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Abstract: To address the issues of low positional accuracy and significant torque pulsation caused by
gear backlash and nonlinear friction in the mechanical transmission mechanism of aeronautical flap
electromechanical actuators, we propose a model predictive control method for flap electromechanical
actuator considering gear backlash and friction compensation. Firstly, we model the gear backlash in
the electromechanical actuator’s mechanical transmission mechanism and design a corresponding
torque current compensation method using a simplified dead zone model. Secondly, the LuGre
compensation friction model is introduced, and a friction torque current compensation method is
developed to address the nonlinear friction torque generated during system operation. Finally, the
proposed current compensation strategies are employed to mitigate the adverse effects of gear back-
lash and nonlinear friction on system control performance. The simulation results demonstrate that
the proposed method enhances position tracking accuracy, reduces torque pulsation, and significantly
improves the overall control performance of the system.

Keywords: electromechanical actuator; PMSM; gap deadband model; LuGre friction model; model
predictive control

1. Introduction

With the rapid development of multi-electric aircraft, high-power-density electrome-
chanical actuators (EMAs) have been widely promoted and applied in aircraft flight control
systems [1]. Permanent magnet synchronous motors (PMSMs) are widely used as drive
motors for EMAs due to their excellent starting performance, wide speed range, compact
size, and light weight [2]. In the flap EMA of an aircraft high-lift system, the drive motor’s
position control requires high accuracy and disturbance resistance, while the flap EMA
is a nonlinear, multi-variable system. During system operation, the gear backlash in the
mechanical transmission mechanism, along with the reciprocating motion caused by dy-
namic and static friction, significantly impacts the speed and position control accuracy of
the motor drive [3]. In electric servo systems with high precision requirements, the effects
of gear backlash and friction are critical and cannot be overlooked. Therefore, it is crucial
to investigate the impact of these factors on flap EMAs, as they significantly contribute to
the degradation of the system’s control performance.

Gear backlash frequently occurs between transmission mechanisms and is a common
nonlinear disturbance in industrial processes. It is also a significant nonlinear characteristic
that affects the performance metrics of servo systems. Gear backlash compensation can be
approached both mechanically and through control algorithms. Mechanical solutions, such as
using dual motor drives or adding spring devices, can eliminate gaps but are often inefficient
and increase equipment cost and weight. In contrast, control algorithm-based compensation
avoids these mechanical drawbacks. Common methods of gap compensation include inverse
gap compensation, observer compensation, etc. Inverse backlash compensation uses a gear
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backlash model to create an inverse model, which is then converted into a control quantity
that is added to the system’s control signal to counteract the backlash nonlinearity [4]. The
authors of reference [5] developed a discrete adaptive inverse gap controller capable of
rapidly determining gap parameters. However, this method exhibits discontinuities in the
inverse gap compensation characteristics, which can lead to vibration issues. When using an
observer for gap compensation, the gap is treated as an external disturbance. The designed
observer can monitor the gap disturbance term in real time, allowing for the development of a
corresponding feedforward compensation strategy based on the observed disturbance [6,7]. In
reference [8], current and speed controllers are integrated into a single-loop model predictive
controller for a permanent magnet synchronous motor system, utilizing a holistic approach
to address external disturbances. However, this integral compensation often compromises
the system’s dynamic performance. The disturbance observer is highly sensitive to the
initial conditions of the system; deviations from these initial conditions can impair its ability
to accurately estimate system disturbances [9]. Additionally, the observer’s performance is
strongly dependent on an accurate mathematical model of the controlled object. Inaccuracies in
the model or significant variations in system parameters can substantially affect the observer’s
performance, leading to ineffective compensation [10].

