are implemented on a practical servomotor with NCS to verify
the effectiveness and superiority of the proposed control
scheme.

Index Terms—Dynamical compensator, event-triggered
control (ETC), fully actuated system (FAS) approach, servo
motor systems.

I. INTRODUCTION

SERVO motors play a pivotal role in automation applica-
tions due to their outstanding performance in precise con-

trol and efficient energy use [1], [2], [3]. With the rapid
development of economy and society, the demand for the high-
performance automation equipment with complex functions is
urgently increasing. For example, humanoid robots need a large
number of servo motors to achieve the compliant operation. On
the one hand, various of embedded systems have been widely
applied to facilitate the controller design of robotics. On the
other hand, the implementation of complex functions involves a
lot of data communication. Traditionally, the time-scheduled
sampling control architecture periodically updates and transmits
signals, which is practically prohibitive due to the limitation of
communication resources [4]. Event-triggered control (ETC)
has been proven to be an efficient scheme to relieve the network
communication burden, but it may degrade the quality of the
control system. In addition, actual systems inevitably suffer
from modeling errors due to uncertainties and disturbances [5],
which may seriously deteriorate the control accuracy. It is still a
challenge task to obtain the high performance of ETC for servo
motor systems in a simple practical way.

There is no doubt that PID control technique has remained
absolutely dominant for servo motor systems in the field of indus-
trial applications by virtue of its many benefits such as simple
principle and structure, easy operation, straightforward parameter
tuning, reliable and robust performance [6]. Many design meth-
ods have been applied to explore the optimization of PID control-
lers, liking Ziegler-Nichols step response method [7], internal
model principle [8], pole placement technique [9], linear qua-
dratic regulation approach [10], to name but a few. To tackle the
control issues of uncertainties, sliding mode control (SMC) has
gained a lot of attention in the past decades [11], [12]. It has a
strong control ability to eradicate the effect of uncertain dynamics
via the sign control law, as well inherits almost all the advantages
of PID control. In addition, advanced and intelligent control
schemes, such as robust adaptive control [13], active disturbance
rejection control (ADRC) [3], fuzzy-logic control [14], neural
network learning control [15], have been widely applied to servo
motor systems. It should be noted that most of the existing meth-
ods are based on the fixed-time sampling control strategy.

In recent years, networked control system (NCS) has become
popular in the field of industrial control [16]. However, the
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transmission load limitation for network communication must
be considered. Compared with the traditional control scheme
with periodic sampling, ETC can greatly save communication
resources for that the process data are sent or received only
when the predesigned triggering conditions are satisfied [17].
Since it helps avoid unnecessary consumption of the communi-
cation resource and can ensure an acceptable control perfor-
mance simultaneously, ETC scheme has been broadly utilized
in servo motion systems. For instance, the work in [18] proposes
an ADRC approach for the servo control of DC torque motors
based on ETC scheme. In [19], extended state observer (ESO) is
designed to dispose of the control issues of uncertainties and dis-
turbances in the motor systems with ETC mechanism via a high-
gain approach. In [20], a proportional–integral ETC strategy is
constructed for DC torque motors with NCS under unmatched
uncertainties. In [21], an adaptive output feedback controller is
proposed based on fuzzy observer and ETC scheme to tackle the
issues of state constraints/time-delay and nonlinear hysteresis of
servo motion systems.

To handle uncertainties and disturbances in servo systems
with ETC scheme, two main approaches are adopted in existing
methods: one is the adaptive control and the other is the
observer-based control. Adaptive fuzzy control or neural net-
work control methods own more potential capability to improve
the control quality through approximation technique, but they
are not favored by practical users due to the design complexity
with more tuning parameters and more strict stability conditions.
Observer-based approach (e.g. ESO) treats all the uncertain
dynamics as a lumped disturbance for estimation and compensa-
tion, which can attenuate the harmful effect of unknown distur-
bances but may suffer from the problem of robustness stability.
In addition, almost all the existing methods are based on first-
order state-space approach, which is convenient for the analysis
and estimation of states, but probably not the best solution for
the control laws [22].

To overcome the drawback of state-space approach, a novel
fully actuated system (FAS) approach is originally proposed by
Duan on account of the second-order or high-order dynamics
of actual systems [22], [23], [24]. Its core idea is to derive a
mathematical FAS model for the considered system based on
differential homeomorphism transformation, which can estab-
lish a balanced ratio of control inputs to system outputs. The
full-actuation property ensures a more effective and convenient
control strategy to obtain precise and desired system responses.
Due to the significance in theory and practice, FAS approach
has been widely applied in many applications like aerospace
[25], [26] and robotics [27]. More application research results
can be found in [28]. Particularly, a high-order FAS approach is
applied in [29] for position control of servo motors, and in [30]
for flexible servo systems. However, it is rare to investigate the
FAS approach of servo motor systems with ETC scheme.

