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Abstract: The robotic arm is a critical component of modern industrial manufacturing.
However, its positioning performance can be hindered by overshooting and oscillation.
External disturbances, including collisions or impacts with other objects, can also affect its
accuracy and precision. To resolve this problem, this work integrates a compact magne-
torheological (MR) bearing, which is capable of switching between locking and unlocking
states utilizing the MR effect, into the gearbox of the actuation system of the robotic arm.
This integration enables the gearbox (referred to as the MR gearbox) to exhibit variable
damping characteristics. This controllable damping property will play an important role in
improving the positioning accuracy by offering additional damping. In this study, the MR
gearbox was first designed and prototyped. A characterization test was then conducted to
verify its variable damping property. The classic Bouc-Wen model was used to describe
the MR gearbox and then a mathematical model was established for the whole robotic arm.
Additionally, a new variable damping control method was proposed for further improving
the positioning precision and reducing energy consumption. As follows, the positioning
and the anti-disturbance performances of the robotic arm system installed with the MR
gearbox were assessed through numerical simulations and experimental tests. The result
shows that the robotic arm under the new control method achieves reductions of 11.76%
in overshoot, 14.73% in settling time, and 26.1% in energy consumption compared to the
uncontrolled case under the step trajectory, indicating improved positioning performance.

Keywords: magnetorheological gearbox; variable damping; robotic arm; positioning con-
trol; anti-disturbance; overshoot; settling time

1. Introduction

Robotic arms are usually programmable mechanical arms with similar functions to
human’s [1-5]. They can execute repetitive tasks in place of a human with fast response,
high reliability and accuracy, increasing working efficiency and productivity as well as
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keeping workers from hazardous situations to avoid potential injuries. Usually, robotic
arms are widely used in industrial production lines to complete tasks such as device
assembly, material handling, pick and place, welding and sorting, all of which require a
high standard of positioning precision to guarantee manufacturing accuracy. However,
overshoot and oscillations are always generated when a robotic arm is instructed to move
to a desired position, which adversely influences its positioning accuracy and efficiency. In
addition, robotic arms may also suffer external disturbances such as unexpected forces or
torques. These external disturbances can result in reduced accuracy and stability or lead to
safety hazards such as collisions with nearby objects or individuals. Therefore, effective
solutions have to be explored to mostly minimize the overshoot, avoid the oscillations, and
strengthen the anti-disturbance capability to the largest extent.

The core component of a robotic arm that influences the positioning and anti-
disturbance performance is the actuation system, which consists of the motor and the
gearbox. The motor outputs actuation torque, while the gearbox is responsible for ampli-
fying the torque, making it possible to obtain a large output using a small motor. Precise
motor control is pivotal for the robotic arm to execute required tasks successfully. In
this regard, numerous methods have been put forward to address this challenge. Cio [6]
combined stereovision and eye-tracking to control an assistive robotic arm, especially in
scenarios where obstacles are present. Kareemullah [7] employed the Internet of Things to
enable remote control of robotic arms, reducing human exposure to hazardous environ-
ments. Jeong [8] developed a brain-controlled robotic arm system using deep learning and
electroencephalogram signals. Comprehensive reviews on the robotic arm control can be
found in [9,10]. In terms of the specific purpose for improving the positioning performance
of the robotic arm, considerable effort has been devoted by many research groups, where
developing advanced control algorithms to control motors is one of the most common
methods. For instance, Malki et al. [11] designed a Fuzzy PID control for a flexible-joint
robotic arm considering the time-varying loads. The variable gains in the controller enable
the arm to perform a faster response with smaller overshoots than its conventional counter-
part. Nguyen et al. [12] designed an adaptive sliding controller in which a PID controller
works as a compensator to manipulate a robotic arm. Other control algorithms, such as
nonlinear model predictive control schemes and neural network algorithms, have also been
proven to be effective in improving the positioning performance as well as tracking the
performance of robotic arms by controlling motors [13-17].