In terms of control methods, traditional linear control algorithms often struggle to
achieve optimal control performance, especially when addressing dynamic response and
interference immunity. To meet these requirements, many nonlinear algorithms such as
sliding mode control [11], robust control [12], fuzzy control [13], adaptive control [14], ac-
tive disturbance rejection control [15,16], and model predictive control [17] can be used for
research into gear backlash. A key characteristic of backlash nonlinearity is its generation
of variable gear torque. While the integral term in PID control is effective at suppressing
constant-value perturbations, it has limitations in addressing time-varying disturbances.
Reference [11] proposes a terminal sliding mode controller to address the backlash problem
in electromechanical actuating systems. This approach uses a continuously differentiable
function to approximate the backlash model, treats the model discrepancy as an exter-
nal aggregate disturbance, establishes a state-space model of the system with respect to
this disturbance, and designs the terminal sliding mode controller to compensate for the
backlash. Reference [12] views the tooth gap model as a globalized linear model in which
there is a bounded modeling error due to the non-intersection of different linear parts.
An adaptive robust controller is designed based on this model, effectively addressing the
backlash nonlinearity and significantly improving the system’s speed tracking accuracy.
Reference [13] proposes a fuzzy adaptive sliding mode control method for asymptotic
trajectory tracking of robotic manipulators with control gap and uncertainty. A fuzzy
logic system is introduced into the sliding mode control to estimate the uncertainty of
the system, to compensate for unknown concentrated disturbances and to accelerate the
convergence process. Reference [14] proposes an adaptive neural control method for a class
of non-strict-feedback stochastic nonlinear systems with unknown backlash hysteresis. This
method ensures that all signals in the closed-loop system remain semi-globally consistent
and ultimately bounded in the fourth-moment sense, and that the tracking error converges
to a small neighborhood of the origin. Reference [16] employs a self-imposed perturbation
control strategy by treating the backlash nonlinearity as an external disturbance. It consid-
ers both the external perturbation and internal uncertainties as dilation states, and designs
a dilation state observer to monitor and compensate for them. This approach significantly
enhances the system’s dynamic performance.

To mitigate the effects of nonlinear friction on the servo system [18,19], researchers both
domestically and internationally have employed control compensation techniques to counter-
act the frictional torque. Currently, the widely used classical friction models are mainly the
following: the Coulomb–viscous friction model [20], Stribeck model [21], Dahl model [22],
LuGre model [23], and so on. Among them, the LuGre friction model is commonly used in
typical servo systems for compensation, which utilizes the relevant theoretical foundations of
the Dahl model and the bristle model, fully reflects the friction motion mechanism, portrays all
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the nonlinear characteristic effects of friction, and has been widely used in servo systems [24].
The literature [25] introduces an extended LuGre friction model aimed at estimating dynamic
and position-dependent friction effects, specifically to capture the nonlinear friction char-
acteristics of long-stroke machine tool axis systems. Reference [26] investigated frictional
effects in a lubricated linear roller guideway system, addressing both pre-slip and slip zones.
The experimental measurements demonstrated that this modified LuGre model accurately
predicted the dynamic behavior of the frictional contact interface.

In summary, to address the issue of control accuracy degradation caused by gear
backlash and nonlinear friction in the mechanical transmission mechanism of aeronautical
flap electromechanical actuators, this paper proposes an aeronautical electromechanical
actuator model predictive control method considering clearance and friction compensation,
which effectively integrates the gear backlash compensation with the friction compensation
to improve the control accuracy. Specifically, a deadband-based gear backlash compensation
model is selected, which accounts for both the damping and rigidity characteristics of the
gears, while accurately describing the dynamic relationship between gear torque and
the relative position of the master and slave gears. At the same time, the LuGre friction
model is used to deal with the friction compensation problem. The LuGre model is able to
fully reflect the motion mechanism of friction and accurately represents all the nonlinear
characteristics of friction with its unique advantages. By combining these two models,
the proposed approach can more accurately simulate the gear characteristics under real
working conditions. Based on this, a compensation strategy for the gear gap torque current
and friction torque current is designed using the deadband compensation model and LuGre
friction model, and the control law is redesigned. The feedforward compensation method
combined with model predictive control is used to accurately compensate and control the
q-axis current of the system, which significantly enhances the overall system performance.
Finally, the method proposed in this paper is verified by building a MATLAB/Simulink
simulation model, and the simulation results show that the method proposed in this paper
has obvious advantages in effectiveness and feasibility.

