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ABSTRACT To solve force-fight problem of the fly-by-wire redundant electromechanical actuation
system(EMAs) in an active-active mode, a force equalization control method with feedforward and feedback
control is proposed. Aiming at the un-ideal stability and robust performance of force equalization controller,
an optimized Fractional Order PID controller with current feedforward (FO+IF)is adopted. Aiming at
the limitation of traditional parameter tuning, the controller parameters are optimized iteratively using the
particle swarm optimization (PSO) algorithm. To improve the anti-interference performance of the system,
a state observer for load torque is introduced into the current feedforward control. Through setting a serious
force fight situation with multiple disturbances, the performance of FOPID and FO+IF on force fight
and position response were compared, and the robustness of the system under the influence of sensitive
parameters was analyzed byMonte Carlo method. The experimental results show that FO+IF can effectively
improve the impact of static force fight and dynamic force fight on the system.

INDEX TERMS Redundant actuator, electromechanical actuators, force fight, fractional order controller,
particle swarm optimization, current feedforward, force equalization.

I. INTRODUCTION
As the concept of more-electric aircraft remains to expand
and develop in the aviation field, the flight control system
expects to substitute many secondary energy systems such as
hydraulic, pneumatic, and mechanical actuators with electric
actuators which are environmentally friendly, small in size,
and easy to maintain [1], [2]. More and more civil aircraft
subsystems such as brake systems, flight control systems,
aircraft environment control systems, aircraft anti-icing sys-
tems, and other systems choose electro-mechanical actuators
(EMA) as their primary driving component. One of the cru-
cial issues in more-electric aircraft flight control actuation
systems is to develop of electro-mechanical actuators with
good performance and high safety [3], [4]. To fulfill the safety
requirements of FAR25.1309 airworthiness regulations for a
flight control system with extremely low failure probability,
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modern civil aircraft flight control surfaces are generally
arranged with a redundant configuration of two or more actu-
ators, and the surfaces are driven in the active-active working
mode [3]. There is a serious force fight in the dual redundant
electromechanical actuation system performing in active-
active mode: The electromechanical actuation system is a
complicated system with high stiffness, strong coupling, and
nonlinearity, in the system response, the dynamic response
characteristics of the two actuators acting together on the
surface are different, and there is always an output torque
imbalance called force fight, which will adversely affect
the surface stability and system power, the long-term force
fight may even lead to fatigue failure problem, decreasing
the payload of the actuation system and even resulting in
airfoil fatigue affecting the flight safety [5]. This puts forward
higher requirements for force fight control method of the
electromechanical actuation system in active-active mode.

To ensure the reliability of the redundant electromechan-
ical actuation system, it is essential to compensate for the
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force fight on the servo reaction of the actuation system [6].
Currently, the control methods for force fight are mainly
composed of structural compensation and force equalization
control [7], [8]. Typically used force compensation methods
take the difference between the output forces of the two
actuators and then introduce it into the feedback channel to
minimize the difference between the two actuators, realizing
the force fight mitigation [9], [10], [11], [12], [13].
Many scholars have applied controllers for force equaliza-

tion, among which Zhang [14] of WIU in 2014 proposed a
PID feedback method to compensate for the position signal,
and force fight of the dynamic response process was signifi-
cantly reduced. 2019 Salman et al of Beihang University [15]
[16] based on force fight problem of a dissimilar redundant
actuation system, used the least squares method to transform
the nonlinear system into a linear system, applied linear
matrix inequalities (LMIs) to design disturbance observers
and controllers, which have good control effect for external
load disturbance signals, but state observers can only com-
pensate for limited types of disturbances. In 2020, XUE from
Shanghai Jiao Tong University [17] proposed a set of force
equalization algorithms based on the pressure difference and
position compensation feedback and validated the control
method on the Iron Bird platform.WURehman [18] from the
University of Science and Technology Beijing 2021 designed
a fractional-order PID feedback controller based on a linear
simulation model of a non-similar residual system, but only
verified force fight in the case of external load perturbation.
SUN [19] proposed a force equalization method based on
the combined action of speed and acceleration feedforward
compensation control and PID feedback control in 2022,
but the method is designed based on friction and motor
linear parameters, the selection of controller parameters is
subjective.

