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Abstract

Electromechanical actuators (EMAs) are increasingly used in aerospace servo actuation
because of their compact structure, high power density, and convenient integration with
electric flight-control systems. However, load-side aerodynamic torque, friction, parameter
perturbations, and unmodeled transmission effects enter the EMA dynamics through a
channel different from the motor-current input, which leads to a mismatched disturbance re-
jection problem. This paper develops a feedback-linearization-assisted observer-based inter-
connection and damping assignment passivity-based control (IDA-PBC) method for EMA
trajectory tracking. A fourth-order input-output feedback-linearized normal-coordinate
model is first derived, through which the original load-side mismatched disturbance is
transformed into a matched term acting on the highest-order channel. An extended state
observer is then constructed to estimate the transformed disturbance. Based on the ob-
server output, a desired Hamiltonian function is generated from a Lyapunov equation, and
the interconnection and damping matrices are explicitly assigned so that the closed-loop
tracking-error dynamics admit a dissipative port-Hamiltonian representation. A composite
Lyapunov analysis proves closed-loop exponential stability under the assumption of slowly
varying disturbance. The resulting framework combines the disturbance-channel-reshaping
capability of feedback linearization with the energy-shaping interpretation of IDA-PBC,
providing a systematic controller design for high-precision EMA servo systems subject to
load-side disturbances.
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torque, friction, mechanical elasticity, parameter perturbations, and unmodeled dynamics.
These requirements become particularly demanding when the disturbance acts on the
load-side equation, whereas the available control input is the motor-side current.

Traditional servo control strategies based on cascaded current, speed, and posi-
tion loops remain attractive in engineering applications because of their simple struc-
ture and ease of tuning. However, since the active disturbance rejection control (ADRC)
method was developed as a practical disturbance rejection paradigm [2], recent EMA and
electromechanical-servo studies have increasingly relied on observer-based compensation,
robust nonlinear feedback, and learning-assisted or fuzzy disturbance rejection mecha-
nisms to address load changes, backlash, friction, and unmodeled coupling. Representative
examples include ADRC for EMA servo loops [3], robust adaptive neural output feedback
control for electromechanical servo systems with backlash and disturbances [4], composite-
disturbance-observer-based ADRC [5], fixed-time sliding-mode control for EMAs [6], fuzzy
ADRC based on feedback linearization [7], and feedback-linearization disturbance com-
pensation for air-rudder electromechanical servo systems [8]. These studies confirm the
practical value of disturbance observation, but they also show that the disturbance channel
and the motor-current channel must be handled carefully when the actuator contains elastic
transmission dynamics.

The broader literature on PMSM servo control provides further evidence that dis-
turbance estimation is central to high-performance electric actuation. Recent works have
combined ADRC with refined extended state observer (ESO) structures [9], multi-stage
model predictive control [10], enhanced switching mechanisms [11], and single-loop com-
pensation functions [12]. Other studies have used disturbance-observer-based sliding-mode
or finite-time methods for PMSM speed and position regulation [13-18]. Predictive con-
trol surveys also indicate that PMSM control increasingly blends model-based prediction,
observer design, and robustness enhancement [19]. These developments are relevant to
EMAs because the PMSM is the force-generating component of the electromechanical
actuation chain.

Nevertheless, for EMAs with external load torque, the disturbance and the control
input may be non-collocated in the original physical coordinates. A load-side distur-
bance enters the load acceleration equation, whereas the current input acts through the
motor acceleration equation. This mismatched structure makes direct feedforward can-
cellation incomplete and motivates a control-oriented transformation before disturbance
compensation. Input-output feedback linearization provides a systematic way to transform
nonlinear systems into normal coordinates when the relative degree is well defined [20].
Disturbance-observer-based feedback linearization has also been used in other nonlin-
ear servo-like systems [21], and adaptive periodic-disturbance observer control has been
applied to precision gimbal servo systems with rotor vibration [22]. However, a pure
feedback-linearization controller usually emphasizes cancellation and pole assignment,
while the energetic interpretation of the closed-loop dynamics is less explicit. In contrast to
conventional state-feedback design, the Hamiltonian formulation explicitly characterizes
the closed-loop tracking dynamics through a storage function and assigned damping. This
makes the energy dissipation mechanism transparent and allows the disturbance-estimation
residual to be directly incorporated into the subsequent energy-based stability analysis.

To address the abovementioned issue, port-Hamiltonian and passivity-based control
methods offer this structural viewpoint. In particular, interconnection and damping as-
signment passivity-based control (IDA-PBC) shapes a desired Hamiltonian and injects
damping by assigning suitable interconnection and damping matrices [23]. IDA-PBC has
been applied to a broad range of physical systems. In mechanical systems, it has been
employed for the stabilization of underactuated systems through kinetic- and potential-
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energy shaping [24]. Its applications have also been extended to power electronic systems,
including grid-connected front-end converters and photovoltaic inverters [25,26]. Recent
studies have further extended this idea to PMSM efficiency optimization and control [27,28],
and the port-Hamiltonian framework has also been developed for discrete-time systems,
observer design, and structure-preserving model reduction [29-31]. A challenge in the
present EMA problem is that the original load-side disturbance is not matched with the
motor-current input. Therefore, directly applying IDA-PBC in the original coordinates does
not immediately provide a simple disturbance-compensation law. This motivates the inte-
gration of feedback linearization with observer-based IDA-PBC-inspired energy-shaping
control in a unified framework.

