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ABSTRACT The break-in operation of the brake unit of a differential redundant actuation system is of
considerable importance to improve its reliability and safety. However, the operation will generate a large
impact on the driven load, which may cause damage to the load, and hence, it needs to be analyzed in detail.
In this study, we first analyzed in detail the different working modes of a differential redundant actuation
system and their dynamic characteristics during the break-in process. Subsequently, a dedicated offline test
platform for the load simulation of the actuation system was designed to simulate rudders, i.e., the main type
of load for such an actuation system. The test platformwas used to perform experimental testing on the impact
characteristics of the break-in process on the load under different working modes of the actuation system,
and the relevant test data were obtained and evaluated accordingly. The experimental results show that, when
the differential redundant actuation system is in a multiple-degrees-of-freedom state with a single input and
multiple outputs, the break-in process of the brake unit has the smallest impact on the load; furthermore,
when the backup channel of the differential redundant actuation system is in a locked state, the break-in
process of the brake unit has the largest impact on the load.

INDEX TERMS Actuation system, break-in process, experimental studies, load simulation platform.

I. INTRODUCTION
A differential redundant actuation system is a redundant actu-
ation system that uses a mechanical electromagnetic brake as
the core braking unit for fault isolation and reconfiguration in
a two-degrees-of-freedom system. It has a clear fault isolation
interface, which can fundamentally solve the force fighting
of multiple motors in redundant actuation systems [1]–[3].
However, due to the influence of the environment and load
during service, the iron-based friction pair surface of the
braking unit of a differential redundancy actuation system
will undergo degradation phenomena like oxidation, resulting
in the problem that the braking torque will gradually decay
with the increase of service time, which reduces the reliability
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of the entire system [4]. Studies have shown that the break-
in operation of the brake unit can effectively improve the
work surface status of the friction pair and restore the braking
performance, thus fully improving the reliability and safety of
the operating system [5], [6].

The friction process of the brake unit of a differential
redundant actuation system involves surface friction of the
low pair. In the existing literature on the break-in process,
Sun [7] regarded the break-in wear process as a black box
from the perspective of system science, and established a
prediction model for the characteristic parameters of the
break-in attractor without relying on the theory of wear. For
the friction pair surface, the initial surface roughness of the
softer material should be processed to a small amplitude,
but it takes a wide range of values. Zhang [8] created an
analytical model of the break-in wear of the sliding friction
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pair based on the theory of contact mechanics, and utilized
the break-in as a black-box process for machine learning to
avoid the bias caused by the simplification of the break-in
process. The author established the correlation between the
input variables (running conditions and surface topography)
and the output variables (surface topography or break-in
wear) of the break-in process to predict the characteristics
of the break-in wear based on the surface topography
of the friction pair. Zhang et al. [9] investigated the tri-
bological design of the break-in process, and analyzed
the influence of factors, such as the speed of the inter-
nal combustion engine, load, the initial surface roughness
of the cylinder liner and piston ring, and lubricant vis-
cosity, on the break-in process of the internal combus-
tion engine via the mathematical modeling of the break-in
process.

The brake units of differential redundant actuation sys-
tems often have to be broken in while in service; hence,
the shock loads generated by the brake units during break-in
are transmitted to loads, such as the rudder, through the
transmission chain of the actuation system, thus potentially
damaging the connected loads [10]–[12]. On the other hand,
the dual mechanical input channels of the differential redun-
dant actuation system allow a wide range of working modes
to be selected, and the impact of the break-in operation on
the load varies among different working modes [14], [15].
The above problems are difficult to be analyzed through an
online line inspection of the break-in process of the actua-
tion system. Therefore, an appropriate offline simulation test
platform needs to be designed for the break-in process of the
actuation system, and the impact of the break-in process on
the transmission chain and the load should be studied in-depth
under different working modes to provide a reasonable
evaluation.