Inspired by the above observations, this article presents an
ETC scheme for position control of servo motor systems by using
FAS approach. In the proposed control strategy, a second-order
FAS model is first formulated for servo motor systems by ignor-
ing the electrical subsystem. Then, a simple ETC scheme with a
fixed triggering threshold is applied to save the communication

resource of NCS. Based on the FAS approach and the ETC
scheme, a composite controller is designed for trajectory tracking.
Furthermore, a dynamical compensator (DCr) is utilized to
improve the control accuracy under uncertainties and disturban-
ces. To the authors’ best knowledge, it is the first time to apply
FAS and DCr approaches for the ETC scheme of servo motor
systems. The results are concise and elegant. The potential out-
come is that the proposed approach can be applied to achieve a
high control performance for the embedded system with limited
resources, which can significantly reduce the cost while maintain-
ing a well performance requirement. The main contributions of
this article can be listed as follows:

1) A new control framework is proposed for the position
tracking of servo motor systems based on FAS approach
and ETC scheme, in which the control law can be syn-
thesized in a simple and intuitive way to achieve a
desired exponential convergence property.

2) A general p-order DCr is designed to introduce additional
design degrees of freedom (DOFs) for the high-accuracy
tracking control of servo systems under disturbances,
which can avoid the practical problems associated with
the high control gains.

3) Last but not least, the stability of the proposed approach
is analyzed in the presence of parameter uncertainties,
which provides the sufficient conditions for the robust
stability of the control system. The effectiveness of the
proposed control scheme has been verified by simulation
experiments on a practical servo motor with NCS.

The rest of this article is organized as follows. In Section II,
the system model of servo motors is established and the control
goal is put forward. Section III presents the main results includ-
ing the controller design and the stability analysis. The results of
simulation experiments are shown in Section IV, followed by
the concluding remark in Section V.

II. SYSTEM MODEL AND PROBLEM FORMULATION

The control plant in this article is a servo motor system, which
is made up of the mechanical subsystem

dh
dt

¼ x

Jm
dx
dt

¼ Tm � Bmx� TL

8>><
>>: (1)

and the electrical subsystem

Ld
did
dt

¼ �Raid þ Lqiqxþ ud

Lq
diq
dt

¼ �Raiq � Ldidx� wfxþ uq

Tm ¼ 1:5np wf þ Ld � Lqð Þid
� �

iq

8>>>>><
>>>>>:

(2)

where h and x denote the angular position and angular velocity,
respectively; Jm is the motor inertia and Bm is the coefficient of
viscous friction; Tm and TL are respectively the motor driving
torque and the load disturbance; Ld, id and ud are respectively
the stator inductance, stator current and stator voltage of d-axis;
Lq, iq and uq are respectively the counterparts of q-axis; Ra is
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the stator resistance; np is the number of pole pairs; wf is the
flux linkage.

Fig. 1 displays the diagram of the servo motor with NCS.
Since the electrical time constant is much smaller than the
mechanical time constant, the dynamics of the internal current
control loop can be ignored to simplify the controller design of
outer position loop [29]. Therefore, the control input u can be
nearly equal to the motor driving torque Tm, i.e.

u� Tm: (3)

Then, the model of servo motor system presented in (1) and
(2) can be simplified into

_x ¼ Axþ B u� TLð Þ (4)

with

A ¼ 0 1
0 �a1

� �
;B ¼ 0

b0

� �

where x¢ x1 x2½ �T ¼ h x½ �T denotes the vector of system states,
a1 ¼ Bm=Jm and b0 ¼ 1=Jm are the system parameters.

By using the variable elimination method, a second-order
FAS model of the system (4) can be obtained as

€x1ðtÞ þ a1 _x1ðtÞ ¼ b0uðtÞ þ d1 (5)

where d1 ¼�TL=Jm:
The control objective is to design an ETC scheme for the

servo motor system presented in (1) and (2) such that the actual
position h can precisely track a desired trajectory hd under vari-
ous uncertainties and disturbances.

Lemma 1 [31]: For a given continuous function � tð Þ meeting
� tð Þ> 0 and

Ð1
0 � sð Þds� f<1, f is a constant, the hyperbolic

tangent function tanh �ð Þ satisfies

qj j � q tanh
q
� tð Þ

� �
� j� tð Þ (6)

where q 2 R, qj j denotes the absolute value of q, j¼ 0:2875.