This paper proposes a feedback-linearization-assisted observer-based IDA-PBC
method for an EMA subject to load-side lumped disturbances. The key idea is to first
transform the EMA into a fourth-order normal-coordinate model in which the disturbance
and control input appear in the same highest-order channel. An ESO is then designed in
the transformed coordinates, and the IDA-PBC law assigns the tracking-error dynamics to a
desired dissipative port-Hamiltonian structure. In this way, feedback linearization resolves
the disturbance-channel mismatch, while IDA-PBC provides the desired energy-shaping
and damping-injection interpretation. To the best of our knowledge, this framework has
not yet been investigated for EMA systems subject to load-side mismatched disturbances.

The main contributions of this paper are summarized as follows.

1. A feedback-linearized normal-coordinate model is developed for the EMA system.
Through this transformation, the original load-side mismatched disturbance is con-
verted into a matched disturbance acting on the highest-order channel together with
the control input.

2. Anobserver-based IDA-PBC tracking controller is proposed in the normal coordinates.
A desired Hamiltonian function is constructed through a Lyapunov equation, and the
corresponding interconnection and damping matrices are explicitly assigned.

3. A closed-loop stability analysis is provided by retaining the observer estimation
residual. The ESO convergence and the IDA-PBC tracking stability are analyzed in a
unified Lyapunov framework, showing exponential convergence under the slowly
varying disturbance assumption.

The remainder of this paper is organized as follows. Section 2 establishes the EMA
model, derives the feedback-linearized normal-coordinate representation, and gives the
port-Hamiltonian reformulation. In Section 3, the ESO, the observer-based IDA-PBC
law, and the stability proof are presented. Section 4 provides the illustrated validation,
and Section 5 gives the conclusions.

2. Mathematical Modeling of EMA
2.1. EMA Dynamic Model

As illustrated in Figure 1, the considered EMA consists of a PMSM, a gear transmission
stage, a ball-screw mechanism, and an aerodynamic load. The PMSM generates electro-
magnetic torque, which is transmitted through the gearbox and subsequently converted
into linear motion by the ball-screw mechanism to drive the control surface.

The PMSM in the considered EMA is a three-phase AC machine. In the field-oriented
control framework, the three-phase stator quantities are transformed into the stationary
«f frame through the Clarke transformation and subsequently into the rotor-synchronous
dq frame through the Park transformation [32,33]. Under the commonly adopted field-
oriented control strategy with i; = 0, the electromagnetic torque can be expressed as
T, = Kiig [34]. Since the inner current-loop dynamics are faster than the mechanical dy-
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namics by a sufficient margin, they are neglected in the controller-oriented model, and the
g-axis current i, is treated as the control input.

On (1) n (1) G (1), (1).T (t)

— D
S < i—
Gearbox Ballscrew

Figure 1. Schematic of the EMA.

The state vector and control input are defined as

x:[xl Xy X3 x4]Té[91 w; Oy a)mr, (1a)

ui, (1b)

where 6; and w; denote the load angular displacement and velocity, respectively; 6, and
wy denote the rotor angular displacement and velocity of the motor; and i, is the g-axis
current. Combining the PMSM electromagnetic torque relation with the motor-side and
load-side mechanical dynamics yields the following reduced-order EMA model [6]:

X1 = X2,
8 nzKl Bl nKl
Xp = —]—xl - ]—xz + ]—xe, +€,
. I 1 I (2)
X3 = Xg,
. nkj K; B t
X4 = —X] — —X3— —Xg4 + —1U.
T T T T

Here, n denotes the gear reduction ratio; K is the equivalent torsional stiffness of the
transmission shaft; J; and [, are the equivalent load inertia and motor inertia, respectively;
B; and By, are the viscous damping coefficients; and K; denotes the motor torque constant.
The lumped disturbance is defined as

Ty
I’

where Ty includes the external load torque, nonlinear friction effects, parameter perturba-

€ =

®)

tions, and unmodeled dynamics. In this work, the disturbance is assumed to be slowly
varying, namely, ¢ = 0. The system output is the load linear displacement y = d(t), which

can be denoted as
by

yzﬂ

where P is the ball-screw lead. The control objective is to make y track a prescribed

91 ’ (4)

reference trajectory r(t) despite the disturbance €. According to (4), this objective can be
equivalently reformulated as making x; track

T 27-[7’
0= 5"
by

)

The reference trajectory ro(t) is assumed to be sufficiently smooth, and its required
derivatives are bounded.
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2.2. Feedback-Linearization Coordinate Transformation

As shown in (2), the disturbance € enters the load-side dynamics, whereas the control
input u acts on the motor-side dynamics. This constitutes a mismatched disturbance that
cannot be directly compensated through the motor-side control input. Although conven-
tional state-feedback controllers, such as linear quadratic regulators (LQRs), can stabilize
the nominal EMA dynamics, they cannot directly resolve the problem of mismatched
disturbance. To obtain a control-oriented representation with a matched total distur-
bance, an input-output feedback-linearization transformation is introduced. Following
the standard input-output feedback-linearization procedure [20], we define the normal
coordinates as

Z=|z1 2z 2zZ3 Z4}Té[x1 X1 X x§3)]T- (6)

Under the assumption of slowly varying disturbance, namely, é = 0, the disturbed
EMA model (2) can be transformed into

Z1 = 2o,
Zp = z3,
. )
23 = Z4,
2y = —b1zp — byzz — b3z4 + bgu + bse,
where
by KB 075,)
! Jm
n’K;, K;  B;Bu
bz i + T 7
]l ]m ]l]m
b = - + - 7
T T
I’lKth
by = ,
]l]m
K
bs = —.
> T

From (7), it is observed that the relative degree of the EMA system is r = 4,
which equals the state dimension. Hence, no internal dynamics are introduced by the
transformation.