2. Modeling of Aeronautical Flap Electromechanical Actuation Systems

Figure 1 presents a schematic diagram of the electromechanical actuator, which consists
of a flight control computer, an actuator control unit, a power supply, a permanent magnet
synchronous motor (PMSM), a reducer, and a roller screw. The system operates as follows:
the flight control computer sends a position command, which is then processed by the
actuator control unit. This unit collects position feedback from the PMSM and the linear
displacement data from the linear variable differential transformer (LVDT). It performs
highly dynamic closed-loop control of position and speed by coordinating the motor-driven
gearbox, roller screw, and other components, thereby enabling the flaps to execute the
lowering and retracting actions [27].
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2.1. Permanent Magnet Synchronous Motor Modeling

The equation of state of the surface-mounted permanent magnet synchronous motors
in the synchronized rotating coordinate system is

did
dt

=
1
Ls

(−Rsid + ωeLsiq + ud) (1)

diq
dt

=
1
Ls

(−Rsiq − ωeLsid − ωeψf + uq) (2)

Te =
3
2

Pnψfiq (3)

J
dωm

dt
= Te − TL − Bωm (4)

ωe = Pn · ωm (5)

where Rs is the stator resistance; ud and uq are the voltage components of the d-axis and q-
axis, respectively; id and iq are the current components of the d-axis and q-axis, respectively;
ωe is the electrical angular velocity of the permanent magnet synchronous motors; ωm is
the mechanical angular velocity of the permanent magnet synchronous motors; Ψf is the
magnetic chain of the permanent magnet; Te is the electromagnetic torque; TL is the load
torque; Pn is the number of pole pairs of the motor; J is the inertia; and B is the coefficient
of viscous friction, tabulated as the d-q-axis inductance of the surface-mounted permanent
magnet synchronous motors being equal, i.e., Ld = Lq = Ls.

2.2. Modeling of Mechanical Drive Systems

The EMA mechanical drive mechanism primarily consists of gearboxes, clutches,
roller screws, and a push rod. In this system, the motor-driven gearbox converts rotary
motion into linear motion through the roller screw, which drives the mechanical load to
the desired position. In the simulation model, the mechanical drive system is divided
into four components: the gear reduction box, the roller screw, gear backlash, and friction
interference. The first two components connect the output speed of the PMSM with
proportional and integral control to represent the gear reduction ratio and the rotary
motion generated by the roller screw. The gear backlash is modeled using a clearance
model, and then the system linear displacement x can be expressed as

x =
θdL
2π

(6)

where θd is the rotation angle of the gearbox-driven wheel; and L is the lead of the roller screw.
The mathematical model of gear backlash can be described as

τ(t) =


k(∆θ(t) + α) + c∆

.
θ(t), ∆θ(t) ≤ −α

0 , |∆θ(t)| < α

k(∆θ(t)− α) + c∆
.
θ(t), ∆θ(t) ≥ α

(7)

∆θ = θm − 1
m

· θd (8)

where τ is the torque between the gear sets, k and c are the stiffness coefficients and
damping coefficients of the gears, respectively; θm and θd are the current positions of the
master and the slave wheels; α is the deadband range; ∆θ is the gear backlash error; and m
is the gear ratio.
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2.3. EMA Load Model

The mechanical transmission system drives the flap load in a linear motion, which
is typically modeled as a classic spring–mass–damper system. The equivalent dynamic
model is shown in Figure 2 [28].
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According to the spring–mass–damping model after equivalence,

TL(t) = To(t) + mL
d2x(t)

dt2 + ξL
dx(t)

dt
+ KLx(t) (9)

The Laplace transform gives

TL(s) = To(s) + (mLs2 + ξLs + KL)x(s) (10)

The transfer function with respect to load is

GTL =
1

mLs2 + ξLs + KL
(11)

Here, TL denotes the driving torque required by the equivalent model, To represents
the torque from nonlinear factors caused by other disturbances in the actual load, mL
indicates the mass of the mass block in the load-equivalent model, ξL is the damping
coefficient, KL is the elasticity coefficient, and x represents the actual displacement of
the load.

3. Model Predictive Control Considering Gap and Friction Compensation

The mechanical transmission mechanism of the aero flap electromechanical actuator
is affected by various disturbance factors, such as gear backlash and nonlinear friction,
which significantly impact system stability and position control accuracy. During flap EMA
operation, the permanent magnet synchronous motor (PMSM) may experience variations
in parameters and load perturbations, complicating the maintenance of optimal control
performance in practical environments. To address these challenges, this paper designs
a feedforward compensation strategy for gap and friction torque currents. This strategy
incorporates a simplified deadband model for gap compensation and a LuGre friction
compensation model to counteract system gaps and nonlinear friction. The objective is
to eliminate nonlinear disturbances, achieve accurate system modeling, and enhance the
control performance of the flap EMA. The overall structure of the control system is shown
in Figure 3.