III. CONTROLLER DESIGN

A. FAS Approach Based on ETC Scheme

In this article, a fixed threshold scheme is employed for ETC,
in which the triggering condition for the update of control input

is designed as

tkþ1 ¼ inf t > tk : euðtÞ
�� �� � r

n o
(7)

where tk is the kth triggering instant with t0 ¼ 0, r is the
designed trigger threshold, euðtÞ¢u tð Þ � u tkð Þ denotes the
control deviation between the current instant and the last trigger-
ing instant.

Based on FAS approach and ETC scheme, the control law for
trajectory tracking can be synthesized as

u ¼ ufb þ uff þ ue (8)

where ufb denotes the closed-loop controller, uff denotes the
feedforward compensation controller, ue is the control effort to
handle the effect of ETC.

Based on the FAS model (5), ufb and uff can be explicitly
solved as

ufb ¼�k1 _e1 � k0e1 (9)

and

uff ¼ 1
b0

€x1d þ a1 _x1dð Þ (10)

where e1¢x1 � x1d represents the tracking error.
Assume that d1 ¼ 0: Substituting the control law (8) with (9)

and (10) to the system (5) yields

_e ¼ A�BK1ð ÞeþBue (11)

where e¢ e1 _e1½ �T is the vector of the tracking errors, K1¢
k0 k1½ � is the gain vector.
Remark 1: The full-actuation property of FAS model allows

to remove all the original dynamics and yield a desired linear
closed-loop system with arbitrarily assignable eigenvalues. That
possesses many merits such as simplicity, intuition and effective-
ness on the controller design and analysis of servo motor sys-
tems, which is crucial for practical applications.

By properly choosing k0 and k1, we can arbitrarily assign the
eigenvalues of the matrix A�BK1. Particularly, design the
characteristics polynomial of (11) as

kc sð Þ ¼ ðsþ k1Þðsþ k2Þ (12)

where s denotes the Laplace operator, k1 and k2 are different
positive constants. Then the control gains k0 and k1 can be
explicitly solved as

k0 ¼ 1
b0

k1k2; k1 ¼ 1
b0

k1 þ k2 � a1ð Þ: (13)

Let Ac1¢A�BK1, there exists a nonsingular matrix T1 2
R2�2 such that

T�1
1 Ac1T1 ¼ K1;K1¢

�k1 0
0 �k2

� �
: (14)

Let g1¢T�1
1 e. Based on the event-triggered condition (7), a

hyperbolic tangent function is applied to design ue as

ue ¼�r tanh
gT1T

�1
1 Br

e�lt

� �
(15)

where l> 0 is a designed parameter.

Fig. 1. Diagram of the servo motor with NCS.
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Let nðtÞ ¼ eu tð Þ=r for t 2 ½tk tkþ1Þ. It is clear that nðtkÞ ¼ 0,
and nðtkþ1Þ ¼61. The ETC law uðtkÞ can be formulated as

u tkð Þ ¼ u tð Þ � rnðtÞ: (16)

Applying uðtkÞ instead of uðtÞ into the system (5), and noting
(15), yields

_e ¼ Ac1e�B rn tð Þ þ r tanh
gT1T

�1
1 Br

e�lt

� �� �
: (17)

Theorem 1: For the system (5) under d1 ¼ 0, the ETC law
(16), with u composed of ufb (9), uff (10) and ue (15), and the
control gains in (13), guarantees the exponential stability.

Proof: Taking the derivative of g1, and noting the dynamics
in (17), yields

_g1 ¼ K1g1 �T�1
1 B rn tð Þ þ r tanh

gT1T
�1
1 Br

e�lt

� �� �
: (18)

Let V1¢ð1=2ÞgT1g1 be the Lyapunov function. Its derivative
can be given by

_V 1 ¼ gT1K1g1 � gT1T
�1
1 B rn tð Þ þ r tanh

gT1T
�1
1 Br

e�lt

� �� �
:

(19)

It is clear from (14) that

K1 � �kminI2, (20)

where kmin ¼minðk1,k2Þ, I2 is the identity matrix of order 2.
Applying the results in Lemma 1 and the inequality (20) to the

expression (19) results in

_V 1 � �kming
T
1g1 þ je�lt: (21)

For the given kmin and l, there exists a constant c satisfying
0< c� 2kmin and c 6¼ l. Then, integrating (21) yields

V1 tð Þ � e�ctV1 0ð Þ þ j
c� l

e�lt � e�ctð Þ (22)

which suggests the result in Theorem 1.
Remark 2: It is impossible to completely compensate the

original dynamics via FAS approach due to the parameter
uncertainties and unknown disturbances in actual systems,
which may generate a harmful effect on the tracking accuracy.
To overcome this drawback, DCr is readily designed to sup-
press the effect of uncertain dynamics.