Remark 1. The disturbance € is mismatched in the original EMA model (2) because it acts on
the load-side acceleration equation, while the control input acts on the motor-side acceleration
equation. After the feedback-linearization coordinate transformation, both u and € appear in the
fourth equation of (7). Therefore, the disturbance can be handled as a matched total disturbance in the
normal-coordinate model. This transformation is the key reason for the subsequent observer-based
disturbance compensation design.

2.3. Port-Hamiltonian Reformulation in the Transformed Coordinates

Based on the feedback-linearization coordinate transformation, the EMA dynamics
have been rewritten as the fourth-order chain system (7). The transformed system possesses
a regular input-output cascade structure, where the control input and the transformed
disturbance act on the same highest-order channel. This property makes it possible to con-
struct a port-Hamiltonian (PH) representation in the transformed coordinates. Compared
with a conventional state-space description, the PH framework offers a clear characteriza-
tion of the storage function, interconnection structure, and damping mechanism, which
is beneficial for energy-shaping and damping-injection controller design. It should be

https:/ /doi.org/10.3390/act15090457


https://doi.org/10.3390/act15090457

Actuators 2026, 15, 457

60f23

emphasized that the port-Hamiltonian representation constructed here is control-oriented.
The artificial quadratic storage function is defined in the feedback-linearized coordinates
rather than the physical Hamiltonian of the EMA. Accordingly, the subsequent controller
does not reshape the original mechanical energy through the classical IDA-PBC matching
procedure. Instead, an IDA-PBC-inspired interconnection-and-damping assignment is
performed on the transformed tracking dynamics.

For compactness, (7) can be expressed as

z=Azz+ gu+dze, (8)
where
o1 o0 o0 0 0
o0 1 o0 0 0
A, = , = , d =
“lo o o 1 827 1o == o
0 —b, —by —bs by bs

To establish a Hamiltonian-oriented representation, the following quadratic storage
function is selected as

Hy(z) = -

= EZTMzz, )

where M, = MI > 0 is a constant weighting matrix. Its gradient is given by

oH
a—ZZ = M,z. (10)
By introducing
1 _ _
J- = 5 (AzMz 1- M, 1A2)r (11a)
1 _ _
R.=—3 (AZMZ Ly M; 1AZT), (11b)

the transformed EMA dynamics (8) can be rewritten as

. JoH
z = (]Z—Rz)a—zz + gou +dze. (12)
From (11), one obtains [, = —]. ;‘r and R, = RZT . This representation shows that the trans-

formed disturbance and the control input act through the same port in the normal coordinates.

Remark 2. The port-Hamiltonian representation in (12) differs from the physical port-Hamiltonian
model used in classical IDA-PBC. Since the design is carried out after the feedback-linearization
coordinate transformation, H,(z) is an artificial storage function rather than the kinetic and
potential energy of the original EMA. Therefore, the formulation adopted in this work should be
interpreted as an IDA-PBC-inspired energy-shaping representation in the transformed coordinates,
rather than classical IDA-PBC based on physical-energy matching.

3. Feedback-Linearization-Assisted Observer-Based IDA-PBC Design

In this section, a feedback-linearization-assisted observer-based IDA-PBC method
is developed for the EMA system with the schematic shown in Figure 2. First, an ESO
is constructed for the normal-coordinate model (7). Second, based on the estimated dis-
turbance, the closed-loop tracking-error dynamics are assigned to a desired dissipative
port-Hamiltonian structure.
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Port-Hamiltonian Observer-based IDA-PBC Electromechanical actuator
target assignment 1

L | u= b_[blzz +b,2, +bz, —b2 + 1| Iy carent] | = Mechanical
H,(e)==¢"Pe 4 loop P! > transmission
2 =k (2, = 1) =Ky (2, = ;) ~ system

k(2 — 1) k(2 1]

A 2

Extended state observer Feedback-linearization
z'e =AZ+BU+L(y,— ) | coor(jlnate tfanstorma:::o?
j,=C.2, 22[x % % x?]

z |

Figure 2. Schematic of the proposed feedback-linearization-assisted observer-based IDA-PBC method.