3.1. Gear Backlash Compensation Modeling

In flap electromechanical actuators, the gear action process involves two main aspects:
instantaneous impacts caused by speed differences between the master and slave gears, and
mutual extrusion resulting from positional discrepancies between these gears. The mutual
gear torque between the gear sets is also influenced by these two factors. In the deadband
model, the input signals are the speed difference ∆ω(t) and the position difference ∆θ
between the master and slave gears, respectively, and the output is the torque between the
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gear sets. In this model, we assume that the transmission is purely rigid, so the damping
component is neglected in the modeling process, then the simplified gap dead zone model
can be written as in the form of Equation (12).

τc(t) =


k(∆θ(t) + α), ∆θ(t) ≤ −α

0 , |∆θ(t)| < α
k(∆θ(t)− α), ∆θ(t) ≥ α

(12)

The simplified mathematical expression of the dead zone model mentioned above
contains non-differentiable components, which can be corrected by introducing the Sigmoid
function. The corrected dead zone model is presented in Equation (13).

τc(t) = k

(
∆θ(t)− α

1 − e−
2
α ∆θ(t)

1 + e−
2
α ∆θ(t)

)
(13)
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3.2. LuGre Friction Compensation Model

The nonlinear friction disturbance is described using the LuGre friction model, which
represents the friction behavior through the contact, deformation, and generated relative
displacement of elastic bristles [29]. The bristle structure of the model is illustrated in
Figure 4.

Compared to traditional friction models, the LuGre friction model can comprehen-
sively capture various static and dynamic friction phenomena. The specific mathematical
model is as follows:

dz
dt

= ω +
σ0|ω|
g(ω)

z (14)

g(ω) =
Fc + (Fs − Fc) exp[−( ω

ωs
)2]

σ0
(15)

Ff = σ0z + σ1
dz
dt

+ σ2ω (16)

where z is the bristle shape variable; ω is the relative velocity between contact surfaces;
Fc is the Coulomb friction; Fs is the maximum static friction; Ff is the total friction of the
mechanical drive system; σ0 is the stiffness coefficient; σ1 is the damping coefficient; σ2 is
the coefficient of viscous friction; and ωs is the Stribeck velocity.
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In Figure 5, ωth is the velocity threshold in the linear region; ωmin is the minimum
velocity required to transform static friction into viscous friction; Fbrk is static friction; Fω

is viscous friction; Fc is the Coulomb friction; and Fs is the maximum static friction.
When the system is operating at a stable level dz

dt = 0, substituting it into Equation (14)
yields

dz
dt

= ω +
σ0|ω|
g(ω)

z = 0 (17)

g(ω) = z · sgn(ω) (18)

Substituting Equation (18) into Equation (15) gives

σ0z =
(

Fc + (Fs − Fc)e−( ω
ωs )

2)
sgn(ω) (19)

Substituting Equations (17) and (19) into Equation (16) gives

Ff =
(

Fc + (Fs − Fc)e−( ω
ωs )

2)
sgn(ω) + σ2ω (20)

3.3. Gap and Friction Compensation MPCC Controller Design

Gear backlash torque and friction torque, as external perturbations, not only cause
steady-state fluctuations in system speed and reduce the system’s steady-state accuracy but
also induce torque pulsations, which degrade the accuracy of EMA position control. This
limits the application of the electromechanical actuator in high-precision control scenarios.
To improve the control performance of the electromechanical actuator, this paper proposes
a current compensation strategy to address gear backlash torque and friction torque in the
mechanical transmission mechanism. The strategy compensates for these disturbances by
adjusting the electrical current. The compensation principle is illustrated in Figure 6.
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In Figure 6, the system speed loop controller and current loop d-axis controller use PI
controllers, while the q-axis current loop controller employs a model predictive controller.
θm represents the position of the master wheel, θd represents the position of the driven
wheel, the gap dead zone model is described by Equation (13), and the LuGre friction
model is described by Equation (20). The effects of gear backlash torque and friction torque
perturbations are compensated for in the form of electric current, with the compensation
equation given by iq* = iPI + iTf + iτc. The control law consists of three components: iPI,
which is the PI control output; iτc, which represents the current compensation based on the
backlash model; and iTf, which represents the current compensation based on the friction
model. The reference value iq* of the q-axis current, obtained from the speed loop, is then
input to the q-axis controller.