In above studies, only force fight caused by external load
changes is considered when designing the control algorithm.
In practice, force fight is not only caused by load changes, but
also caused by interference and parameter fluctuations [20],
[21], [22]. Above control methods can reduce force fight in a
dynamic process to meet control requirements, to enhance the
fault tolerance ability of the system, but the force equalization
controller should also be designed to meet the accuracy of the
position servo system [23]. In 2018, Robert Kowalski [33] of
the German Aerospace Center proposed a force fight com-
pensation method that includes a feedback loop containing
an optimal linear secondary output regulator (LQR) and a
feed-forward controller based on a general regression neural
network (GRNN), but the accuracy of neural networks has
a lot to do with training samples, and is more complex and
computationally intensive. In 2019, LI [34] of Northwest-
ern Polytechnical University proposed a nonlinear controller
combining adaptive control and observer-based interference
suppression control to solve the master-main mode control
problem of digital reference adaptive system under internal
leakage fault, large disturbance and force fight problems.
Among them, the internal leakage fault is adapted by a simple

reconstruction strategy based on online adaptation of fault
parameters, and the effectiveness of the proposed control
algorithm is finally proved by comparing the simulation
results. However, the adaptive control algorithm has a high
dependence on the model, and the online adaptive control
system is more complex.

The parameters of controller obtained by manually tuning
the controller parameters can use optimization algorithms to
improve control quality. Due to the high reliability and fault-
tolerance requirements, a PID force equalization controller
cannot meet the requirements of system robustness and high
accuracy to a certain extent. The accuracy and precision of
the force equalization controller can still be improved.

Aiming at improving control effect and accuracy of
force equalization controller, this paper chooses a combina-
tion of fractional-order force equalization feedback control
method with particle swarm optimization (PSO) and feedfor-
ward compensation controller. While considering the system
response accuracy and minimizing force fight to meet control
requirements, the control effect is improved.

II. FORCE FIGHT OF THE REDUNDANT
ELECTROMECHANICAL SYSTEM
A. MODELING OF ELECTROMECHANICAL SYSTEM
The dual redundant electromechanical actuation system con-
sists of a controller, drive circuit, brushless DCmotor, sensor,
mechanical transmission device, surface, etc. The schematic
diagram of the dual redundant electromechanical actuation
principle is shown in Figure 1. The output force of these two
actuators acts on the surface together.

FIGURE 1. Schematic diagram of redundant electromechanical system.

Under ideal conditions, the relationship between the inter-
nal voltage and current of the motor ideally can be equivalent
to equation (1). Where Ra and La is Equivalent resistance and
equivalent inductance, ke is back EMF Constant.

Ud = RaI + La
di
dt

+ keω (1)

The equation of electromagnetic torque of brushless DC
motor is in equation (2). ea, eb, ec denote the winding
counter-electromotive force of each phase, phase currents, ω
is motor rotation speed, Te is motor electromagnetic torque.

Te = (eaia + ebib + ecic)/ω (2)

The equation of motion of BLDC is as in equation (3). B is
damping factor, J is motor inertia, Tl is load torque, Tf is
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frictional torque.

Te = Tl + Tf + Bω + J
dω
dt

(3)

The motor internal control loop consists of current loop,
speed loop and position control loop. The rotational displace-
ment output after position control is converted into horizontal
displacement by screw and gearbox, which drives the surface
to deflect. The output displacement θn is proportional to the
screw output angle θg after the deceleration device. The screw
gearbox can be approximated as equation (4), thereinto Kx is
the screw reduction ratio.

θg = Kx · θn (4)

If the inertia of the rudder surface itself is ignored, the
linear output displacement Xa of the ball screw and the output
angle of the ball screw are approximately equivalent to the
proportional relationship, such as equation (6). The coeffi-
cient Ka is related to the diameter of the ball screw as well as
the motor characteristics.

xa = Ka · θg (5)

The flight control system will be subjected to changing
flight loads at all times during operation, surface will be
equated to the inertial load system as in equation(6). xa
is linear output displacement, xL is surface deflection dis-
placement. Mcs represents the equivalent mass of the rudder
surface, Bcs is the damping coefficient of rudder surface, Kd
is rudder surface stiffness factor, Fi is motor output driving
force, Kms is connection stiffness, the relationship between
rudder deflection angle θ and displacement xL can be equated
as a proportional relationship, which scale factor is the radius
of rotation of the rudder surface Rcs.