3.1. Extended State Observer for Disturbance Estimation

To estimate the lumped disturbance ¢, it is treated as an extended state zs £ ¢
The augmented normal-coordinate model is

Ze = AeZe + Beu, (133)
y1 = Ceze, (13b)

T
where z, = [zl Zy Z3 Z4 25} and

0 1 0 0 o0 0
0 1 0 0O 0
Ae=10 0 1 0|, Be=|0|, C=1|1 0 0 0 0.
0 —by —by —b3 bs by
0 0 0 0 0O 0

The observability matrix of the pair (AE, Ce) is

Ce 1 0 0 0 0
Ce A 0 1 0 0 0
O, = |CAZ| =10 0 1 0 0 (14)
C.A3 0 0 0 1 0
C. A} 0 —b; —by —b3 bs
Since bs # 0, the pair (A, C.) is observable. The following ESO is designed:
ZAe = AcZe + Beu + L(yl - ?1), (15a)
71 = CeZe, (15b)

T
where 2, is the estimation of z,, while L = |I; [, I3 I 15} is the observer gain vector.
The estimation error is Z, = z, — Z.. The observer error dynamics are

£, = (A — LC,)Z. (16)

The observer gain can be selected explicitly using the Routh-Hurwitz criterion.
The characteristic polynomial of A, — LC, is

o(s) = 8% + ars* + aps® 4 a3s? + ags + a5, (17)
p

https:/ /doi.org/10.3390/act15090457


https://doi.org/10.3390/act15090457

Actuators 2026, 15, 457 8 of 23

where
a; = l] + b3,

ay = Iy 4 b3ly + by,

as = I3+ bzly + byly + by,
ay = Iy + b3ls + boly + b1y,
as = b5l5.

According to the Routh-Hurwitz criterion, the observer error dynamics are asymp-
totically stable if a1 > 0, ajap —az > 0, Az > 0, Ay > 0, and a5 > 0, where Az and A4
are the corresponding Hurwitz determinants. For practical tuning, the desired observer
polynomial can be assigned as (s + w,)® with w, > 0. Matching the coefficients yields

Iy = 5w, — b3,

I, = 10w? — by — b3ly,

I3 = 10w3 — by — byly — by,
ly = 5w — b1y — byly — bsls,
w)

bs

(18)

Is =

Hence, the observer gain can be tuned through the single parameter w,. A larger w,
generally improves the convergence speed, but excessive values may increase sensitivity to
measurement noise.

3.2. Port-Hamiltonian-Based Tracking Control

T
"o

The tracking error vector between the actual and desired states can be expressed as

To achieve trajectory tracking, the reference vector is defined as z; = [7’0 o o (3)

T
e = [61 e €3 64]
(19)
. ) @17
= [Zl—}’o Zp—fy Zz—Tp Z4—7 } .

According to (7) and (19), the tracking-error dynamics are
é1 = e,
€ =e3,

. 20)
€3 = €4,

¢y = —b1zo — bpzz — b3zy + byu + bse — r((J4).

The desired companion matrix is defined as
Ac = , (21)

where k; > 0 (1 < i < 4) are selected such that A. is Hurwitz. Let Q = QT > Obe a
prescribed matrix. Since A, is Hurwitz, there exists a unique matrix P = PT > 0 satisfying

ATP+PA. = —Q. (22)
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The desired Hamiltonian function is
Lr
Hy(e) = 5¢ Pe. (23)
The desired interconnection and damping matrices are assigned as
1 -1 —14T
Ja =5 (AP~ —P71Al), (24a)
1
Ri=—3 (ACP_l + P‘lACT). (24b)
From (22), it follows that
1 1Ap-1
Ry = EP QP >0. (25)

Hence, ]dT =—Jyand R; = R; > 0.
The relationship between the feedback gains and the desired port-Hamiltonian struc-
ture can be made explicit. Since 0H;/de = Pe, the target dynamics

. dH,
¢=(Ja Rd)y (26)
are equivalent to
é=(Js— Ryq)Pe = Ace. (27)
Hence,
Ac = (Ja = Ra)P. (28)

Because the last row of A, is [—k1, —ka, —k3, —k4], the feedback gains are related to the
desired interconnection and damping matrices through

ki= —el(Js—Ry)Pe;, i=1,...,4, (29)

where ¢; is the ith canonical basis vector. In the present design, the gains k; are first selected
such that A; is Hurwitz. The matrix P is then obtained from the Lyapunov equation,
after which J; and R, are determined accordingly. Therefore, the control gains and the
desired port-Hamiltonian matrices are not independent design quantities but are linked
through the prescribed closed-loop matrix A..

Remark 3. The high-order derivatives introduced in the feedback-linearized coordinates are not
required to be directly measured in practical implementation. They can be obtained using numerical
differentiation methods, such as the finite-differenice method, or reconstructed using a high-order
observer [35]. Therefore, the normal-coordinate states required by the controller can be generated
online without introducing dedicated acceleration or higher-order derivative sensors.

Considering the disturbance estimation error Zs = z5 — Z5, the desired error dynamics
of the EMA can be equivalently represented as the following dissipative port-Hamiltonian
target dynamics:

oH

¢ = (Ja— Ra) " +daZs. (30)
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To assign (20) to (30), the observer-based IDA-PBC law is designed as
1 s (4
u= ™ b1zy 4 byzz + bazy — bsZs + 7o
4
*kl(Zl *1’0) *kz(Zz *1"()) *kg(Zg *i"o) (31)

— k4(Z4 — 1’(()3)):| .

Note that in (31), the terms containing b; and r(()4) compensate the known normal-

coordinate dynamics and reference feedforward term, the term containing Z5 compensates
the estimated transformed disturbance, and the terms containing k; assign the desired
closed-loop tracking dynamics.

3.3. Stability Analysis

The closed-loop system consists of the observer-error subsystem and the tracking-
error subsystem interconnected through the disturbance-estimation residual. The following
stability analysis follows the standard composite Lyapunov and cascade-system stability
framework [20,36], specialized here to the proposed observer-based EMA control system.