B. FAS Approach With DCr Based on ETC Scheme

According to [29], the feedback controller based on DCr is
constructed for the FAS system (5) as follows:

ufb ¼ � Keeþ Kzzð Þ
_z ¼ �azzþ bee

(
(23)

where z 2 Rp is the vector of control variables, Ke 2 R2 and
Kz 2 Rp are the control gain vectors, az 2 Rp�p and be 2 Rp�2

represent the matrices of parameters.

Fig. 2 shows the control block of the proposed ETC scheme
based on FAS and DCr approaches. Substituting the control law
(8) with ufb given by (23) and uff given by (10) into the system
(5), yields

_e
_z

� �
¼ A�BKe �BKz

be �az

� �
e
z

� �
þ B

0

� �
ue � TLð Þ: (24)

Remark 3: Applying larger p can introduce more design
DOFs to improve control performance, but makes the parame-
ter tuning become more complex. As an illustrative example,
only the DCr with p¼ 1 is designed in this article. Let z¼ z1,
Ke ¼ ke0 ke1½ �, Kz ¼ kz0, az ¼ az0, be ¼ be0 be1½ �. Setting ue ¼ 0,
the FAS model of (24) can be given by

&e1 þ b2€e1 þ b1 _e1 þ b0e1 ¼ _d1 þ az0d1 (25)

with

b0 ¼ az0ke0 þ be0kz0ð Þb0
b1 ¼ az0a1 þ ke0 þ az0ke1 þ be1kz0ð Þb0
b2 ¼ a1 þ az0 þ ke1b0:

8><
>:

Design the desired characteristic polynomial of (25) as

kc sð Þ ¼ sþ k1ð Þ sþ k2ð Þ sþ k3ð Þ: (26)

Let !¢€e1 þ ðk1 þ k2Þ _e1 þ k1k2e1 be an output function.
One has

G! sð Þ ¼ e1ðsÞ
!ðsÞ ¼

1
sþ k1ð Þ sþ k2ð Þ: (27)

Remark 4: It is clear from (27) that G! sð Þ is a low-pass filter
and e1 is the filtered value of !, which satisfies e1j j � ð1=
k1k2Þ !j j via the Laplace transformation properties. The con-
vergence of ! to zero suggests the convergence of e1 to zero.

Lemma 2:Given that d1j j � dmax and _d1

�� ��� Dmax, the control
law (8) with ufb given by (23), uff given by (10), and ue ¼ 0
ensures that the system (5) has a practical exponential stability.
Furthermore, the error function! is bounded by

! tð Þ � e�k3t! 0ð Þ þDmax þ az0dmax

k3
1� e�k3tð Þ: (28)

Proof: Taking the derivative of !, yields

_! ¼ &e1 þ ðk1 þ k2Þ€e1 þ k1k2 _e1: (29)

Fig. 2. Control block of the proposed approach.
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Substituting (25) into (29), one has

_! ¼ �k3 €e1 þ k1 þ k2ð Þ _e1 þ k1k1e1ð Þ þ _d1 þ az0d1

¼ �k3!þ _d1 þ az0d1: (30)

Integrating (30) over 0 t½ �, yields

ek3t! tð Þ �!ð0Þ ¼
ðt
0
ek3sð _d1ðsÞ þ az0d1ðsÞÞds: (31)

Applying d1j j � dmax and _d1

�� ��� Dmax to (31), it is easy to
obtain the inequality (28). According to the definition in [3], the
control system (5) possesses a practical exponential stability.
The proof is completed.

Remark 5: It is clear from (28) that the upper bound of
control error depends on the sum of Dmax and az0dmax for the
given kiði¼ 1, 2, 3Þ. For that the variable d1 and _d1 are inde-
pendent, setting az0 ¼ 0 can remove the contribution of dmax on
the upper bound, and thus can improve the control accuracy.

By setting az0 ¼ 0, the feedback controller ufb presented in
(23) degrades into a PID controller, which can be expressed as

ufb ¼� 1
b0

kpe1 þ ki

ð
e1dtþ kd _e1

� �
(32)

where the control gains kp, ki, and kd are given by

kp ¼ k1ðk2 þ k3Þ þ k2k3
ki ¼ k1k2k3,

kd ¼ k1 þ k2 þ k3 � a1:

8><
>: (33)

Substituting the control law (8) with ufb in (32) and uff in (10)
into the system (5) yields

_E ¼ Ac2EþB2ue: (34)

where E¢ z1 eT½ �T , Ac2 and B2 are respectively given by

Ac2 ¼
0 1 0
0 0 1
�ki �kp �ðkd þ a1Þ

2
4

3
5;B2 ¼

0
0
b0

2
4

3
5:

Based on the assigned different eigen-values �k1, �k2 and
�k3, there exists a nonsingular matrix T2 2 R3�3 such that

T�1
2 Ac2T2 ¼ K2;K2¢

�k1 0 0
0 �k2 0
0 0 �k3

2
4

3
5: (35)

Let g2 ¼ T�1
2 E. The ETC law ue for the system (34) can be

redesigned as

ue ¼�r tanh
gT2T

�1
2 B2r
e�lt

� �
: (36)

Applying uðtkÞ in (16) instead of uðtÞ to the FAS system (5),
and noting (36), yields

_E ¼ Ac2E�B2 rn tð Þ þ r tanh
gT2T

�1
2 B2r
e�lt

� �� �
: (37)

Theorem 2: Given that _d1 ¼ 0, the ETC law (16), with u com-
posed of ufb (32), uff (10) and ue (36), and the control gains in
(33), guarantees that the system (5) has an exponential stability.

Proof: Taking the derivative of g2, and noting the dynamics
in (37), yields

_g2 ¼ K2g2 �T�1
2 B2 rn tð Þ þ r tanh

gT2T
�1
2 B2r
e�lt

� �� �
: (38)

Define the Lyapunov function as V2¢ð1=2ÞgT2g2: Its deriva-
tive can be given by

_V 2 ¼gT2K2g2

� gT2T
�1
2 B2 rn tð Þ þ r tanh

gT2T
�1
2 B2r
e�lt

� �� �
: (39)

It is clear from (35) that

K2 � �k0minI3, (40)

where k0min ¼minðk1,k2, k2Þ, I3 is the identity matrix of order 3.
Applying the results in Lemma 1 and the inequality (40), the

expression (39) satisfies

_V 2 � �k0ming
T
2g2 þ je�lt: (41)

For the given k0min and l, there certainly exists a constant c0

satisfying 0< c0 � 2k0min and c
0 6¼ l. Then, integrating (41) over

0 t½ � yields
V2 tð Þ � e�c0tV2 0ð Þ þ j

c0 � l
e�lt � e�c0t

	 

(42)

which suggests the result in Theorem 2.
Remark 6: Under the time-varying disturbances satisfying

d1j j � dmax and _d1

�� ��� Dmax, the proposed control approach
can only ensure the practical exponential stability instead of
the exponential stability for the control system. It is easy to
know from the result in Lemma 2 that the upper limit of the
tracking error e1 can be made small enough by properly choos-
ing the parameters ki, i¼ 1, 2, 3.

Unfortunately, too large ki (i¼ 1, 2, 3) may excite the high-
frequency dynamics, such as discretization errors and current-
loop dynamics, which has been ignored to simply the controller
design and analysis. The parameter setting of ki (i¼ 1, 2, 3)
should make a trade-off between the control accuracy and the
system sensitivity to the ignored high-frequency dynamics.
Based on the step response or the bandwidth idea, the trial-and-
error method is popular in practice to obtain the satisfactory con-
trol performance.

C. Stability Analysis Under Parameter Uncertainties

Let d1 ¼ 0. The state-space system (4) under parameter uncer-
tainties can be rewritten as

_x ¼ AþDAð Þxþ BþDBð Þu (43)

with

DA¼ 0 0
0 �~a1

� �
, DB¼ 0

~b0

� �

where ~a1 and ~b0 denote the parameter deviations of a1 and b0,
respectively, satisfying

~a1j j � da; ~b0
�� ��� db: (44)
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Applying uðtkÞ in (16) instead of uðtÞ with ufb in (23) and ue
in (36) to (43) and noting that _hd ¼ 0 and €hd ¼ 0, yields

_E ¼ Ac2 þDAc2ð ÞE

� B2 þDB2ð Þ rn tð Þ þ r tanh
gT2T

�1
2 B2r
e�lt

� �� �
(45)

with DAc2 and DB2 given by

DAc2 ¼ 0 0
0 DA

� �
þDB2K2,DB2 ¼ 0

DB

� �
(46)

where K2¢ð1=b0Þ kp ki kd½ � denotes the vector of control gains.
Theorem 3: Given the boundary conditions in (44), the ETC

law (16), with u composed of ufb (32), uff (10) and ue (36), and
the control gains in (33), ensures the exponential stability of the
uncertain system (43), if the following condition is satisfied:

d2 þ d1 K2j jj j< k0min

T�1
2

�� ���� �� T2j jj j : (47)