The control process for predicting the q-axis current is as follows: by applying the
optimal voltage vector uopt(k) determined at the k − 1 control moment, the current iq(k),
DC bus voltage, and rotational speed can be obtained at the k moment. Using the speed
loop and current compensation from the backlash and friction models, the reference value
for the q-axis current iq* can be obtained. The predicted current is calculated at k + 1
moments under the action of uopt(k) according to Equation (23); in the actual system, the
q-axis current îq(k + 1|k ) is predicted at k + 1 moments under the action of uopt(k). In
the actual system, there is an error between the predicted value of q-axis current and the
actual value. The prediction error is obtained by making a difference between the predicted
value of q-axis current and the actual value at k + 1 moments through Equation (27), and
the predicted q-axis current at the next moment is corrected by Equation (28) using error
weighting. Finally, the value function is used to judge the error of the current prediction
value through Equation (29), the current prediction value that minimizes the total error of
the q-axis current prediction is selected, and its corresponding switching state is output in
the next cycle.

Since id ≡ 0 and the d-axis current controller is PI-controlled, only the q-axis current
equation was studied. Defining Ts as the sampling period, the q-axis current state equation
in Equation (2) is discretized at two adjacent sampling points k and k + 1 using the first
order Euler method as follows:

iq(k) =
(

1 − RsTs

Ls

)
iq(k − 1)− ωeLsTsid(k − 1)− ψfTs

Ls
ωe +

Ts

Ls
uq(k − 1) (21)

iq(k + 1) =
(

1 − RsTs

Ls

)
iq(k)− ωeLsTsid(k)−

ψfTs

Ls
ωe +

Ts

Ls
uq(k) (22)
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Since id ≡ 0, the coupling term about id in the above equation is not considered, and
the difference between Equations (22) and (21) yields the predicted value of the q-axis
current at the moment k + 1 as

îq(k + 1|k ) =
(

2 − RsTs

Ls

)
iq(k)−

(
1 − RsTs

Ls

)
iq(k − 1) +

Ts

Ls
∆uq(k) (23)

where ∆uq(k) = uq(k) − uq(k − 1) is the voltage increment at moment k; when C = 1 −
RsTs/Ls and D = Ts/Ls, then Equation (23) can be simplified to

îq(k + 1|k ) = (C + 1)iq(k)− Ciq(k − 1) + D∆uq(k) (24)

The predicted value of the q-axis current at the moment k + 2 can be called recursively
from Equation (24)

îq(k + 2|k ) =
(

C2 + C + 1
)

iq(k)− (C2 + C)iq(k − 1) + (C + 2)D∆uq(k) (25)

The predicted value of the q-axis current at moment N is given by the generalized equation

îq(k + N|k ) =
N

∑
i=0

Ciiq(k)−
N

∑
j=1

Cjiq(k − 1) +
N−1

∑
n=1

(N − n)CnD∆uq(k) (26)

In the actual system, there is an error between the predicted value of the q-axis current
and the actual value, the difference between the predicted value of the q-axis current at
moment k and the actual value is obtained as the prediction error, and in order to facilitate
the study, it is assumed that the prediction error at any moment is a fixed value, i.e.,

e(k + N) = e(k + N − 1) = . . . = e(k + 1) = e(k) = iq(k)− îq(k) (27)

Correcting the predicted values of q-axis currents at other moments by error weighting
yields the following:

î
′
q(k + N|k ) = îq(k + N|k ) + δe(k) (28)

The three-phase two-level inverter has eight distinct switching states, each correspond-
ing to a specific voltage vector. Utilizing the concept of finite-set model predictive control,
the inverter’s current prediction values for all switching states are evaluated. To ensure
precise current tracking, a cost function is employed to assess the prediction error. The
switching state that minimizes the total q-axis current prediction error is selected and
applied in the next cycle. The value function is defined as follows.

minJMPCC =
Ny

∑
j=1

∥i∗q(k + j|k )− î
′
q(k + j|k )∥

2
+

Nu−1

∑
j=0

∥∆uq(k + j|k )∥2 (29)

i∗q = iPI + iτc + iTf (30)

iτc =
τc

Pn · ψf
(31)

iTf =
Ff

Pn · ψf
(32)

where Ny and Nu (Ny ≥ Nu ≥ 1) denote the prediction time domain and control time
domain; iPI is the output current of the speed loop PI controller; iτc is the gear backlash
torque compensation current; iTf is the LuGre friction torque compensation current; and iq*
is the q-axis current reference value.
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4. Simulation Verification and Results Analysis

In this paper, MATLAB/Simulink R2022a was used to build the system simulation
model, and the PMSM parameters were set as shown in Table 1. The system sampling
frequency was set to 10 kHz, and the total simulation time was 1 s.