Theorem 1. Under the assumption of slowly varying disturbance, the EMA tracking-error system
under the ESO (15) and the observer-based IDA-PBC law (31) is globally exponentially stable.

Proof. Since (A,, C,) is observable, the observer gain L can be assigned such that A, — LC,
is Hurwitz. Hence, for a prescribed matrix Q, = QOT > 0, there exists a unique matrix
P, = PI' > 0 satisfying

(Ae — LCo) TP, + P,(Ae — LCe) = —Q,. (32)

The storage function for the observer error system is chosen as

1
%=§£%z (33)

Taking the derivative of V, along (16) gives

. 1. B
Vo = _E onze

(34)
Ami
< Amin(Q) o 2
where Apmin(Qo) denotes the minimum eigenvalue of Q,, while || - || is the 2-norm. Substi-
tuting (31) into (20) yields
e = Ace + dzZS. (35)

Because dH,/de = Pe and A P + PA, = —Q, the derivative of Hy(e) along (35) is
H; = —%eTQe + ¢! Pd,E5Z, (36)
withEs =10 0 0 0 1} . By the Cauchy-Schwarz and Young inequalities,
e’ Pd;Esz, < cole]]]|Z||

Amin(Q) 2 C% =112 (37)
STHEH +m”ze”
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with ¢, = ||Pd,Es||. It follows from (36) and (37) that

Hd < _ )\min(Q)

2
c 8
< 1 el + sl (38)

)\min ( Q)

The composite Lyapunov function is constructed as
V = H; +aV,, (39)

where « > 0 is a constant to be specified. Combining (34) and (38) yields

Y /\min(Q) 2 (“Amin(Qo) C% ) = 112
V< ———=le||c — - Zell*. 40
Choose « such that
«> 2 (41)
Amin(Q)Amin(QO) '
Then, there exists a constant
A XA min(Qo) _ C%
p= 2 Amin(Q) >0 2
and hence,
. A )
V< Amnl@ )z 2 @)

- 4

T
Let& = |el ZL,T} .SinceP =PT >0and P, = POT > 0, there exist constants ¢ > 0
and ¢ > 0 such that
cllgl* < v <elgl* (44)

Moreover, (43) implies that V < —c,||&||* for some ¢, > 0. Therefore, V < —(c,/¢)V,
which proves global exponential convergence of ¢ to the origin. Thus, both the tracking
error e(t) and the observer estimation error Z,(t) converge exponentially to zero. [I

Remark 4. The assumption é = 0 is introduced to facilitate the theoretical analysis and to establish
exponential convergence of the nominal closed-loop error dynamics, rather than as a necessary con-
dition for implementing the proposed controller. In practical operation, time-varying disturbances,
parameter uncertainties, modeling errors, imperfect feedback linearization, and measurement noise
may introduce additional perturbations into the tracking and observer error dynamics. Provided
that these perturbations remain bounded, the exponential convergence to the origin is generally
relaxed to boundedness of the tracking and estimation errors. Therefore, the exponential-stability
result established above should be understood as a nominal result under the stated assumptions.

4. I1lustrated Results and Discussions

To evaluate the performance of the feedback-linearization-assisted observer-based
IDA-PBC method for the displacement control of the EMA, a simulation model is estab-
lished in MATLAB/SIMULINK R2023b. The system parameters of the EMA are listed in
Table 1. To ensure a fair comparison, a conventional proportional-integral-derivative (PID)
controller, the fixed-time sliding-mode control (FTSMC) method, and the active disturbance
rejection control (ADRC) are selected as benchmark controllers, with the control law shown
in Table 2. The displacement-tracking performance and disturbance rejection capability of
different control methods are evaluated under various operating conditions. Two typical
reference trajectories, comprising step and sinusoidal signals, together with two representa-
tive external load disturbances, comprising step and sinusoidal torque disturbances, are
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considered in the simulations. These test scenarios are designed to investigate the dynamic
response characteristics of the EMA system under both reference variations and external
disturbances. Furthermore, the disturbance estimation results obtained from the ESO are
presented to evaluate the capability of the proposed method in reconstructing unknown
disturbance torque.

Table 1. Parameters of the EMA system.

Parameter Value Unit
Jm 24x1074 kg - m?
By, 0.01 N-m-s/rad
K; 0.16 N-m/A
n 15 -
Ji 0.103 kg - m?
B, 0.01 N-m-s/rad
K 1x10° N/m
P, 0.005 m

Table 2. Control laws of the benchmark controllers.

Method Main Control Law

t
PID Uupp = Kp (1’0 - xl) + Ki /0 (7‘0 - xl) dt — deZ
nK K B .
FTSMC [6] UFTSMC = h (—71X1 + le?, + 7mX4 + X3p — k3G3(e3) - k4G4(€4) + ue)
Ke\' Jm Jm Jm

1 . . . R . R N
ADRC [2] MADRC = 7 [Vé4> —ki(21 — o) — ko (22 — 70) — k(23 — o) — ka(Z4 — ?(()3)) - D}

4.1. Displacement Step Tracking Results

To investigate the disturbance rejection capability of the proposed method under
a fixed displacement command, a step reference signal with an amplitude of 0.05 m is
first considered. Two types of load torque disturbances, including a step disturbance and
a sinusoidal disturbance, are respectively introduced at t = 3 s to analyze the control
performance under abrupt and periodic disturbance conditions.