To address the above issues, we first analyzed in detail the
different working modes of the differential redundant actua-
tion system and their dynamics during the break-in process.
Subsequently, a dedicated offline test platform for the load
simulation of the actuation system was designed to simulate
rudders, i.e., the main type of load for such an actuation
system. The elastic load, inertia load and friction load of the
air rudder were simulated. In order to ensure the stability of
the loading process, a full stroke spring preloading loading
method was proposed. The test platform was used to conduct
experimental testing on the impact characteristics of the actu-
ation system on the load during the break-in process under
different working modes, and the relevant test data were
obtained and evaluated accordingly. In this study, we used
experimental testing to challenge the conventional thinking of
the break-in of actuation systems in the working channel, and
discussed and evaluated various feasible break-in working
modes of the actuation system by changing the constraint
modes and transmission channels of the redundant actuation
system in order to explore and propose a break-in working
mode that produces the lowest peak impact force on the
rudder surface.

II. ANALYSIS OF THE DIFFERENTIAL REDUNDANT
ACTUATION SYSTEM AND THE WORKING MODES
DURING BREAK-IN
In this section, we described the working principle of the
differential redundant actuation system, and conducted a the-
oretical analysis on the dynamic characteristics of the brake
unit during the break-in process.

A. WORKING PRINCIPLE OF DIFFERENTIAL REDUNDANT
ACTUATION SYSTEM AND ITS BREAK-IN AND LOCK
WORKING MODE
A differential redundant actuation system mainly consists
of a control and drive apparatus, a servo motor (i.e., the
AC permanent magnet synchronous servo motor), an electro-
magnetic brake, a dual-input planetary gear differential, and
a ball screw pair, as shown in Fig. 1.

This system has two relatively independent input channels
A and B, each with its own servo motor and electromagnetic
brake, which are arranged coaxially and serially, and their
function is to brake or start the one-way input power, to switch
the working modes, and to achieve system fault isolation
and reconfiguration. The servo motor of the two channels is
connected to the satellite differential, and the corresponding
torque of the screw pairs is output by the differential motion
to enable the motion of the rudder surface and other loads.

When the control center sends a position command to the
actuation system, the position command is compared with
the feedback signal of the actuator displacement sensor to
obtain the position error, and the actuation system driver
controls the dual-redundant motor to convert electrical energy
to mechanical energy and outputs the controllable speed and
electromagnetic torque. The output power of themotor is then
fed into the mechanical drive, which decelerates and rotates
into a straight line and outputs the controllable force and
speed, which in turn drives the load.

Based on the transmission characteristics of the differential
redundant actuation system, the system has various working
modes, and the break-in working mode of the brake unit may
not be limited to the normal working mode of the actuation
system itself and its connection mode. When break-in applies
to Channel A, under the premise of satisfying more than
one degree of freedom on the force transmission path, both
Channel B and the rudder surface have two working status
options, i.e., free and fixed, which can form the following
three possible constraints, as shown in Table 1. As the impact
on the rudder surface and other loads during the break-in
process is different depending on the path, all the working
modes should be explored and the optimal break-in working
mode should be proposed.

B. ANALYSIS OF DYNAMIC CHARACTERISTICS OF THE
BREAK-IN PROCESS OF DIFFERENTIAL REDUNDANT
ACTUATION SYSTEM
The dynamics of the transmission paths under the three
abovementioned working modes are investigated considering
the transmission characteristics of the dual-input differential.
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FIGURE 1. Schematic of the differential redundant actuation system.

TABLE 1. Break-in combinations of the differential redundant actuation
system.

Under Mode 1, the system is a single-input and single-
output system. At this time, Channel A is in the break-in state,
the simulated load in the actuation system is in the fixed state,
and Channel B is in the free state.Meanwhile, the input torque
of Motor A is transmitted to the planetary gear differential
through the drive shaft by the brake, and as the ball screw
pair is fixed with the load end, Gear 1 transmits the torque
to Gear 6 through Gear 2 and Gear 5 to drive the rotation of
Motor B. The system diagram and main dynamic parameters
are shown in Fig. 2.

Under this working mode, the working channel,
Channel A, only needs to overcome the sum of the frictional
torque TfAB between Channels A and B and the no-load torque
TmB0 ripple of the Channel B motor. As the controlled motor
is controlled at a uniform speed in an unlocked state, the
load on the controlled input is balanced against the system
resistance, and the torque T1mA on the controlled input A
under Mode 1 is shown in (1).