Fi = Mcs
··
xL +Bcs

·
xL +KdxL (6)

Fi = Kms(xa − xL) (7)

According to the above equation, the system simulation
model is completed. A step position command with an ampli-
tude of 5◦ at 0.2 Hz was applied to the system, the open-loop
frequency response of the system is measured [23] to prove
the system stability.

According to the criterion of system frequency stability in
the automatic control principle, the margin is positive and
the system is stable. The higher the margin, the stronger the
system stability. The open-loop frequency domain response
of the position loop is shown in Figure 2. The amplitude
margin is 38.1dB, the phase margin is 90.2 ◦, and the system
is stable.

B. ANALYSIS OF FORCE FIGHT
Force fight is obtained as in equation (8), 1Fd represents
the uncertainties that cause force fight in the flight control
system, such as: transmission intervals, transmission friction,
delay in signal transmission loop, noise, etc. Fff is difference

FIGURE 2. Frequency domain characteristics of EMA.

TABLE 1. Influencing parameters of force fight.

in force between the two actuators,Kms1,Kms2 is two actuator
connection stiffness.

Fff = Kms1(xa1 − xL) + Kms2(xa2 − xL) + 1Fd (8)

The output displacement difference between the two actu-
ators is the main cause of the system force fight [25], and
several types of factors that have the greatest impact on force
fight of the electromechanical actuator system are shown in
Table 1.
The above factors are injected into the dual redundant

electromechanical actuators to obtain the worst force fight
situation of the system. Dynamic force fight is defined as
force fight generated during the dynamic process before
the system reaches a steady state, and the peak of force
fight usually occurs during the dynamic process; the static
force fight represents force fight that still exists in the
system after the position response reaches steady state.
Dynamic force fight can reach 145961N, static force fight
is about 52561N under the action of each influencing
factor.
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III. INTRODUCTION OF FEEDFOWARD AND FEEDBACK
CONTROL
A. INTRODUCTION OF FORCE EQUALIZATION CONTROL
STRATEGY
The block diagram of the dual redundancy actuators force
equalization control is shown in Figure 3. A control strategy
that combines feedforward and feedback control is selected
combining the advantages of force fight control and system
immunity to interference. Position lag introduced by feed-
back is compensated by feedforward, while the disadvantage
that feedforward control can only compensate for a few
specific types of disturbances is improved by feedback [26].
The position response deviation and force fight are used

as feedback inputs to the controller, and the feedback posi-
tion compensation is generated by the feedback controller
to compensate for the position controller of the two elec-
tromechanical actuators. The parameters of the controller
are iteratively calculated by the optimization algorithm. The
feedforward control designs a state observer according to the
known speed and current parameters to accurately observe
the external torque of the system, and then compensates the
external torque of the system to the current signal of themotor
in advance.

FIGURE 3. FOPID controller parameter optimized by PSO and current
feedforward controller.

The red line in the figure represents the feedback controller,
while the purple line represents the feedforward controller.
In the force equalization controller, PSO and FOPID meth-
ods are used to improve the performance of the feedback
controller, which combined with current feedforward is to
improve the anti-interference performance of the system.

B. DEFINITION OF FRACTIONAL ORDER CALCULUS
In order to better explain the mathematical meaning of frac-
tional order calculus, an operator of fractional order calculus
t0ϑ

α
t is introduced as equation (9), where α is real numbers

and t is an independent variable.
The block diagram of the fractional order PID control

system is shown in Fig 4. Fractional order PID expands
the integer order to the fractional domain, and adds two
adjustable parameters, integral order λ and differential order
µ, the integral order indicates the strength of the inte-
gral effect. The appropriate integration order makes the
system have a smaller stable tolerance, higher accuracy of

dynamic response, and better medium frequency bandwidth
of amplitude-frequency characteristics [27], [28].

FIGURE 4. Fractional order PID control diagram.