Table 1. Parameters of permanent magnet synchronous motor.

Parameter Value Symbol/Unit

Stator resistance 2.875 Rs/Ω
Stator inductance 8.5 Ls/mH

Permanent magnet chain 0.09 Ψf/Wb
Moment of inertia 0.002 J/(kg·m2)

Motor pole pair number 4 -
Rated speed 1000 ω/(r/min)

Inverter operating voltage 270 Udc/V

Table 2. LuGre friction model parameter settings.

Parameter σ0 σ1 σ2 Fc/N Fs/N ωs/r·s−1

Value 83895.4 259.4842 27.8623 3.8145 8.1635 0.0124

Table 3. Gear backlash deadband model parameter settings.

Condition ∆θ > α ∆θ < −α

Parameter k α k α

Value 586.9952 0.00301 565.0363 0.00314

To ensure a closer fit to real-world conditions and to better verify the effectiveness of
the proposed compensation control method, this study refers to the data obtained from the
experimental research in references [30,31] to set the parameters of the gear backlash model
and the friction compensation model. The specific parameters are provided in Tables 2 and 3.
Based on this, this study compares the traditional PI control method, the MPCC method, and
the PI control method (Compensate–PI) with the MPCC method (Compensate–MPCC) after
the flap EMA is compensated for the gap and friction; the simulation results are shown in
Figures 7–14, and the data comparisons are shown in Tables 4–7.
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Figure 7 shows the output displacement tracking curve of the flap EMA before and 
after compensation using the two control methods. In the simulation, the system was 
given an initial reference displacement of 50 mm at 0.05 s, corresponding to the scenario 
in Figure 1 where the flap is not fully lowered. The second reference displacement of 100 
mm was given at 0.5 s, corresponding to the scenario in Figure 1 where the flap is fully 
lowered. As shown in Figure 7, both control methods, before and after compensation, 
were able to track the given position. A local zoom in Figure 7 shows the tracking perfor-
mance near the reference position at 0.2 s, while another zoom focuses on performance 
near the position at 0.65 s. The figure indicates that the Compensate–MPCC control 
method tracks faster compared to the other methods. Table 4 presents a comparison of the 
output displacement results under different control methods. The localized zoomed-in 
graphs in Figure 7 indicate that the four control methods approach the first and second 
reference displacements at approximately 0.2 s and 0.66 s, respectively. Therefore, Table 
4 was used to compare the flap EMA output displacement data at 0.2 s and 0.66 s in the 
simulation. Table 4 shows that the output displacement of the Compensate–MPCC control 
method is closer to the system’s reference displacement compared to the other control 
methods. 

Figure 8 presents the position tracking error curve, showing that the Compensate–
MPCC control method has a smaller position tracking error compared to other control 
methods. Table 5 compares the tracking error results across different control methods. The 
control accuracy of the flap electromechanical actuator is generally required to be within 
a displacement range of ±0.1 to ±0.2 mm. As shown in Table 5, the errors for all methods 
fall within the required range; however, the Compensate–MPCC control method pro-
posed in this paper achieves a smaller tracking error and higher accuracy compared to the 
other methods. 
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Figure 9 illustrates the PMSM speed curve, while Table 6 compares the speed results 
across different control methods. By combining Figures 7 and 9, it can be observed that 
during the two position tracking processes, both control methods, before and after com-
pensation, quickly reached the vicinity of the rated speed, demonstrating a fast dynamic 
response. The two enlarged views, along with Table 6, show that the MPCC, Compensate–
PI, and Compensate–MPCC methods exhibit relatively small speed tracking errors com-
pared to the traditional PI control method, with the Compensate–MPCC method achiev-
ing the smallest speed tracking error. However, the traditional PI control method provides 
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Figure 10 shows the electromagnetic torque curve. It can be observed that torque 
pulsation is larger with the traditional PI control method and smaller with the Compen-
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pensation. Based on the calculation and analysis of electromagnetic torque data, the Com-
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Figure 14. Harmonic analysis of three-phase stator current. 