T1mA = TfAB + TmB0 (1)

Under Mode 2, the system is a single-input and single-
output system. At this time, Channel A is in the broken-in
and locked state, the rudder surface and other loads in the

FIGURE 2. System motion relations and main dynamic parameters under
break-in mode 1.

actuation system are in the free state, and Channel B is in
the fixed state. When Gear 6 and Gear 4 are then fixed, the
input torque of the motor is transmitted to the planetary gear
differential by the brake, and Gear 1 drives the torque through
Gear 2 to drive the motion of the ball screw pair to drive the
load. The system diagram and main dynamic parameters are
shown in Fig. 3.

In this case, the working channel, Channel A, only needs
to overcome the frictional torque between channel A and
the rudder surface load. In the motion loop, the frictional
resistance torque TfAL between Channel A and the load
includes the frictional resistance torque TfAH from the input
of Differential A to the output of the planetary carrier, the
frictional resistance torque Tfac of the actuator assembly
(including the screw, support bearing, and guide mechanism),
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FIGURE 3. System motion relations and main dynamic parameters under
break-in mode 2.

FIGURE 4. System motion relations and main dynamic parameters under
break-in mode 3.

and the frictional resistance torque TfL of the load. The torque
T2mA of the controlled input A is expressed in the following
equation:

T2mA = TfAL (2)

Under Mode 3, the system is a single-input and double-
output system, when Channel A is in the broken-in and locked
state, and the rudder surface and other loads in the actuation
system as well as Channel B are in the free state. Meanwhile,
the input torque of Channel A is divided into two parts
according to the kinematics of the differential planetary gear,
part of which involves the rotation of Gear 2, drivingGear 3 to
Gear 6, which in turn drives the Channel B motor; the other
part involves the revolution of Gear 2, driving the motion of
the ball screw pair, to drive the rudder surface and other loads.
The system diagram andmain dynamic parameters are shown
in Fig. 4.

The dynamical behavior of the system under Mode 3 is
relatively complex and is directly related to the frictional
resistance situation in the motion transmission channels with
large uncertainties.

Based on rigid body dynamics, the relationship between
torque and acceleration is derived in the dual-redundancy

differential actuation system, the results are shown as follows.
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The motion relation in this process is:

iH13 =
ω1 − ωH
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=
ε1 − εH

ε3 − εH
= −
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Z1

(8)
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For the planetary gear, because the inner- outer ring gears
are controlled by the closed-loop speed of the motor, the
tangential speed at the meshing point between the planetary
gear and the inner gear is a constant, that is, n4r3 is a constant.
To achieve this uniform rectilinear motion, the force bal-

ance relationship of the system needs to be discussed. Under
the no-load operation condition, the output torque T3mA of
Channel A needs to form a balance relationship with the
frictional resistance torques Tf 1o and TfH of the two output
channels, that is, themotive forceF3 of the system is balanced
against the frictional resistances of the two output channels.
Only if the balance condition is satisfied can uniform recti-
linear motion be achieved.

The planetary gear is the key to the balance analysis, and
its force balance equations can be expressed as

−F3r2 + f1or2 − J2zε2z = 0
fH rH − F3r3 − f1or1 − J2gε2g = 0
fH − F3 − f1o − m2ε2grH = 0

(10)

where r is the radius of rotation of each gear, ε is the angular
acceleration of each gear. f1o and fH are the frictional resis-
tances of the two output channels; they are unknown inherent
nonlinear parameters associated with the frictional charac-
teristics of the system. The known transmission parameters
of the system are substituted, and the relationships among
F3, ε2z, and ε2g are determined. Through the discussion, the
following patterns are observed:
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FIGURE 5. Schematic of the load simulation platform of the actuation system.

(1) When f1o = 59
/
85 fH , the planetary gear rotates and

revolves at a uniform velocity.
(2) When f1o > 59

/
85 fH , F3 ∈ [fH , f1], the planetary gear

rotates with negatively accelerated motion.
(3) When f1o < 59

/
85 fH , F3 ∈ [f1, fH ], the planetary gear

rotates with accelerated motion.
Therefore, under Mode 3, the kinematics of the system are

related to the magnitude of the frictional resistances f1o and
fH of the two output channels.

III. LOAD SIMULATION PLATFORM DESIGN OF
ACTUATION SYSTEM
The keys to the platform design include the effective simula-
tion of the load, the realization of the driving of the actuator
under various working modes through a reasonable design
of the control and test system, and the detection of the load
impact signals.