The formula for PID can be approximated as Equation 7.
t0ϑ

α
t is the introduced fractional calculus operator, where α

is limited to real numbers and t is the independent variable.

t0ϑ
α
t f(t) =


dα

dtα
f(t), α > 0

f(t), α = 0∫
t0
t f(τ )dτ

−α, α < 0

(9)

Fractional order PID extends the integer order to the frac-
tional domain, and adds two adjustable parameters, integral
order λ and differential order µ. The lower-upper frequency
of FOPID is 10−4 and 104, the filter order is usually set to 5.
The approximation of fractional order in the control system

is shown in Figure 5, using a set of zero-pole folds from
the integer order to approximate the linear properties of the
frequency of the fractional order calculus, which can reduce
steady-state error, improve accuracy of dynamic response
and medium frequency bandwidth of amplitude-frequency
characteristics.

FIGURE 5. Segmented folding approximation of FOPID.

The application of fractional-order PID to force equaliza-
tion is conducive to improving the rapidity of the controller,
reducing the peak of force fight in response process, and also
reducing the steady-state error of force fight and improving
the stability of the system.

C. PRINCIPLE OF PARTICLE SWARM PARAMETER
OPTIMIZATION
The particle swarm algorithm was chosen as the optimiza-
tion algorithm for the system force equalization controller
[29]. The particle swarm is initialized as a group of random
particles, and in each iteration, the particles are continuously
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updated through individual extremes and global extremes to
produce a new generation of the population [30].
Defined for the ‘‘i’’ th particle in the particle population

in n-dimensional space, x i(k) = [ x i1 x i2 . . . x in ]
T denotes

the current position of the particle. pi(k) = [ pi1 pi2 . . . pin ]
T

indicates that the particle has optimal fitness f ip(k), the opti-
mal position of the population particle is denoted as pg(k) =

[ pg1 pg2 . . . pgn ]T , vi(k) = [ vi1 vi2 . . . vin ]
T is the search

direction of the particle. Updated speed and position can be
expressed as equation (10).

xij(k + 1) = xij(k) + vij(k + 1)

vij(k + 1) = ω(k)vij(k) + ϕ1rand(0, a1)(pij(k) − xij(k))

+ ϕ2rand(0, a2)(p
g
j (k) − xij(k))

(10)

where i = 1, 2, · · ·,m; j = 1, 2, · · ·, n. ω is the inertia weight-
ing factor, ϕ1, ϕ2 ∈ [0, +∞) are acceleration constants,
which controls the learning rate of the relative contributions
of the individual cognitive component and the group social
component. rand(0, a1) and rand(0, a2) are random numbers
with uniform distribution in the range of values, a1 and
a2 are corresponding control factors. The first part of the
velocity update function is the velocity of the particle at the
previous moment; the second part is the existing position of
the individual particle compared to the optimal position ever
experienced, indicating the cognitive ability of particles; and
the third part indicates the information sharing among the
particles. To prevent the velocity of the particle from being
too large, set the threshold value of the velocity to vmax.

IV. THE PROPOSED DESIGN STRATEGY OF FEEDBACK
AND FEEDFORWARD
The force equalization controller is designed to suppress the
adverse effects of disturbance on the system force fight and
dynamic response, and the method of combining feedfor-
ward control and feedback control is used to compensate
for the disturbance conditions in the system. The feedback
control adopts fractional order PID control, and the con-
troller parameters are optimized by particle swarm algorithm.
Feed-forward control uses a torque observer to observe load
disturbances and compensate for the current control with
feed-forward gain, so as to achieve the control effect of small
and strong control effect and strong robustness.

A. ERFORMANCE OF FITNESS FUNCTION
Since the error signal e(t) is constantly changing, an integral
type of performance indicator is often used. A commonly
used evaluation metric for optimal controllers is integrated
time absolute error (ITAE), ITAE weighted the error, the
weighting increased over time. The error signal can converge
to zero as soon as possible. This characteristic makes it more
suitable for the design of actual servo controller. The ITAE
error integration criterion is defined as JITAE =

∫
∞

0 t |e(t)| dt.
There is significant force fight in the system. By introduc-

ing force fight into the feedback loop in dynamic response,

error of the system is compensated. The metric of the con-
troller should take account both the position response and
force fight. The fitness function of the specific index is
shown in equation (11), where w1, w2 are weighting factors.
Assigning parameter weights based on parameter magnitude:
w1 = 1 × 106,w2 = 1.

f(k) = w1

t∫
0

(|xa − x1| + |xa − x2|) · tdt + w2

×

t∫
0

|Fs − Fm| · tdt (11)

The essence of force equalization control is to reduce
the output force difference between the actuators, which
is largely related to the position deviation. To design the
position synchronization control method to achieve the pur-
pose of equalizing force fight and resisting system-related
uncertainties and external disturbances.

