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Abstract: Airline electromechanical actuators (EMAs), on the task of controlling flight surfaces,
hold a great promise with the development of more- and all-electric aircraft. Notwithstanding, the
deficiencies in both robustness and adaptability of control algorithms prevent EMAs from extensive
use. However, the state-of-the-art control schemes fail to precisely compensate the system nonlinear
uncertainties of servo control. In this paper, from the innovation point of view, we tend to put forward
the foundation of devising an active disturbance rejection robust adaptive control (ADRRAC) strategy,
whose main purpose is to deal with the position servo control of EMA. Specifically, an adaptive
control law is designed and deployed for resolving not only the nonlinear disturbance, but also the
parameter uncertainties. In addition, an extended disturbance estimator is employed to estimate the
external disturbance and thus eliminate its impact. The proposed controlling algorithm is deemed
best able to address the external disturbance based on the nonlinear uncertainty compensation.
With the input parameters and control commands, the ADRRAC strategy maintains servo system
stability while approaching the controlling target. Following the algorithm description, a proof of the
controlling stability of ADRRAC strategy is presented in detail as well. Experiments on a variety of
tracking tasks are conducted on a prototype of an EMA to investigate the working performance of the
proposed control strategy. The experimental outcomes are reported, which verify the effectiveness of
the ADRRAC strategy, compared to widely applied control strategies. According to the data analysis
results, our controller is capable of obtaining an even faster system response, a higher tracking
accuracy and a more stable system state.

Keywords: electromechanical actuators; position servo control; active disturbance rejection robust
adaptive control; nonlinear disturbance

1. Introduction

Actuation systems for more electrical aircraft must balance requirements of high
power, light weight, safety, fast response and continuity of service. The trend towards
more- and all-electrical aircraft is gradually being accomplished with backup or substitute
mechanical actuators with electric solutions [1]. As such, electromechanical actuators
(EMAs) are considered as a leap forward and receive interest because of their higher
efficiency and reduction in both weight and maintenance time compared with hydraulic
actuators [2–4]. The famous Dreamliner, Boeing 787, employs EMAs in its landing gear
braking and spoiler actuating [5]. Thereby, research remains ongoing to develop EMAs
with better working performance.

While once restricted to working performance, employment of EMAs has greatly
progressed with advances in control technology. In the context of permanent magnet
synchronous motor studying, its position servo control during the work phase is most
pronounced. The continuously increasing demand for control accuracy accelerates the
devising and deploying of control strategies [6–8]. In line with the control strategy design
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process, research on EMAs focuses on the use of the state-of-the-art controllers. In industrial
practice, conventional control strategies (i.e., PID control, fuzzy control, etc.), modern
control strategies (sliding mode control, robust control, adaptive control, active disturbance
rejection control, etc.) as well as their integration with intelligent algorithms, are employed
for servo control in a variety of domains [9–14]. Specifically, Kumar and Rani reported
a neural network-based adaptive control scheme in terms of position and force control,
aiming to overcome the defects of the model-dependent controller via the intelligent
techniques [15]. Furthermore, a synthesized controlling system, integrating proportion-
integral-differential controller, H∞ controller and H∞ hybrid controller, is performed,
which can favorably solve actual problems for the EMAs of spacecraft [16]. Gollapudi et al.
introduced a way of driving four electromechanical actuation elements using an active
fault-tolerance controller [17]. In addition, Wrat et al. applied a synthesized position control
strategy to ensure the working performance under model uncertainties and dynamical
load disturbance [18].

Notwithstanding, the applications of position servo control in EMA are still limited,
basically due to its deficiency in high-robust control. In addition, control adaptability for
uncertain and variable parameters is also a well-documented weakness of most control
strategies. According to [19], strong robust control of uncertainties of an EMA on aircraft
is critical for handling parameter perturbation and load disturbance. That is, an active
disturbance rejection robust adaptive controller (ADRRAController) that robustly depends
on the working properties of the position servo system has the potential to contribute to
the evolution of EMAs.

This work starts with concentrating on the working principle of the position servo
in EMA systems as well as its control law. Correspondingly, an active disturbance rejec-
tion robust adaptive control (ADRRAC) strategy is dedicatedly designed and deployed,
targeting at addressing the position servo issues in EMA control. To this end, the nonlin-
ear uncertainties of the system, together with their compensation, are integrated into the
control strategy as well.