Proof: Under parameter uncertainties, the derivative of g2
can be rewritten as

_g2 ¼K2g2 þDA 0
cg2

�T�1
2 Be þDBeð Þ rn tð Þ þ r tanh

gT2T
�1
2 B2r
e�lt

� �� �
(48)

where DA 0
c2 ¼ T�1

2 DAc2T2:
Then, the derivative of V2 V2¢ð1=2ÞgT2g2

� �
can be

obtained as

_V 2 ¼gT2K2g2 þ
1
2
gT2 DA 0

c2T þDA 0
c2

� �
g2

� b0 þ ~b0
b0

gT2T
�1
2 B2 rn tð Þ þ r tanh

gT2T
�1
2 B2r
e�lt

� �� �
:

(49)

Applying the conditions in (44) to the expression (46), one has

DAc2j jj j � 0 0
0 DA

� �
þ 0

DB

� �
K2

����
����

����
���� � da þ db K2j jj j (50)

which yields

DA 0
c2T þ DA 0

c2

�� ���� �� � 2 T�1
2 DAc2T2

�� ���� ��
� 2 T�1

2

�� ���� �� da þ db K2j jj jð Þ T2j jj j: (51)

Applying (6) (35), (44) and (51) to (49) yields

_V 2 � � k0min � da þ db K2j jj jð Þ T�1
2

�� ���� �� T2j jj j
n o

gT2g2

þ j 1þ db
b0

� �
e�lt: (52)

Let d0 ¼ k0min � da þ db K2j jj jð Þ T�1
2

�� ���� �� T2j jj j and define j0 ¼
jð1þ ðdb=b0ÞÞ. It follows from (47) that d0 > 0 and j0 > 0.
For the given k0min and l, there exists a constant c00 satisfying
0< c00 � 2d0 and c00 6¼ l. Integrating (52) over the interval 0 t½ �
yields

V2 tð Þ � e�c00tV2 0ð Þ þ j0

c00 � l
e�lt � e�c00tð Þ (53)

which implies that the result in Theorem 3 is true.

Remark 7: Different from the common disturbance observer
(DOB) or ESO, the proposed DCr is a model-free design method,
in which only the system states are utilized for disturbance esti-
mation and compensation. In addition, DCr is designed combin-
ing with the baseline controller to yield a desired closed-loop
system via FAS approach, which can better deal with the control
issues under uncertainties.

IV. EXPERIMENT VALIDATION

A. Experiment Setup

Fig. 3 shows the experiment platform of servo motor system,
in which two Panasonic ac servo motors with the product No.
MSMF042L1U2M are applied. One is the driving motor for tra-
jectory tracking control and the other is the load machine to gen-
erate various load disturbances. The matched servo drivers
(product No. MBDLN25BE) are worked in torque control
mode, which receive and send the digital data via the EtherCAT
network communication protocol. The controller algorithm code
is programmed in the industrial automation software TwinCAT
3, which is served as the master station in NCS and can offer the
cycle update of 8 kHz. The parameters of system configuration
can be found in [32].

In this experiment setup, the nominal values of the load inertia
and the damping coefficient are given by J ¼ 9:6� 10�5 kg �m2

and B¼ 8:0� 10�4 Nm=ðrad=sÞ, respectively. It is clear that the
mechanical time constant is sm ¼ J=B¼ 0:12. According to the
result of identification experiment in [29], the identified model of
the current-loop dynamics can be given by

Gc sð Þ ¼ TmðsÞ
uðsÞ ¼ 0:888

0:000231sþ 1
e�0:000812s: (54)

Applying the first-order Taylor (eLs � 1þ Ls) to approximate
the time delay, it is easy to know that the time constant of the
current-loop system is se � 0:001, which is much smaller than
the mechanical time constant, i.e., se 	 sm. Therefore, it is rea-
sonable that the current-loop dynamics can be ignored for the
position controller design and the property in (3) is satisfied.

B. Step Response Test

The step response performance is first tested, in which the
step value of the position is set as 0.2 rad, and a step disturbance
of 0.2 Nm is applied to the system by the load motor at 250 ms.

Fig. 3. Photograph of experiment platform.
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The following two controllers with ETC scheme are designed
for comparison.

1) ETC-FAS: This is the proposed ETC scheme based on
FAS approach, in which the event-triggered condition in
(7) and the synthesized control law u in (8) are applied,
with ufb given by (9), uff given by (10), ue given by (15)
and the control gains given by (13).

2) ETC-FAS-DC: This is the proposed ETC scheme based
on FAS and DCr approaches, with the control frame-
work presented in (7) and (8). The difference from ETC-
FAS is that a first-order DCr (p¼ 1) is introduced in this
control strategy, leading to that ufb is given by (32), ue is
given by (36) and the control gains given by (33).