B. PARICLE SWARM OPTIMIZATION OF FOPID
PARAMRTERS
Firstly, initialization is performed to set the range of parame-
ters such as: optimization parameter dimension, inertia factor,
particle swarm size, acceleration constant, number of itera-
tions, maximum velocity, and randomly generate the initial
position matrix [x1, x2, x3, x4, x5] = [KP,KI ,KD, λ, µ] and
initial velocity in the range of values taken. Initial parameters
of the particles are assigned to the controller, by running
simulation models, the performance output is calculated for
each iteration, position and velocity of these particles are
continuously updated by iterating performance output until
the optimal combination of parameters of the system is
obtained. Optimal adaptation value reflects the degree of
conformity to the fitness function as in equation (11), and
the smaller the adaptation value means the smaller the error
of the indicator function, that is, as the number of iterations
increases, the system parameters are gradually optimized and
the optimal adaptation value is smaller. As the number of
iterations increases, the adaptation value shows a trapezoidal
decreasing trend. The iterative process and the optimal indi-
vidual adaptation values of successive generations are shown
in Figure 6.
Based on the parameter range selected by the feedback

PID controller, the upper and lower bounds of the value
ranges of the P, I, and D parameters are set according to
empirical values. Since the initial parameters of the particle
swarm algorithm are generated randomly, the optimization
parameters obtained from each iteration are not the same [31],
the dichotomous idea in mathematics is used to correct the
boundary conditions of the parameters. Generally, the order
of fractional calculus is (0, 1), and according to experience,
the order is too large to make the system less stable, while the
order is too small to control the flexibility, the order of the
controller is more stable between (0.4, 0.7). The parameters
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FIGURE 6. Optimization process of fitness.

TABLE 2. Combination of optimization parameters under different
boundary conditions.

FIGURE 7. P, I, D optimization curve.

are set for 100 iterations, and the range of parameters are
changed appropriately according to the parameter results
after each iteration of the optimization search. Different sets
of optimization-seeking parameters and the corresponding
ITAE index values under different boundary conditions are
shown in Table 2.

The upper and lower limits of parameters are determined
by empirical parameters, P, I, and D ranges are taken as
(0, 2 × 10−5), (0, 2 × 10−6), (0, 1 × 10−7), the range of
integral and differential orders is (0.45,0.5), and (0.5, 0.55).
The iterative optimization curves for P, I, and D parameters
and the optimization curves for fractional order parameters
are shown in Figure 7,8.
A comparison of the system force fight and position

response for the above five sets of controller parameters
is shown in Figure 9, which shows that the dynamic force

FIGURE 8. Fractional order optimization curve.

FIGURE 9. System response under different parameters.

FIGURE 10. Feedforward control block diagram.

fight is the smallest in the fifth set of parameters. So P =

1.957× 10−5, I = 1.24×10−6, D = 3×10−8, λ = 0.45402,
µ = 0.50019 were chosen as the optimal parameters for the
FOPID controller.

C. DESIGN OF FEEDFORWARD CURRENT COMPENSATION
The main idea of feedforward compensation for the motor is
to construct an observer to observe the load disturbance and
feed forward the observed disturbance value to the system for
compensation as in fig10.

The sampling refresh frequency of the actual vector control
algorithm is generally around 10 kHz to 20 kHz. It can be
approximated that the load torque does not change during the
unit sampling period dTL/dt = 0.

According to equation (3), take the input x = [ω TL ]T ,
the controlled variable is u = Kt i, output variables is y = ω,
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FIGURE 11. Diagram of the load torque step-down observer.

FIGURE 12. Comparison of system position response before and after
adding feedforward compensation.

as in equation (12). 
dx
dt

= Ax + Bu

y = Cx + D
(12)

where

A =

[
−
B
J

−
1
J

0 0

]
, B =

[ 1
J
0

]
, C = [ 1 0 ], D = 0.