The rest of this paper is organized as follows: In Section 2, we introduce the back-
ground knowledge of position servo systems. Section 3 describes the system architecture
of the RAC strategy. In Section 4, we explore the working performance achieved in the
modeling and numerical simulation with the analysis of the controller. Finally, we conclude
the research and describe some future work in Section 5.

2. EMA Architecture

A typical EMA system contains a mechanical actuation assembly, a controller and
sensing elements. Distinctively, the mechanical actuation assembly is generally composed
of mechanical components (such as a gearbox, lead screws, etc.) and a servo motor [20,21].
In general, EMAs are developed for flight control applications to drive a surface or an
actuating component according to the control commands, as depicted schematically in
Figure 1. The control commands, which can drive the motor to rotate forward and reverse,
is the output of the controller [22,23]. In this instance, we take a classical planetary roller
screw mechanism (PRSM) as the transmission component [24,25]. More details of PRSM
are accessible in [26,27].
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Figure 1. Schematic diagram of an EMA.

3. Proposed ADRRAC System for Position Servo Control

In terms of actuating, the nonlinearity and time-variation of EMAs can influence the
system dynamics as well as the accuracy of servo control. This section introduces the
architecture of the ADRRAC strategy and its working principle in detail. The system
notations in the following description are presented in Table 1.

Table 1. Notations used for ADRRAC system.

Symbol Definition

x1 Output displacement
x2 Output velocity
x3 Output accelerate
η Transmission efficiency

TL External load
J Total inertia
B Viscosity coefficient
kt Motor torque coefficient
ks Screw transmission ratio
L System inductance
R System resistance
ke Back EMF coefficient

3.1. System Modeling

The mathematical modeling of EMA is established already. Let X = [x1, x2, x3] = [x, v, i]
represent the basic system parameters of EMA. We thus have:

.
x1 = x2 (1)

.
x2 =

ηktks

J
·x3 −

TL
J
− Bx2

J
(2)

.
x3 =

1
L

u− kske

L
x2 −

Rx3

L
(3)

Notably, Equation (1) indicates the transmission of PRSM, which transforms the
rotation to linear displacement. Further, the relationship between the electromagnetic
torque and the current of the motor is given in Equation (2). In such a manner, the PRS is
driven by the motor operation. Both TL and B are unknown variables. The former ranges
from 0 to the maximum output, and the latter can be estimated via adaptive control [28,29].
The motor dynamics are performed using both the voltage and the current of motor, as
presented in Equation (3).

To facilitate the controller design, we shall re-define the system parameters as:
.
x1 = x2 (4)
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.
x2 = θ1x3 − θ2x2 + d1 (5)
.
x3 = θ3u− θ4x2 − θ5x3 (6)

From Equations (5) and (6), we have θ1 = ηktks
J , θ2 = B

J , θ3 = 1
L , θ4 = kske

L and θ5 = R
L .

In addition, d1 = − TL
J represents the external load of the system. In this way, the EMA

model is performed for further processing.

3.2. Projection Mapping

At this stage, we employ the projection mapping projθ̂i
(∗i) before the controller

deployment, which is computationally efficient to work with. Formally,
∧
θ is the estimation

of θ whilst θ̃ is the estimation error. Their relationship is conveyed as:

θ̃ = θ̂ − θ (7)

Specifically, the parametric adaptive law will be synthesized for
∧
θ. In ADRRAC

strategy, θ is selected as the adaptive parameter due to its functioning as the damping of the
controller [30]. As such, θ is applied to regulate the controlling precision in tracking cases.

A typical ∗i is defined as ith component of vector ∗. The projection, which is a discrete
function, is presented in Equation (8):

projθ̂i
(∗i) =


0, θ̂i = θimax, ∗i > 0
0, θ̂i = θimin, ∗i < 0
∗i, else

(8)

As expected, θ̂, representing the adaptation law, is able to comply with the following
condition: {

θ̂ ∈ Ω = (θ̂ : θmin ≤ θ̂ ≤ θmax)
θ̂T[Γ−1proj(τε)

]
≤ 0, ∀ε

(9)

where τ stands for a gain matrix and ε represents an adaptative control matrix.