Based on the parametric design method, the control gains of
each scheme can be explicitly solved by the desired eigenvalues
of the closed-loop system. To better test the controller perfor-
mance, two different sets of eigenvalues are applied to design the
control gains of each control scheme: Set A1 (k1 ¼ 150, k2 ¼
200) and Set A2 (k1 ¼ 350, k2 ¼ 400) in ETC-FAS, Set B1
ðk1 ¼ 80, k2 ¼ 100, k3 ¼ 120Þ and Set B2 ðk1 ¼ 200, k2 ¼
250, k3 ¼ 300Þ in ETC-FAS-DC. The parameter tuning is based
on trial-and-error method according to the transient performance
of step response. For fair comparison, all the control schemes
employ the same trigger threshold, which is set as r¼ 0:01 Nm:

Fig. 4 shows the actual positions, control inputs and trigger-
ing intervals of the step response under ETC-FAS. Compared
with Set A1, Set A2 achieves a faster rising time for the step ref-
erence and a smaller steady-state error under the constant distur-
bance, but more serious oscillations for control input. It suggests
that applying larger control gains can improve the control accu-
racy in the presence of disturbances, but may excite the ignored
high-frequency dynamics to cause the stability problem. In addi-
tion, the total number of triggers of Set A1 and Set A2 are
respectively 88 and 159, occupying the percentage of 2.2% and
3.98% over the 4000 cycle sampling data at the experiment
time of 500 ms. This can be attributed to that ETC selectively
transmits system sampled data signals, which can significantly

improve data transmission efficiency and reduce network band-
width pressure.

Fig. 5 shows the results of step response under ETC-FAS-
DCr. Similarly, applying larger eigenvalues can improve the
control accuracy but impair the system stability. The total num-
bers of triggers of Set B1 and Set B2 are respectively 126 and
232, occupying the percentage of 3.15% and 5.8% over the total
sampling data. It should be noted that ETC-FAS-DC can make
the tracking error converge to zero under the constant distur-
bance, possessing an enormous superiority on disturbance rejec-
tion over ETC-FAS. This can be attributed to that the introduced
DCr offers extra design DOF to better suppress the unknown
disturbances, which can avoid the control problems associated
with the high-gain scheme.

C. Robust Tracking Control

This subsection aims at testing the tracking accuracy of the
proposed control approach under parameter uncertainties. The
desired trajectory is designed as hd ¼ 10ð1� e�tÞð1� cosð2ptÞÞ
rad, and the parameter uncertainty is implemented by replacing
the inertia load with another one, in which the change of the
moment of inertia is designed as DJ � 1:6� 10�4 kg �m2.

Based on the results of step response, the control gains of each
scheme are designed by using the large eigenvalue sets, that is,
k1 ¼ 350, k2 ¼ 400 in ETC-FAS and k1 ¼ 200, k2 ¼ 250, k3 ¼
300 in ETC-FAS-DC. Besides, a state-of-the-art ETC-based
adaptive fault-tolerant control (ETC-AFTC) in [33] is added to
enhance the persuasiveness of the proposed method, with the
control parameters set as k01 ¼ 1, k11 ¼ 0:3, k02 ¼ k12 ¼ 20,
c11 ¼ 0:003, c12 ¼ 0:017, c21 ¼ 0:005, c22 ¼ 0:01, c1 ¼ 10,
c2 ¼ 20 and n01 ¼ n02 ¼ 2:0. Due to the lack of intuitive physical
meaning, these parameters in ETC-AFTC are tuned by trial-
and-error method. All the comparative controllers adopt the
same fixed ETC scheme to part B of this section.

To evaluate the control accuracy and the communication
efficiency, the maximum absolute error (MAE) of e1, the inte-
gral absolute error (IAE) of e1 and the percentage (PCT) of the

Fig. 4. Step response under ETC-FAS. Fig. 5. Step response under ETC-FAS-DC.
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triggering number nT over the total sampling cycles nS are
applied as the performance indices, which are respectively for-
mulated as

MAE¼max e1f g (55)

IAE¼
ðt
0
e1j jdt (56)

PCT¼ nT
nS

� 100%: (57)

Compared with the performance metrics used in the bench-
mark methods, i.e., step response test, MAE can more directly
measure the trajectory tracking accuracy under uncertainties and
disturbances, which is the main goal of servo drive control sys-
tem design. Since actual systems are very complex and subject
to stochastic noises and perturbations, IAE and PCT can be used
as the statistical performance indices to measure the control per-
formance over a test period.