A. STRUCTURAL DESIGN OF THE SIMULATION PLATFORM
The load simulation platform of the actuation system mainly
contains an elastic load simulation unit, an inertial load sim-
ulation unit, and a friction load simulation unit, as shown
in Fig. 5.

In this system, the slewing torque of loads, such as the
rudder surface, is high [15]. On the other hand, the linear
load transformed to the electromechanical actuator (EMA)
via the loop rocker-arm linkage mechanism is relatively low,
and the load of the entire load simulation system is in the
axial direction. Therefore, the torque that drives the load is
transformed into a linear pull pressure load acting in the
direction of the linear motion of the EMA to meet the needs
of the compact design of a load simulation system for a
multi-integrated simulation system (including force, thermal,
pneumatic, and other environmental simulations).

FIGURE 6. Force analysis of the elastic load simulation unit.

The elastic load simulation unit mainly simulates the pneu-
matic elastic load of the rudder load, which consists of a cylin-
drical compression spring, a pull rod, a nut, a linear slider,
and other elements. The elastic load is simulated by adjusting
the compression of eight cylindrical springs. To ensure that
the eight compression springs are loaded simultaneously, the
pre-load is greater than the maximum stroke of the EMA
during the test, and the size of the elastic load is directly
related to the position. The force analysis of this unit is shown
in Fig. 6.

Considering the design of spring preload in this experi-
mental system, the loading force of a single spring can be
expressed as

FSr = kSS (L0 + x) (11)

FSl = kSS (L0 − x) (12)

Based on the force balance, the total elastic loading force
can be expressed as

FLk = 4FSl − 4FSr = −8kSSx (13)

Consequently, the load on this load simulation platform
linearly transformswith the operating position of the actuator,
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FIGURE 7. Working principle of the load simulation platform of the actuation system.

and the stiffness of the elastic load is eight times that of the
single spring.

The inertial load simulation unit mainly simulates the iner-
tial load of the rudder, which consists of a sliding plate and
its attachments. Based on conservation of kinetic energy, the
mass of the slider is designed to be

mac = Jpl

 1θplπ/180
◦

LAB −
√
L2OA + R

2 − 2LOARcos
(
θ0 −1θpl

)
2

(14)

B. CONTROL AND TEST SYSTEM DESIGN OF THE LOAD
SIMULATION PLATFORM
The control and test system of the load simulation platform
mainly includes a real-time control module, data acquisi-
tion module, servo motor driver, displacement sensor, and
tension-compression sensor. Fig. 7 demonstrates the working
principle of the control and test system. The displacement
sensor is located inside the actuator for the real-time mon-
itoring of the actuator position for closed-loop control; the
tension-compression sensor is connected in series between
the EMA and the elastic simulated load, and its real-time
data are displayed on the oscilloscope, which can visually
demonstrate the impact of the actuator on the simulated load.

In this system, the real-time control module achieves the
offline drive of the differential actuator, which is the core
element of the load simulation platform, and is responsible for
receiving the motion control signals from the upper machine,
and comparing them with the collected displacement sensor
signals and the EMA position data. After the control method
and strategy are selected, the control unit of the servo motor
driver converts the command signal into three-phase voltage

and current signals to drive the servo motor of the EMA,
which drives the analog load. Meanwhile, the signal of the
tension-compression sensor and the actuator position data are
sent back to the data acquisition system.

During the break-in experiment on the brake, the oper-
ating state of a channel needs to be changed, and the real-
time control module needs to send an ON/OFF command to
the corresponding electromagnetic brake in accordance with
the command of the break-in and lock working mode.
Under the ON state, the brake is de-energized and inactive;
under the OFF state, the electromagnetic brake is energized
and the armature attracts the yoke to lock the channel.

IV. EXPERIMENTAL DESIGN AND RESULTS ANALYSIS OF
SYSTEM BREAK-IN PROCESS
Considering a certain type of differential actuator as the
research target, through the above analysis, we designed an
on-machine break-in experiment, and the related experimen-
tal results were analyzed.

A. EXPERIMENTAL DESIGN
The specific simulation scenarios for the simulated loads
under different constrained states on the test bench are as
follows.

(1) Free-state simulation of the load: The output end of the
top rod of the actuator was connected to the connection socket
of the load platform, which was mounted on the linear guide
slider and could simulate the free state of the load, i.e., the
pull rod of the actuator could extend and retract freely.