3.3. Control Strategy Establishment

Seeing that the external load d1 is an unknown variable, an extended disturbance
estimator (EDE) is proposed to facilitate the computation. In line with the EMA model,
we have: 

.
x̂1 = x̂2 + 3τ1(x1 − x̂1).
x̂2 = θ̂1x3 − θ̂2x2 + d̂1 + 3τ1

2(x1 − x̂1).
d̂1 = τ1

3(x1 − x̂1)

(10)

together with
.
d1 = h(t) (11)

where τ1 stands for the gain of EDE.
We tend to set the control command as a given input of the system displacement

xd The closer x1 approaches xd, the higher accuracy the controller obtains. The control
objective is to get an output tracking error e1 equaling 0, as shown in Equation (12).

e1 = x1 − xd (12)

For
.
x1 = x2, we can derive:

.
e1 = x2 −

.
xd (13)

Suppose that
e2 =

.
e1 + k1e1 = x2 − α1 (14)

with
α1 = −k1e1 +

.
xd (15)

Only if e2 → 0 , can we derive
.
e1 + k1e1 = 0. In this way, the system error e1 → 0 can

be determined.
For e2 = x2 − α1, we can also deliver the dynamics of e2 as:
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.
e2 =

.
x2 −

.
α1 = θ1x3 − θ2x2 + d1 −

.
α1 (16)

Similarly, we define
e3 = x3 − α2 (17)

where α2 is taken as a virtual input variable. To support the resolution of α2, we also
introduce two more parameters, namely α2a and α2s.

α2 =
1
θ1
(α2a + α2s) (18)

where
α2a = θ̂2x2 − d̂1 +

.
α1 (19)

and
α2s = −k2e2 (20)

Consequently, Equation (16) is re-written as:

.
e2 = θ̂1e3 − k2e2 − θ̃Tϕ1 + d̃1 (21)

where θ̃ =
[
θ̃1, θ̃2, θ̃3, θ̃4, θ̃5

]T
, ϕ1= [x3,−x2, 0, 0, 0]T and d̃1 = d1 − d̂1.

Based on Equation (20), we can get
.
e3 via Equation (22) as well:

.
e3 =

.
x3 −

.
α2 = g3u− f (x)− (

.
α2c −

.
α2i) (22)

where u is given as:

u =
1
θ3
(ua + us) (23)

with
ua = θ̂4x2 + θ̂5x3 +

.
α2 (24)

and
us = −k3e3 (25)

Substantially, we have: .
α2 =

.
α2c +

.
α2u (26)

where
.
α2c and

.
α2i stand for the calculable and incalculable component of

.
α2, respectively.

With such a definition, seeing that α2 is a parameter with respect to time, the calculable
part

.
α2c, based on partial differential, can be expressed as:

.
α2c =

∂α2

∂t
+

∂α2

∂x1
x2 +

∂α2

∂θ̂
·

.
θ̂ +

∂α2

∂x2

(
θ̂Tϕ1 +

∧
d1

)
+

∂α2

∂
∧
d1

∧
d1 (27)

Correspondingly, the incalculable part
.
α2i resolved by the robust term is:

.
α2u =

∂α2

∂x2
(−θ̃Tϕ1 + d̃1) (28)

In line with this procedure, it is clear that
.
e3 can also be transformed to:

.
e3 = −k3e3 − θ̃Tϕ2 −

.
α2u (29)

where ϕ2 = [0, 0, u,−x2,−x3]
T .

According to the working principle of EDE, we now define the observer error as:

x̃ = x− x̂ (30)

Similarly, for other system parameters, the observer errors can be:
.
x̃1 = x̃2 − 3τ1 x̃1 (31)

.
x̃2 = −θ̃1x3 + θ̃2x2 + d̃1 − 3τ1

2 x̃1 (32)

and .

d̃1 = h(t)− τ1
3 x̃1 (33)



Actuators 2021, 10, 307 6 of 15

On this occasion, the vector η= [η1, η2, η3]
T= [x̃1, x̃2

τ1
, d̃1

τ1
2 ]

T is taken to characterize the
system state. Then, the dynamics of the observer error are performed as:

.
η = τ1 A1η − B1

θ̃ϕ1

τ1
+ B2

h(t)
τ1

2 (34)

where A1 =

 −3 1 0
−3 0 1
−1 0 0

, B1= [0,−1, 0]T and B2= [0, 0, 1]T .