For the two disturbance scenarios, the displacement-tracking responses, tracking error
curves, and disturbance estimation results obtained from the ESO are presented. The effec-
tiveness of different control strategies in maintaining position accuracy and compensating
external disturbances is evaluated based on the obtained simulation results.

4.1.1. Results Under a Step Torque Disturbance

As shown in Figures 3 and 4, the displacement-tracking responses and tracking errors
of the PID, FTSMC, and proposed methods are compared under a 0.05 m step position
command with a step load torque disturbance of 10N - m. Before the disturbance is applied,
all three controllers achieve satisfactory tracking performance with small displacement
deviations, indicating that the closed-loop system maintains acceptable tracking accuracy
under nominal conditions.

When the step load disturbance is introduced at t = 3 s, different disturbance rejection
performances can be observed among the three controllers. The PID controller exhibits the
largest position deviation, with a maximum tracking error of 3.124 mm, indicating that its
tracking performance is more sensitive to abrupt load variations. The ADRC controller
reduces the disturbance-induced deviation, with a maximum tracking error of 2.219 mm.
In comparison, the FISMC method further reduces the disturbance-induced deviation,
and the maximum tracking error decreases to 1.325 mm. This result indicates that the
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FTSMC and ADRC methods provide improved robustness against external disturbances
compared with the conventional PID controller.
Compared with the benchmark methods, the proposed method achieves a smaller

tracking deviation and a smoother recovery process after the disturbance occurrence.
The maximum tracking error is limited to 0.514 mm, which is reduced by approximately
83.5%, 61.2%, and 76.8% compared with the PID, FTSMC, and ADRC methods. Moreover,
the displacement response curve shows that the proposed method returns to the reference
position more rapidly after the disturbance is applied, while maintaining a smaller fluctua-
tion amplitude during the recovery process. The tracking error curve further demonstrates

that the error variation of the proposed method remains within a smaller range without

obvious oscillations. These results indicate that, under the tested step disturbance condition,
the proposed method can effectively reduce the position deviation caused by external load
variations and improve the disturbance rejection performance of the EMA system.
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Figure 3. Step tracking response curve comparison under step disturbance.
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Figure 4. Comparison results of step tracking errors under step disturbance.
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Figure 5 presents the disturbance estimation results of the ESO under the step load
disturbance condition. Before the disturbance is introduced, both the actual disturbance ¢
and the estimated disturbance é remain close to zero, indicating that the ESO can accurately
characterize the disturbance-free condition. When the step disturbance is applied at ¢t = 3 s,
the actual disturbance rapidly increases to 97.0874, and the estimated disturbance responds
accordingly with a peak value of 99.4571. Due to the abrupt variation of the external
disturbance, a transient estimation deviation appears during the initial observation process.
However, the estimated disturbance rapidly converges to the actual disturbance within
approximately 0.1 s, and the two curves remain highly consistent thereafter. The results
demonstrate that the designed ESO can effectively reconstruct the external disturbance
under the tested step disturbance condition and provide reliable disturbance estimation
information for the proposed controller.

100 T S ——
----- Estimated disturbance :
) i = Actual disturbance : |
i
w ]
© i
= 60 i 1
o] ]
< i
— N
=) 1]
_*g 40 + i 1
e |
i
201 i ]
]
i
i
0 - - o4 1
0 1 2 3 4 5

Time [s]

Figure 5. Results of the proposed observer with step disturbance under the step command.

4.1.2. Results Under a Sinusoidal Torque Disturbance

Figures 6 and 7 present the displacement-tracking responses and tracking errors of
the PID, FTSMC, and proposed methods under a 50 mm step reference command with
a sinusoidal load disturbance. Before the disturbance is introduced, all three controllers
maintain accurate tracking of the reference position, indicating that the closed-loop system
achieves satisfactory tracking performance under nominal conditions.

When the sinusoidal load disturbance is applied at t = 3 s, different disturbance rejec-
tion characteristics can be observed among the three control methods. The PID controller
exhibits relatively large displacement fluctuations caused by the periodic disturbance,
resulting in a maximum tracking error of 3.968 mm. This indicates that the conventional
PID controller has a limited ability to maintain position accuracy under time-varying load
disturbances. In comparison, the ADRC controller reduces the disturbance-induced devia-
tion, with a maximum tracking error of 1.067 mm. The FTSMC method further reduces the
disturbance-induced position deviation, with the maximum tracking error decreased to
0.874 mm, demonstrating improved robustness against periodic disturbances.

Compared with the benchmark methods, the proposed method achieves a more stable
position response with smaller tracking fluctuations under the sinusoidal disturbance
condition. The maximum tracking error is limited to only 0.169 mm, which is reduced
by approximately 95.7%, 84.2%, and 80.7% compared with the PID, ADRC, and FTSMC
methods, respectively. As observed from the tracking error curve, the proposed method
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maintains a smaller error amplitude after the disturbance is introduced, without apparent
sustained oscillations. These results indicate that, under the tested sinusoidal disturbance
condition, the proposed method can effectively attenuate the influence of periodic load
variations and maintain higher displacement-tracking accuracy.

00547

0,05

0.048

Load linear displacement dl [m]
(e}
3

0 ‘ s : Proposed
0 1 2 3 4 5

Time [s]

Figure 6. Step tracking response curve comparison under sinusoidal disturbance.
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Figure 7. Comparison results of step tracking errors under sinusoidal disturbance.