(2) Fixed-state simulation of the load: The connecting
socket was fixed with the test bench frame via tooling, and
could be used to simulate the state where the load position
was fixed, i.e., the pull rod of the actuator was not retractable.
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The designed and assembled load simulation platform is
shown in Fig. 8.

FIGURE 8. Components of the load simulation platform.

The magnitude of the impact forces generated by the brake
unit on the load was simulated during the break-in start and
stop processes under the two boundary conditions, i.e., fixed
or free. The relevant experimental conditions for the break-in
experiment are shown in Table 2.

TABLE 2. Conditions of the experiment.

According to the break-in and lock proposal from the brake
unit manufacturer, the break-in and lock time sequence in this
experiment is shown in Fig.9. When the order value was 1,
the electromagnetic brake was de-energized and the channel
was in an unlocked state; when the order value was 0, the
electromagnetic brake was energized and the channel was in
a locked state. The brake started to break-in by means of
a break-in start/stop command, and the impact on the load
under different break-in conditions was obtained by the pull
pressure sensor placed on the top rod of the actuator.

The detailed procedures for the break-in experiment are as
follows.

(1) Installing the test sample and force transducer.
(2) Adjusting the slider mounting status according to the

set break-in working mode.
(3) The actuator system starting and controlling the cor-

responding transmission channels according to the defined
workingmodes, the closed-loop controlling of the speed loop,
and the load simulator remaining in a free or fixed state
according to the defined working mode.

(4) Initiating the break-in and lock start/stop control and
executing the break-in and lock procedure.

(5) Recording the reading Fa of the force transducer.
According to engineering experience, the magnitude of the

impact of the actuator on the load in this servo system is in

FIGURE 9. Time sequence of the brake start/stop command.

the range of 0.5–6 kN. In this experiment, the force transducer
was selected with a sensitivity of 100 mV/kN.

B. RESULTS AND ANALYSIS
Based on the result analysis of the three break-in and lock
working modes in the experiment, it can be observed that

(1) Under Mode 1, the system was in a single-degree-
of-freedom state with a single input and a single output.
The force transducer readings are shown in Fig. 10, which
indicated that the maximum impact generated was approxi-
mately 3 kN, with some blurs peaking up to 3.5 kN.

FIGURE 10. Axial force of the actuator under Mode 1.

From 0–100 ms, the system was in the break-in and lock
phase, and the load was in the upward phase and reached the
maximum value; from 100–200 ms, the system was in the
unlocking phase and the loadwas in the downward phase until
it reached 0; throughout the break-in and lock cycle, the load
appeared to be half-sine.

As the motor is an AC permanent magnet synchronous
servo motor, under this working mode, the Channel A motor
drives the Channel B motor to rotate, and the output motor
works in the electronic generator state. There is a charging
and discharging process between the electronic generator and
the capacitance on theDC bus, so a half sine wavewill appear,
and the rising part of the half sine wave is the process of
charging the capacitance on the bus by the electricity from the
generator, and the falling part is the process of discharging the
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voltage on the capacitance through the motor after the motor
stops rotating.

(2) Under Mode 2, the system was in a single-degree-of-
freedom state with a single input and a single output. The
force transducer readings are shown in Fig. 11, which indi-
cated that the maximum impact generated was approximately
3 kN, with a small amount of blurs peaking up to 4 kN.

FIGURE 11. Axial force of the actuator under Mode 2.

Under this working mode, the Channel A motor needed to
drive the simulated load, and the output is in pure mechanical
mode. Because the Channel A motor is in speed loop control,
not torque loop control, the force measurement value will
present a certain degree of fluctuations. In addition, a large
starting torque is required in the initial stage, which will bring
relatively large impact force. Owing to the uniqueness of
the freedom of movement, the system had a high rotational
speed, which increased the viscous friction of the system and
generated the largest impact among the three modes in the
unlocking phase.

(3) Under Mode 3, the system was in a multiple-degrees-
of-freedom state with a single input andmultiple outputs. The
force transducer readings are shown in Fig. 12, which indi-
cated that the maximum impact generated was approximately
2 kN, with a small amount of blurs peaking up to 3 kN.