Only the torque state variable needs to be observed, and the
reduced-order state observer is designed as in Equation (13).

dx
dt

= A⌢x + Bu + K(y −
⌢y)

y = C⌢x
(13)

The characteristic equation of the observer can be
expressed as equation (14):

⌢
ω =

Te + (ω −
⌢
ω)(k1J −

k2
s )

sJ + B
(14)

The observed value of the load torque is obtained as
equation (15):

⌢

TL = Te − (sJ + B)⌢
ω = (ω −

⌢
ω)(

k2
s

− k1J) (15)

The block diagram of the load torque step-down observer
is as fig 11.

Select the conjugate pole k1, k2 as (−100, ±75i) to achieve
better dynamic response. In order to compare the robustness
of the controller, the system position step response without
compensation and with current compensation is compared,
and the load torque is set as a random signal with an amplitude
of 25N·m and a change frequency of 100Hz starting at 0.05s
as in fig12.

The red curve is of adding external load compensation. Due
to the disturbance of external load, the position response of

the system without current feedforward has different degrees
of fluctuation in the dynamic response process and the steady
state where the steady-state error of the position command
can reach 1.524%. After adding compensation, the maximum
steady-state error is less than 0.733% of the position signal.
The current loop feedforward compensation can speed up
the response of the current loop to load torque changes,
thus effectively enhancing the system’s resistance to load
disturbance.

V. CONTROL SYSTEM SIMULATION AND ANALYSIS
Considering the actual actuation system requirements, the
maximum dynamic force dispute and static force dispute are
used as the indicators for evaluating the force fight controller.
In order to analyze the force fight response when the rudder
surface is deflected to the limit position at maximum speed,
the response of the system is set to be under step, triangle
wave, and sine wave commands. Verify and analyze the
response of the controller at different frequencies. Monte
Carlo analysis was used to analyze and verify the overall
robustness of the controller, and finally, the force fight data in
the actual operation process of the experimental device was
collected and added to the control system as a disturbance
term to test the control effect of the controller on the actual
force fight.

A. VERIFICATION OF STEP RESPONSE CONTROL EFFECT
To verify the effect of the controller on force fight, force fight
response between PID controller, fractional-order PID, and
FOPID with current feedforward (FO+IF) are in Figure 13.
As shown in Figure 13(a) the dynamic force fight is greatly
decreased after adding the fractional-order PID, and the static
force fight drops to below 100 N. Qualitatively, through the
FO+IF controller, the dynamic force fight has been reduced
by 81N on the basis of FOPID.

The statistical analysis of the maximum dynamic force
fight and static force fight in the system response process
under different control methods is shown in Table 3. Assum-
ing that the static force fight is the maximum allowable
load force of the system, control the dynamic force fight
within 20% of the maximum allowable load force, which is
10512.2N, and control the static force fight within 4% of the
maximum allowable load force, which is 2102.44N.

The PID controller can control the maximum force fight
within 19% before adding the controller, FOPID can regulate
the maximum force fight within 2.3% before adding the
controller. The PID controller controls the static force fight
within 1.17%, FOPID and FO+IF controls the static force
fight within 0.08%.

Compared with PID, FOPID and FO+IF controllers can
better meet the requirements of force fight, and FO+IF
behaves better in stability. Comparing FOPID and FO+IF
controller, the response of the system to external disturbances
becomes faster after adding current feedforward, and the
peak force fight and static force fight are reduced. With
current feedforward the system can better resist the impact
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FIGURE 13. Comparison of force fight under different controllers.

TABLE 3. Comparison of controllers’ performance.

of sudden load torque change. In step response, the FO+IF
control of feedforward and feedback has good performance
in robustness of system and force fight.

B. TRIANGULAR WAVE DYNAMIC RESPONSE
VERIFICATION
In order to better verify the dynamic response performance of
the force equalization controller, the system is set at the max-
imum speed of the control surface, where position command
in the model is a triangle wave deflection command with
amplitude of 20◦, T = 5s, and with the maximum torque load
[32]. At the same time, the torque white noise disturbance
is added. Under this condition, the control effects without
equalization controller, FOPID and FO+IF force equalization
methods are compared respectively. The results are shown in
Figure 15.
Compared with the FOPID method, FO+IF has the fol-

lowing improvements: (1) The maximum force fight under
the action of FOPID and FO+IF is 22475.2N and 6954.5N
respectively, and position error reduced by 69%. (2) The static
force fight generated by FOPID and FO+IF is 483.7N and

FIGURE 14. Force fight with different strategy.