Figure 13 shows the three-phase stator current waveform under the Compensate–
MPCC control method, and Figure 14 presents the harmonic analysis of the three-phase 
stator current. These figures show that the three-phase stator current waveform is slightly 
distorted during the system’s start–stop process. However, when the system operates sta-
bly, the current waveform exhibits better sinusoidal characteristics. At this time, the total 
harmonic distortion (THD) of the current is 10.68%, indicating relatively stable overall 
performance. 
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torque–current compensation models. The q-axis current is compensated and controlled 
through feedforward compensation, which enhances the position control accuracy of the 
system while reducing torque pulsation and current ripple during operation. A compari-
son of simulation results demonstrates that the proposed control method, which incorpo-
rates gear backlash and friction compensation, improves position tracking accuracy and 
reduces torque pulsation and q-axis current ripple compared to the traditional PI and 
MPCC control methods in the uncompensated case. In summary, the control method pro-
posed in this paper effectively mitigates the impact of gear backlash and nonlinear friction 
on system control performance. 

Author Contributions: Conceptualization, Q.Z. and H.D.; methodology, Q.Z. and H.D.; software, 
Q.Z.; validation, Q.Z.; investigation, Q.Z.; resources, Q.Z.; data curation, Q.Z.; writing—original 
draft preparation, Q.Z.; writing—review and editing, Q.Z. and H.D.; supervision, B.W., J.C. and 
H.D.; project administration; funding acquisition, B.W., J.C., and H.D. All authors have read and 
agreed to the published version of the manuscript. 

Funding: This study was supported by the Major Science and Technology Program of Gansu Prov-
ince, China (22ZD6GA027). Sponsor: Haiying Dong. 

Data Availability Statement: The data that has been used are confidential. 

Acknowledgments: The completion of this study is due to the collaborative efforts of several co-
authors. 

Figure 14. Harmonic analysis of three-phase stator current.

Table 4. Comparison of EMA output displacement results under different control methods.

Method of Control Time Reference Value Actual Value Time Reference Value Actual Value

Symbol/Unit t/s xr/mm x/mm t/s xr/mm x/mm

PI
0.2 50

49.812
0.66 100

99.864
MPCC 49.884 99.887

Compensate–PI
0.2 50

49.948
0.66 100

99.947
Compensate–MPCC 49.994 99.963

Table 5. Comparison of tracking error results under different control methods.

Method of Control Time Reference Value Error Value Time Reference Value Error Value

Symbol/Unit t/s xer/mm xe/mm t/s xer/mm xe/mm

PI
0.2 ±0.1–±0.2

−0.144
0.66 ±0.1–±0.2

−0.100
MPCC −0.101 −0.087

Compensate–PI
0.2 ±0.1–±0.2

−0.019
0.66 ±0.1–±0.2

−0.031
Compensate–MPCC −0.003 −0.026
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Table 6. Comparison of speed results under different control methods.

Method of Control Time Reference Value Actual Value Time Reference Value Actual Value

Symbol/Unit t/s ωr/r·min−1 ω/r·min−1 t/s ωr/r·min−1 ω/r·min−1

PI

0.095 1000

996.90

0.547 1000

950.55
MPCC 999.04 945.01

Compensate–PI 999.29 999.29
Compensate–MPCC 999.47 999.46

Table 7. Fluctuation of q-axis current at different sampling times.

Method of Control Time Standard Deviation Time Standard Deviation Time Standard Deviation