The results show that the load fluctuated up and down
around 2 kN during the broken-in and locked phase, and
around −1 kN during the unlocking phase. Under this mode,
there were two parallel channels in the motion loop and two
outputs. During the break-in process, both outputs were in
motion and operated at a lower speed than those under the
other two modes. Thus, the viscous friction of the system was
relatively low, generating the smallest impact.

From the above tests, it is concluded that
(1) Under Mode 3, when the rudder surface is in a free

state, one channel is in a broken-in and locked state, and
the other channel is in an unlocked state, the break-in and
lock has the smallest impact on the rudder surface, as shown
in Fig. 13.

FIGURE 12. Axial force of the actuator under Mode 3.

FIGURE 13. Impact of actuator on the load under each working mode.

(2)When the rudder surface is in a free state, one channel is
in a broken-in and locked state, and the other channel is in an
unlocked state, the actuation rod will retract and the unlocked
channel will also generate motion, which is related to the fact
that the impact generated by the broken-in and locked channel
is slightly larger than the frictional resistance between the
actuation rod and the unlocked channel.

(3) The drastic increase in load at the initial moments
of the unlocking phase under all three working modes is
due to the fact that Modes 2 and 3 exhibit a large start-
ing torque because of the greater load inertia and greater
acceleration torque requirements compared with those
in Mode 1.

V. CONCLUSION
In this study, we first analyzed the dynamics of the three
working modes of a differential redundant actuation system.
Accordingly, we proposed three feasible break-in working
modes of the brake unit. Subsequently, we designed a load
simulation platform of the actuation system, through which
the offline simulation operation of various load characteris-
tics of the actuation system was achieved. Using this plat-
form, we designed an offline experimental protocol for the
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impact of the differential redundant actuation system on the
load during the break-in process, and analyzed the impact of
the brake unit on the load under the conditions of different
break-in working modes through the experiment. We also
analyzed the variation pattern of the impact. The experimental
results show that, when the differential redundant actuation
system is in a multiple-degrees-of-freedom state with a single
input and multiple outputs, the impact on the load during the
break-in process of the brake unit is the smallest, and when
the load of the differential redundant actuation system is in
a locked state, the impact on the load during the break-in
process of the brake unit is the largest.

NOMENCLATURE

Ji Rotational inertia of gear i (i= 1,2, 3, 4, 5,6).
J2g Moment of inertia of planetary gear 2.
J2z Rotational inertia of planetary gear 2.
JH Rotational inertia of the planetary carrier.
Jpl Rotational inertia of rudder.
ri Radius of gear i (i = 1,2, 3, 4, 5,6).
r2g Radius of revolution of the planetary gear.
r2z Radius of the planetary gear.
rH Distance between the center of the planetary

gear and the center of the planetary carrier.
εi Angular acceleration of gear i

(i = 1,2, 3, 4, 5,6).
ε2g Angular acceleration of the revolution of the

planetary gear.
ε2z Angular acceleration of the rotation of the

planetary gear.
εH Angular acceleration of the planetary carrier.
m2 Mass of the planetary gear.
mac Slider mass of the inertial load simulation

unit.
f1o Frictional resistance of Channel B.
fH Frictional resistance of the output channel of

the planetary carrier.
Fi Tangential drive of gear i (i = 1,2, 3, 4, 5,6).
FSl Loading force of a single spring on the left

side of the load simulation platform.
FSr Loading force of a single spring on the right

side of the load simulation platform.
FLk Total elastic loading force.
TimA Torque of input A under working mode i

(i = 1, 2, 3).
TmB0 No-load torque of Channel B motor.
TfAB Frictional torque between Channels A and B.
TfAL Frictional resistance torque between Channel

A and load.
TfAH Frictional resistance torque from the input

of Channel A to the output of the planetary
carrier.

Tfac Frictional resistance torque of the actuator
assembly.

TfL Frictional resistance torque of the load.
TfH Frictional resistance torque of the output

channel of the planetary carrier.
Tf 1o Frictional resistance torque of Channel B.
LAB Initial length of actuator.
LOA The distance from the rudder shaft to the fixed

hinge end of the actuator.
L0 Initial preload displacement of the spring.
x Working stroke of the actuator under test.
R Length of rocker arm in the Rudder Loop.
θ0 Initial rudder deflection angle.
1θpl Variation of the rudder deflection angle.
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