The diagram of the proposed control strategy is exhibited in Figure 2 based on the
above devising.
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3.4. Main Results

The purpose for controlling is that all closed loop system signals are bounded while
asymptotic output tracking can be achieved [30]. To this end, we primarily carry out a
Lyapunov candidate [31] to investigate the system stability. Firstly, a matrix is introduced,
which satisfies:

AT
1 P1 + P1 A1 = −1 (35)

For h(t) = 0, the Lyapunov function Va is written as:

Va =
1
2

e2
1 +

1
2

e2
2 +

1
2

e2
3 +

1
2

ηT P1η +
1
2

θ̃Γ−1θ̂ (36)

Then the time derivate of Va is given as:
.

Va = e1(e2 − k1e1) + e2

(
−k2e2 + d1 − θ̃Tϕ1 + θ̂1e3

)
+ e3

(
−k2e2 − θ̃Tϕ2 −

.
α2u

)
− 1

2 τ1‖η‖2 − ηT P1B1
θ̃Tϕ1

τ1
+ θ̃TΓ−1

.
θ̂

(37)

Conforming to Equation (34) as well as the parameter properties, Va falls into:

Va ≤ −k1e2
1 + |e1e2| − k2e2

2 + e1d1 − e2θ̃Tϕ1 + θ̂1|e2e3| − k3e2
3 − e3θ̃Tϕ2

−e3
∂α2
∂x2

(
θ̃Tϕ1 + d̃1

)
− 1

2 τ1‖η‖2 − ηT P1B1
θ̃Tϕ2

τ1
+ θ̃TΓ−1

.
θ̂

(38)

Based on the adaptive control law of ADRRAC, we have:
.
θ̂ = e2ϕ1 + e3

(
ϕ2 −

∂α2

∂x2
ϕ1

)
+ ηT P1B1

ϕ1

τ1
(39)

In this case, the upper bound of Va is revised to:
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Va ≤ −k1e2
1 + |e1e2| − k2e2

2 + |e2||η3|τ1
2 + θ̂1|e2e3| − k3e2

3 − τ1
2
∣∣∣ ∂α2

∂x2

∣∣∣|e2||η3| − 1
2 τ1‖η‖2

≤ ZTΛZ
≤ −λmin(Λ)

(
eTe + ηTη

)
= W

(40)

with

Λ =



k1 − 1
2 0 0 0 0

− 1
2 k2 − θ̂1

2 0 0 1
2 τ2

1

0 − θ̂1
2 k3 0 0 1

2 τ2
1

(
∂α2
∂x2

)
0 0 0 1

2 τ1 0 0
0 0 0 0 1

2 τ1 0
0 1

2 τ2
1

1
2 τ2

1

(
∂α2
∂x2

)
0 0 1

2 τ1


(41)

where Z =
[
eT , |η|T

]T
and e = [e1, e2, e3].

On the other hand, for h(t) 6= 0, the corresponding Lyapunov function Vb is performed, i.e.,

Vb =
1
2

3

∑
i=1

ei +
1
2

ηT P1η (42)

in relation to d1 = −θ̃Tϕ1 − TL
J and d2 = −θ̃Tϕ2 −

.
α2u, Equation (40) is revised to:

Vb = e1(e1 − k1e1) + e2

(
−k2e2 + d̃1 + θ̂1e3

)
+ e3

(
−k3e3 + d̃2

)
− 1

2 τ1‖η‖2 + ηT P1B1
h(t)
τ1

2 (43)

As such, the time derivate of Vb satisfies:
.

Vb ≤ k1e1
2 + |e1||e2| − k2e2

2 + τ1
2|e2||η|+ θ̂1|e2||e3| − k3e3

2 + |d2| − 1
2 τ1‖η‖2 + ‖η‖‖P1B1‖

|h(t)|max
τ1

2 (44)

Let
k3 = k31 + k32 (45)

and k32 is arbitrary big. Thus, k32 is derived from:

e3(−k32e3 + d2) ≤ ε1(ε1 > 0) (46)

By defining ε2 = 1
2

(
‖P1B1‖|h(t)|max

τ1
2

)2
and ε = ε1 + ε2, we thus have:

.
Vb ≤ −λmin(Λ)

(
‖e‖2 + ‖η‖2

)
+ ε1 + ε2

2

≤ −λmin(Λ)
(

e1
2 + e2

2 + e3
2 + 1

λmax(P1)
ηT P1η

)
≤ −λ1Vb + ε

(47)

According to Equation (44), Vb is bounded by:

Vb(t) ≤ Vb(0) exp(−λ, t) +
ε

λ1
[1− exp(−λ, t)] (48)

where λ1= 2λmin(Λ)·min
{

1, 1
λmax(P1)

}
. In this way, the system can achieve asymptotic

stability.