Symbol/Unit t/s t/s t/s

PI

0.12

0.053

0.52

0.392

0.62

0.073
MPCC 0.016 0.383 0.045

Compensate–PI 0.013 0.337 0.023
Compensate–MPCC 0.003 0.307 0.005

Figure 7 shows the output displacement tracking curve of the flap EMA before and
after compensation using the two control methods. In the simulation, the system was
given an initial reference displacement of 50 mm at 0.05 s, corresponding to the scenario
in Figure 1 where the flap is not fully lowered. The second reference displacement of 100
mm was given at 0.5 s, corresponding to the scenario in Figure 1 where the flap is fully
lowered. As shown in Figure 7, both control methods, before and after compensation, were
able to track the given position. A local zoom in Figure 7 shows the tracking performance
near the reference position at 0.2 s, while another zoom focuses on performance near
the position at 0.65 s. The figure indicates that the Compensate–MPCC control method
tracks faster compared to the other methods. Table 4 presents a comparison of the output
displacement results under different control methods. The localized zoomed-in graphs in
Figure 7 indicate that the four control methods approach the first and second reference
displacements at approximately 0.2 s and 0.66 s, respectively. Therefore, Table 4 was used
to compare the flap EMA output displacement data at 0.2 s and 0.66 s in the simulation.
Table 4 shows that the output displacement of the Compensate–MPCC control method is
closer to the system’s reference displacement compared to the other control methods.

Figure 8 presents the position tracking error curve, showing that the Compensate–
MPCC control method has a smaller position tracking error compared to other control
methods. Table 5 compares the tracking error results across different control methods. The
control accuracy of the flap electromechanical actuator is generally required to be within a
displacement range of ±0.1 to ±0.2 mm. As shown in Table 5, the errors for all methods
fall within the required range; however, the Compensate–MPCC control method proposed
in this paper achieves a smaller tracking error and higher accuracy compared to the other
methods.

Figure 9 illustrates the PMSM speed curve, while Table 6 compares the speed re-
sults across different control methods. By combining Figures 7 and 9, it can be observed
that during the two position tracking processes, both control methods, before and af-
ter compensation, quickly reached the vicinity of the rated speed, demonstrating a fast
dynamic response. The two enlarged views, along with Table 6, show that the MPCC,
Compensate–PI, and Compensate–MPCC methods exhibit relatively small speed tracking
errors compared to the traditional PI control method, with the Compensate–MPCC method
achieving the smallest speed tracking error. However, the traditional PI control method
provides smoother speed operation when approaching the rated speed compared to the
other control methods.

Figure 10 shows the electromagnetic torque curve. It can be observed that torque
pulsation is larger with the traditional PI control method and smaller with the Compensate-
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MPCC control method after gear backlash torque and friction torque current compensation.
Based on the calculation and analysis of electromagnetic torque data, the Compensate-
MPCC control method reduces torque ripple by 15.4% compared to the traditional PI
control method.

Figure 11 shows the q-axis current curve. By calculating the mean and standard
deviation of the q-axis current data at different sampling times, the q-axis current fluctua-
tions during system operation are shown in Figure 12. Table 7 presents the q-axis current
fluctuations at 0.12 s, 0.52 s, and 0.62 s under different control methods and sampling
times. From the simulation results and data comparison, it is evident that the two control
methods with gear backlash compensation and friction compensation result in smaller
q-axis current fluctuations compared to the uncompensated control method. As shown
in Figure 12 and Table 7, the Compensate–MPCC control method exhibits the smallest
current fluctuation among the four control methods and demonstrates superior static char-
acteristics. In contrast, the traditional PI control method shows the largest q-axis current
fluctuation.

Figure 13 shows the three-phase stator current waveform under the Compensate–
MPCC control method, and Figure 14 presents the harmonic analysis of the three-phase
stator current. These figures show that the three-phase stator current waveform is slightly
distorted during the system’s start–stop process. However, when the system operates
stably, the current waveform exhibits better sinusoidal characteristics. At this time, the
total harmonic distortion (THD) of the current is 10.68%, indicating relatively stable overall
performance.

5. Conclusions

This paper investigates the issues of gear backlash and nonlinear friction interference
in the mechanical transmission system of a flap electromechanical actuator (EMA) and
develops a comprehensive simulation model by analyzing its characteristics. The simplified
gear backlash dead zone model and LuGre friction model are employed to create torque–
current compensation models. The q-axis current is compensated and controlled through
feedforward compensation, which enhances the position control accuracy of the system
while reducing torque pulsation and current ripple during operation. A comparison of
simulation results demonstrates that the proposed control method, which incorporates
gear backlash and friction compensation, improves position tracking accuracy and reduces
torque pulsation and q-axis current ripple compared to the traditional PI and MPCC control
methods in the uncompensated case. In summary, the control method proposed in this
paper effectively mitigates the impact of gear backlash and nonlinear friction on system
control performance.
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