Figure 8 illustrates the disturbance estimation results of the ESO under the sinusoidal
load disturbance condition. As the external disturbance varies periodically, the estimated
disturbance é follows the variation trend of the actual disturbance ¢, and the two curves
maintain good consistency throughout the dynamic process. The estimated disturbance
accurately reflects the periodic characteristics of the external load torque, without obvious
phase lag during the disturbance variation. Although a small estimation deviation exists
during the dynamic tracking process, the estimated disturbance continuously follows
the actual disturbance variation. The results indicate that the designed ESO is capable of
dynamically estimating time-varying load disturbances and providing effective disturbance
information for the proposed controller under the tested sinusoidal disturbance condition.
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Figure 8. Results of the proposed observer with sinusoidal disturbance under the step command.

4.2. Displacement Sine Curve Tracking Results

To further evaluate the control performance of the proposed method under dynamic
displacement-tracking conditions, comparative simulations are conducted with a sinusoidal
reference signal. The amplitude and frequency of the reference displacement are set to
60 mm and 2 Hz, respectively. Step and sinusoidal disturbance torques are introduced
separately to investigate the displacement-tracking performance of the PID controller, the
FTSMC method, the ADRC algorithm, and the proposed method.

4.2.1. Step Torque Disturbance Results

Figures 9 and 10 present the displacement-tracking responses and tracking errors of
the three control methods under a sinusoidal displacement reference. Before the external
disturbance is applied, all methods can follow the periodic reference trajectory. Compared
with the PID and FTSMC methods, the proposed method exhibits a closer agreement
between the output response and the reference trajectory, with smaller tracking deviations.

When the step disturbance torque is introduced at t = 1 s, different error responses
are observed among the three controllers. The PID controller suffers from a considerable
tracking deviation, and the maximum tracking error reaches 10.85 mm. In comparison,
the ADRC, FTSMC, and proposed methods reduce the disturbance-induced error variation,
with the maximum tracking errors limited to 1.19 mm. Furthermore, the error curve of the
proposed method exhibits smoother variations during the subsequent periodic tracking
process, maintaining smaller tracking error fluctuations after the disturbance occurrence.

The above results demonstrate that, under the combined condition of a sinusoidal
displacement reference and a step disturbance torque, the proposed method can main-
tain stable displacement-tracking performance and reduce the influence of abrupt load
variations on the dynamic tracking process.

Figure 11 presents the disturbance estimation results of the ESO under the sinusoidal
displacement reference with a step disturbance torque. After the step disturbance is
introduced at t = 1 s, the estimated disturbance responds rapidly to the variation in the
actual disturbance and gradually reaches the steady state. As observed from the estimation
curves, the ESO accurately captures the change in the amplitude of the step disturbance,
with only a short transient deviation during the disturbance transition. Subsequently,
the estimated disturbance remains consistent with the actual disturbance. The result
indicates that the designed ESO possesses a fast disturbance response capability during
dynamic displacement tracking and can effectively reconstruct abrupt load disturbances.
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Figure 9. Sinusoidal tracking response curve comparison under step disturbance.
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Figure 10. Comparison results of step tracking errors under step disturbance.
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Figure 11. Results of the proposed observer with step disturbance under the sinusoidal command.

https:/ /doi.org/10.3390/act15090457


https://doi.org/10.3390/act15090457

Actuators 2026, 15, 457

18 of 23

4.2.2. Sinusoidal Torque Disturbance Results

To further investigate the system response to time-varying disturbances during dy-
namic displacement tracking, a sinusoidal disturbance torque is introduced at ¢t = 1 s.
Figures 12 and 13 present the tracking responses and tracking errors of different control
methods under a sinusoidal displacement reference, while Figure 14 shows the disturbance
estimation results of the ESO under the same condition.
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Figure 12. Sinusoidal tracking response curves under sinusoidal disturbance.
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Figure 13. Tracking errors of different methods with sinusoidal disturbance under the sinusoidal command.

As illustrated in Figures 12 and 13, the dynamic responses and tracking errors of the
three control methods during sinusoidal displacement tracking, where a sinusoidal distur-
bance torque is introduced at t = 1 s. Before the disturbance occurs, all methods achieve
satisfactory tracking of the reference trajectory. After the disturbance is applied, the PID
controller exhibits apparent periodic tracking deviations, resulting in larger error fluctu-
ations. In comparison, the ADRC and FTSMC methods reduce the disturbance-induced
error variations, while the proposed method maintains smaller tracking error fluctuations
and a closer agreement between the output response and the reference trajectory. As shown
in Figure 14, the estimated disturbance variable of the ESO remains consistent with the
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actual disturbance variable, accurately reflecting the dynamic variation characteristics of
the disturbance term.
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Figure 14. Results of the proposed observer with sinusoidal disturbance under the sinusoidal command.

To quantitatively evaluate the servo tracking performance of different control meth-
ods, three error indices, including the maximum absolute error (MAE), integral absolute
error (IAE), and root mean square error (RMSE), are adopted for comparison. The corre-
sponding results are summarized in Table 3. It is observed that the proposed method
achieves smaller error indices under different disturbance conditions compared with
the PID, ADRC, and FTSMC methods. These results further demonstrate the improved
displacement-tracking accuracy of the proposed method under disturbed operating condi-
tions. To further summarize the performance characteristics observed in the simulations,
the main advantages and limitations of the tested methods are presented in Table 4.