4. Experiments
4.1. Experimental Setup

In order to verify the technical efficacy of the proposed control strategy, the test
rig is built up. Fundamental experiments are conducted to demonstrate the working
performance of the EMA system. The hardware architecture is presented in Figure 3 while
the test rig together with the experimental components is illustrated in Figure 4.
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In terms of this experiment, a U30720A AC servo motor is employed for EMA driving,
whose no-load rotating speed is 1500 r/min and the torque constant is 3.61 N·m/A. The
PRS in the EMA has a maximum static output of 116,400 N and a continuous output of
17,800 N. The intrusion detection of the cylinder displacement conducted [32,33], which
employs the GEL235 Multi-turn type absolute encoder from Lenord, Bauer & Co. [34]. The
signal detector and controller are integrated into one industrial computer with different
A/D and D/A cards installed. Both cards are of 16 bits. Control commands are generated
on the host computer beforehand with a sampling rate of 200 Hz. Subsequently, reference
inputs are sent to the motor of the EMA via the transfer of the controller in real time [35].
According to the control commands, the EMA can be operated in distinctive working mode.
Meanwhile, the position information of the cylinder is delivered as the system feedback to
the control strategy by the signal detecting component. In this way, the controller output
can be regulated.

4.2. Result Analysis

In the task of performing the ADRRAC for EMA position servo control, we take two
other comparative control strategies, which are PID (Proportional Integral Derivative) con-
trol and ARC (Adaptive Robust Control). In practical use, the former is of high robustness
and high reliability [36,37] while the latter is known for its stability and accuracy [38,39].
Specifically, the Ziegler-Nichols tuning method is applied to the PID controller for parame-
ter tuning, based on which to reduce the oscillation and improve the robustness [40]. With
a 200 N external load applied in advance, four sets of comparative tests are conducted:
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(1) A position reference of 0.2 Hz sinusoidal signal xd = 0.01 sin(0.4πt) is employed to
verify the tracking performance.

(2) A position reference of 1 Hz sinusoidal signal xd = 0.01 sin(2πt) is employed to
evaluate the tracking performance.

(3) A position reference of 1 Hz sinusoidal signal xd = 0.01 sin(2πt) with a disturbance

of TL =

{
0N, t ≤ 2

700N, t > 2
at 2 s is employed to evaluate the robustness.

(4) A position reference of 10 mm step signal is employed to verify the tracking perfor-
mance.

The results of the first evaluation set are shown in Figures 5–7. It is obvious that the
proposed control strategy outperforms other controllers in low-frequency signal tracking.
There is a substantial gap between the position error of the ADRRAC strategy and the
other two. Following the reference control command, the error of the proposed controller
is restricted to the range of ±1.5× 10−5. The main reason for this is due to the applica-
tion of the adaptive control law. The ADRRAC strategy shows its superiority in system
compensation in spite of the external load disturbance.
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Similarly, in terms of the reference input with 1 Hz frequency, ADRRAC is still the
best-performing model. The outcomes of the 1 Hz sinusoidal signal of the three control
strategies are presented in Figures 8–10. Although the tracking error increases with the
increasing of control frequency, the position error of ADRRAC, compared to other baseline
controllers, kept within 0.000161 m. In contrast, the maximum error for PID and ARC
are 0.000778 m and 0.000438 m, respectively. Clearly, the proposed controller is a better
alternative to the classical control strategies. The adaptive law provides a more stable
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response in system tracking. Since our controller is more accurate and more capable in
dealing with the nonlinear disturbance, it is reasonable to expect better robustness against
external uncertainties and thus better performance, as is the case.
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To further investigate the robustness of ADRRAC strategy, a 700 N external distur-
bance is applied to the three controllers during the tracking of sinusoidal signal. When the
EMA moves in the forward and backward direction, the system responses of different con-
trol strategies with respect to time are presented in Figures 11–13. According to Figure 11,
in line with the disturbance, the position error of PID control strategy reaches 0.0673 m and
fluctuates within this value. The fluctuation of PID controller lasts until the end of the test.
For the ARC strategy, the error rises to 0.0336 m at first and then decreased to nearly 0.01 m
gradually (Figure 12). By contrast, our controller has a 0.0155 m tracking error with the
disturbance implementing (Figure 13). Subsequently, the error is suppressed and drops to 0
within a short time. In such a way, the system stays stable and retains a consistent response.
More indicators to demonstrate the control performance are given in Table 2. We generally
take absolute peak value, average value and standard deviation of the 1 Hz sinusoidal
input tracking errors. Notably, the outcome differences between ARC and ADRRAC are
minor in the basic sinusoidal tracking task. The average error of ARC is even smaller than
that of our controller. Furthermore, our controller can still maintain certain robustness to
the external uncertainties as well as system parameter variation during a disturbance. The
performance gaps between ADRRAC and ARC are 0.0145 for the average error and 0.0181
for the peak error, which are significant.
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Table 2. Performance indicators of 1 Hz sinusoidal inputs.