Figs. 6 and 7 show the experimental results under uncertain J,
including actual positions, tracking errors, control inputs, and
the interval time of triggers. The performance indices (MAE,
IAE, and PCT) of the three controllers are presented in Table I.
It is clear from these experimental results that compared with
ETC-AFTC, both ETC-FAS and ETC-FAS-DC can greatly
improve the tracking accuracy and reduce the number of trigger-
ing events. The reason is that ETC-AFTC is a model-free control
strategy and the adaptive Nussbaum function can only ensure
the bounded stability. In addition, the ignored high-frequency

dynamics of servo system is more easily exited under ETC-
AFTC, which results in serious system oscillations and more
triggering events. Different from ETC-AFTC, FAS approach is
a model-based control strategy, which can obviously improve the
tracking accuracy by removing the original dynamics of servo
system. Besides, the introduction of DCr offers additional control
effort to improve the control performance of FAS, which can
greatly attenuate the harmful effect of uncertainties such that a
much better tracking accuracy can be obtained. It should be noted
that the extra control effort via DCr may make the control law
change more rapidly, resulting in that the triggering condition
with a fixed threshold can be more easily met. Fortunately, both
the two FAS approaches have reduced the control input updates
by more than 96%, saving much more networked communication
resources than ETC-AFTC. Therefore, the proposed approach
possesses a huge advantage on the improvement of the tracking
control performance over the state-of-the-art method.

D. Disturbance Rejection Control

The experiment of disturbance rejection control is conducted
in this subsection for further performance illustration. The
cosine disturbance is produced by the load motor, which is
designed as TL ¼ 0:5 1� cos xdtð Þð Þ Nm. To better test the dis-
turbance rejection performance, the desired trajectory is set as
hd ¼ 0. The three control schemes (ETC-AFTC, ETC-FAS, and
ETC-FAS-DC) are applied for test in this part, with the same
control parameters to part C of this section.

Fig. 8 shows the output positions and control input torques
under the cosine disturbance, in which the interval time of
triggers (tk � tk�1) is presented in Fig. 9. Table I displays the
corresponding MAE, IAE, and PCT. It can be seen that ETC-
FAS and ETC-FAS-DC have respectively reduced the control
input updates by 97.6% and 97.4%, which can better improve
the utilization efficiency of communication resources than
ETC-AFTC, which reduces the triggering events by 96.8%. In
addition, under the time-varying disturbances, the MAEs of
ETC-AFTC, ETC-FAS and ETC-FAS-DC are 0.34 rad, 0.045
rad, and 0.0028 rad, respectively. Obviously, ETC-FAS obtains
a much better control accuracy than ETC-AFTC, while ETC-
FAS-DC obtains a much better control accuracy than ETC-FAS.
This demonstrates that the FAS approach adopted in ETC-FAS
and ETC-FAS-DC can better suppress the unknown external
disturbances than the adaptive fault tolerant control in ETC-
AFTC. Besides, the introduction of DCr can significantly
improve the disturbance rejection performance of the FAS

Fig. 6. Trajectory tracking test with uncertain J.

Fig. 7. Interval time of triggers under uncertain J.

TABLE I
PERFORMANCE INDICES UNDER UNCERTAINTY AND DISTURBANCE

Schemes

Uncertain J Cosine Disturbance

MAE
(rad)

IAE
(rad)

PCT
(%)

MAE
(rad)

IAE
(rad)

PCT
(%)

ETC-AFTC 0.23 0.52 73.4 0.32 0.34 3.2
ETC-FAS 0.0098 0.016 2.2 0.045 0.049 2.4

ETC-FAS-DC 0.0039 0.0015 3.6 0.0028 0.0036 2.6
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approach. Also note that the update of control input may be
triggered even if the load disturbance is removed. This can be
attributed to the discontinuous friction force of servo systems,
as well as the ignored high-frequency dynamics in practical
applications.

V. CONCLUSION

In this article, a new ETC scheme is proposed for the high pre-
cision control of servo motor systems based on FAS and DCr
approaches, which possess many merits such as simplicity, intui-
tion, and effectiveness on controller design and analysis. Theoret-
ical analysis guarantees the exponential convergence of the
control system under parameter uncertainties. Simulation experi-
ments have been conducted on a practical servo motor with NCS.
The results show that the proposed ETC scheme can reduce the
input communication data by more than 94%, saving the commu-
nication resource significantly. Besides, applying DCr to FAS
approach can greatly improve the control accuracy of servo motor
systems, especially under large uncertainties and disturbances.
That provides a well verification for the practicability and superi-
ority of the proposed approach.

In this article, the control input should be generated and moni-
tored in real time in ETC scheme, which causes extra expendi-
ture for practical applications. Future work will devote to
exploring more efficient ETC schemes and applying the pro-
posed approach for larger systems or different types of servo
motors not discussed in this article.
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