Table 3. Quantitative comparison of tracking performance and control action under different dis-

placement references and disturbance conditions.

Command Type Disturbance Type Method I\}E:Ekmg E?Xé IndlcesRlﬁgg Control Action RMS
PID 3.1239 2.2268 1.4614 48.896
Step FTSMC 1.3255 0.4772 0.4513 49.763
ADRC 2.2187 0.8893 0.5886 49.557
Step Proposed 0.5140 0.2634 0.1423 49.868
PID 3.9681 3.2131 1.8292 50.054
Sinusoidal FTSMC 0.8742 0.9039 0.5058 49.977
ADRC 1.0667 1.3058 0.7256 49.982
Proposed 0.1689 0.1757 0.0978 49.999
PID 15.082 3.3906 5.5149 41.751
Step FTSMC 3.2380 0.4909 0.6120 42.661
ADRC 2.2983 1.1205 1.1986 41.299
Proposed 1.3806 0.4658 0.5919 41.98
Sinusoidal
PID 14.5064  5.0684 6.6460 45.718
Sinusoidal FTSMC 3.1240 1.5985 1.8246 42.587
ADRC 1.6115 1.0134 1.0989 41.406
Proposed 1.1016 0.5596 0.6154 41.839
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Table 4. Advantages and limitations of the tested control methods based on the simulation results.
Method Advantages Limitations
Simple response characteristics and satisfactory Rglatlvely large tracking deviations after exter.nal
PID . . o disturbances and slow recovery compared with
tracking performance under nominal conditions.
the other methods.
Improved disturbance rejection and smaller Tracking errors remain larger than those of the
FTSMC tracking errors than PID under the tested proposed method, particularly under
disturbance conditions. time-varying disturbances.
Effective disturbance compensation and Its tracking performance and control-action
ADRC improved tracking accuracy under the tested requirement show a trade-off compared with the
load disturbances. proposed method.
Achieves the .smallest.tl.‘ackmg errors.under the The improved tracking and disturbance rejection
tested operating conditions and provides . .
Proposed . . ) . performance should be considered together with
effective suppression of both step and sinusoidal . .
the corresponding RMS control action.

disturbances.

4.3. Ablation Study
To clarify the respective roles of the main components in the proposed control frame-

work, four controller configurations are considered under identical operating conditions:
feedback linearization (FL), FL combined with the ESO (FL+ESO), FL combined with the
IDA-PBC-inspired design (FL+IDA-PBC), and the complete proposed controller.

The comparison in Figure 15 reveals distinct performance characteristics among the
different configurations. The FL controller exhibits a relatively large transient deviation
and a slow recovery after the load disturbance is introduced. After incorporating the ESO,
the disturbance-induced deviation is noticeably reduced, indicating the effectiveness of
online disturbance estimation and compensation. The FL+IDA-PBC configuration also
improves the transient response by reshaping the closed-loop dynamics through inter-
connection and damping assignment. By integrating both mechanisms, the complete
proposed controller provides the best overall tracking performance and disturbance rejec-
tion. The results therefore confirm that the ESO and the IDA-PBC-inspired design play
complementary roles in improving the disturbance rejection and transient characteristics of

the feedback-linearized EMA system.
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Figure 15. Ablation study of the proposed control framework under a step load disturbance.
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4.4. Robustness Analysis

Since the proposed controller involves the EMA model parameters in the feedback-
linearization process, the influence of parameter uncertainty on the closed-loop perfor-
mance is further investigated. The load-side damping coefficient B, is selected as a repre-
sentative uncertain parameter and is varied to 80%, 100%, and 120% of its nominal value.
During the robustness tests, the nominal value of B; is retained in the controller, while all
controller and observer gains remain unchanged.

As shown in Figure 16, variations in B; mainly result in slight differences in the
transient response after the load disturbance is introduced. For all three parameter settings,
the closed-loop system remains stable and the actuator displacement rapidly recovers
toward the desired value. No apparent oscillation or significant deterioration in tracking
performance is observed when B; varies within +20% of its nominal value. These results
indicate that the proposed method maintains satisfactory tracking and disturbance rejection
performance under the considered load-side damping uncertainty.
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Figure 16. Step response of the EMA system under different B; parameter perturbations.

5. Conclusions

This paper developed a feedback-linearization-assisted observer-based IDA-PBC
method for an EMA subject to load-side lumped disturbances. A fourth-order normal-
coordinate model is first derived, through which the mismatched load-side disturbance in
the original mechanical coordinates is transformed into a matched term acting on the same
channel as the control input. An ESO is then designed for the augmented normal-coordinate
model, and an IDA-PBC tracking law is constructed by assigning a desired Hamiltonian
function and the corresponding interconnection and damping matrices. The closed-loop
tracking-error dynamics were shown to admit a dissipative port-Hamiltonian representa-
tion, and a composite Lyapunov proof established global exponential stability under the
assumption of slowly varying disturbance. The resulting framework combines disturbance-
channel reshaping, observer-based compensation, and energy-shaping control, making
it suitable for high-precision EMA servo tracking. Future work will focus on extending
the proposed framework to more realistic EMA dynamics by explicitly considering nonlin-
ear effects such as friction and backlash. Hardware-in-the-loop testing and experimental
validation under realistic aerodynamic load profiles will also be pursued.
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