261.3N respectively. (3) The control effect of load torque is
better. From the overall control effect, FO+IF has a greater
performance improvement than FOPID.

C. SINUSOIDAL RESPONSE VERIFICATION
The operating frequency of the controller is tested at 0∼5Hz.
Force fight response of the system in different frequency
range as 0.1∼5Hz is tested, the amplitude of the position
signal is set as 20◦. As the frequency of the position signal
increases, force fight becomes worse, and the control effect of
the force equalization controller becomes weaker. Comparing
the control effects of force fight under different frequencies,
as shown in Figure 15.
The black curve in Figure 15 shows the system force fight

response without the force equalization controller. The red
line and the blue line show force fight under the FOPID
controller and FO+IF controller. With the increase of the
command frequency, the peak value of the system force fight
rises. Compared with FOPID controller, FO+IF controller
has better anti-interference ability, improved control level
of disturbance, less dynamic force fight, and higher static
stability of the system. The maximum dynamic force fight
of the two controllers at different frequencies are listed in
Table 4. In each case, 20% of the maximum force fight
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FIGURE 15. Force fight of different frequencies situations.

TABLE 4. Control effect of different controllers on maximum force fight.

of the system without the controller is set as the control
target.

The control effect of FO+IF controller conforms to the
maximum force fight requirement of the system. Compared
with FOPID controller, dynamic force fight of the system
increases slightly when T = 1s, and force fight convergence
effect of FO+IF controller is better in other cases. When the
operating frequency of the system exceeds 5Hz, the control
effect of the controller on force fight with high frequency
changes gradually decreases, andmay even lead to the system
instability.

D. ROBUSTNESS VERIFICATION
The Monte Carlo method is used to verify the robustness of
control effect. The factors that have the greatest impact on the
sensitivity of system force fight are mainly [16]: transmission

FIGURE 16. Distribution of system force fight scattering points.

TABLE 5. Comparison of different controllers on force fight.

efficiency deviation of reducer, position signal offset,
position sensor delay, speed signal offset, and transmission
clearance.

Set the parameters within the allowable range of variation,
randomly select 1000 groups of parameters in the normal
distribution, then conduct simulation experiments, record the
maximum force fight and the steady-state value of force fight
each time, and make a column scatter diagram, as shown in
Figure 16.

Force fight distribution under various conditions is listed
in Table 5.

In case of parameter fluctuation, the maximum dynamic
force fight without controllers is 487264.5N,80% of force
fight is distributed in the interval (0, 42580N). FOPID and
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FO+IF control the maximum dynamic force fight within
1.334% and 0.657% of the initial force fight, respectively,
and the control effect of FO+IF on the dynamic force
fight induced by uncertain parameters is improved by about
50%. The efficiency of FO+IF in controlling the static
force fight under the influence of uncertain parameters is
improved by about 82.37%. It can be observed that FO+IF
has good robustness and higher control accuracy in the case
of parameter uptake.

During the controller design of future work, due to the
introduction of the force equalization feedback loop, the
cross-linking and coupling of the two channels increased,
and the independence of the system decreased. The flight
control system prohibits the existence of single point fault
and common mode fault with redundant system, which has
high requirements for the system independence. However, the
controller saturation limit was not considered in the design
of the balance scheme, In the case of serious force fight, the
effect of the force equalization controller may be limited by
the saturation limit. In the design of the force equalization
controller in the future, more attention should be paid to the
anti-saturation compensation of the controller [33] and other
controller optimization ideas.

VI. CONCLUSION
In order to improve the performance of the force equaliza-
tion controller in an active-active mode of dual redundant
electromechanical actuation system, a method with frac-
tional order PID control method based on PSO optimization
and Current based feedforward control is adopted. Control
effect of the proposed FOPID feedback and current feedfor-
ward method is validated by step response, triangular wave
response and sinusoidal response simulation in the worst
situation with parameters that have greatest impact on force
fight. By performing a Monte Carlo analysis of parameter
sensitivity, the experimental results show that the designed
controller can enhance system robustness.
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