Without Load PID ARC ADRRAC

Average error −4.22× 10−7 −6.47× 10−8 1.88× 10−6

Peak error 7.78× 10−4 4.38× 10−4 1.61× 10−4

Standard deviation 5.20× 10−4 2.88× 10−4 1.07× 10−4

With Load PID ARC ADRRAC

Average error 0.0492 0.0145 2.62× 10−6

Peak error 0.0673 0.0336 0.0155
Standard deviation 0.0248 8.78× 10−3 5.77× 10−4

Based on the results in Figure 13, it can be observed that the robust item, together
with the EDE, is capable of eliminating the tracking error and shortening the settling time.
Specifically, the estimation of external disturbance of the EDE is presented in Figure 14.
In addition, by exploiting the EDE in ADRRAC, the involved parameters are regulated
to adapt to the distinguishing inputs. The variation of five parameters in our controller
is exhibited in Figure 15. One can easily see that all these parameters vary conforming
to the external disturbance. According to Figures 15 and 16, during the performing of
control strategy, the parameter estimation involves not just the external impacts, but also
the parameter adaption. Distinctively, the large θ1 gradually converges to its initial value
with the application of TL; θ2 and θ4 pulse to the disturbance and stabilized in different
values; θ3 and θ5 oscillate around the output and further preserve constant within 0.2 s. As
such, all the parameters in our controller adapt to a compromise to reduce the tracking
error and optimize the disturbance estimation. With the joint effect of the parameters, the
ADRRAC strategy outperforms other baseline methods in maintaining the system stability
and obtaining a faster response.
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In addition to the sinusoidal signal tracking task, a step command experiment is also
conducted. The tracking performance of the four controllers is presented in Figure 16.
Notably, all these controllers have no overshoots due to the small inertia of EMA system.
For system rapidity description, our controller has the fastest response with the settling
time of 3.67 s. Compared to the PID and ARC strategy, the proposed ADRRAC strategy
still obtains a better result in step signal tracking.

Based on the experimental results above, we thus conclude that the proposed control
strategy, performing compensations for the external uncertainties, is effective in precisely
tracking with respect to servo control in EMA systems.
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Table 2. Performance indicators of 1 Hz sinusoidal inputs. 
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5. Conclusions

In this work, a robust adaptive control for position servo control for an electro-
mechanical actuator operation is established. During the devising process, the adaptive
control law is integrated with the nonlinear controller, in which way the parametric uncer-
tainties and unmodeled disturbances can be addressed. Further, the application of the EDE
is capable of estimating the external disturbance and maintaining the system reliability. The
proof of controlling stability indicates that the ADRRAC strategy can effectively reduce the
integration difficulties between parametric-adaptive based and disturbance-based control.
Experimental results verify the technical efficacy of ADRRAC strategy. In comparison to the
baseline controllers, our method shows its distinctiveness in tracking accuracy. Specifically,
the use of the adaptive control law together with the EDE results in an even better working
performance in dealing with system uncertainties. For the task of position servo control,
the proposed control strategy is taken as the best alternative when tacking the nonlinear
external disturbance.
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