Nevertheless, for those robotic arms equipped with only motors and gearboxes, the
positioning performance is severely limited by the maximum torque that the motors can
achieve, even if under effective control algorithms. This maximum torque has a big
impact on positioning accuracy as its effect is to pull the arm to the target position when
overshoots occur. Therefore, for those situations where the robotic arm is heavily loaded
or the maximum torque is relatively small compared to the load, the robotic arm will
perform terribly in positioning, resulting in large overshoots and long settling times. Hence,
integrating additional devices that can add extra torque into the robotic arm system has
been put forward. One typical device is the MR damper, a kind of smart device containing
MR Fluids (MRF) [18-20]. By regulating the applied magnetic field, the damping of MR
dampers can be controlled rapidly and reversibly with low energy consumption [21-23]. As
the damping torque provided by MR dampers is in the reverse direction of the movement,
it will provide extra torque to pull the arm towards the target position, thereby reducing
the overshoot and shortening the oscillation time. For example, Ahn et al. [24] developed a
pneumatic muscle robotic arm in which an MR brake was equipped on the arm’s joint. Large
damping was implemented to reduce the overshoot and oscillation when the manipulator
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reached the desired position. Similar methods of utilizing MR dampers in robotic arms to
improve positioning performance have been verified [25,26].

However, one notable issue is that the bulky structure of MR dampers adds consid-
erable complexity and cost to the actuation system, making the robotic arm not practical
for real-world applications. Given that the gearbox is indispensable to the actuation sys-
tem of a robotic arm and that adding variable damping characteristics is the key idea to
significantly improving the positioning performance, this work develops an MR gearbox
with built-in variable damping capability, which directly endows the actuation system
itself with variable damping characteristics, thereby avoiding the need for introducing
additional bulky devices. The core structure of the MR gearbox is the MR bearing, which
will lock or unlock the carrier shaft and the gear under the control of the magnetic field.
It is this locking effect that endows the MR gearbox with damping controllability. When
the robotic arm tends to deviate from the target position, the MR gearbox outputs large
damping to hinder this deviation; for the other situation where the arm tries to reach the
target position, the MR gearbox performs the minimum torque so that the arm approaches
the target position as fast as possible. Therefore, this new design will greatly reduce the
overshoot and shorten the settling time. Additionally, this built-in structure enables the MR
gearbox to be compact and lightweight, and the utilization of the MR device would greatly
reduce energy consumption. Those advantages in performance and structure not only
improve the arm’s positioning precision but also significantly enhance its practicability.

The rest of the article is organized as follows. Section 2 presents the structural de-
sign and working principle of the proposed MR gearbox. Its characterization tests and
mathematical modeling are also performed. As follows, a robotic arm system equipped
with the MR gearbox is introduced in Section 3, with the positioning and anti-disturbance
performances of the system being numerically evaluated. In Section 4, the experimental
testing setup is demonstrated, and the experimental evaluation is presented. Finally, the
conclusion is drawn in Section 5.

2. Design, Characterization and Modelling of the MR Gearbox
2.1. Structural Design and Working Principle

Figure 1a shows the 3D model of the proposed MR gearbox. It mainly consists of
input and output shafts (#6 and 1), a planetary gear set (#4), two bearings (#3), and a casing
(#5). As the core component of the MR gearbox, the planetary gear set is magnified and
presented in Figure 1b. It is comprised of a sun gear (#9), four planetary gears (#7), a
planetary carrier (#8), and a casing groove (#10). The casing groove with inward-facing
teeth is embedded in the internal surface of the casing, and it acts as a ring gear in the
planetary gear set. The planetary gears mesh with the sun gear and the casing groove for
the torque transmission between them. To clearly demonstrate the internal design, one of
the planetary gears is also magnified and shown in Figure 1c. It is seen that the gear (#7)
is connected to the carrier shaft (#11) with an MR bearing (#12) in between. The internal
ring (#16) and the external ring (#17) of the MR bearing are fixed with the carrier shaft and
the planetary, respectively. The most significant difference of this MR bearing is that it has
MREF (#13, MRF-140CG, Lord Corp., Cary, NC, USA) filled all the chambers formed by the
internal ring (#16), external ring (#17) and sealed caps (#18). Above the MRF bearing, a set
of electromagnetic coils (#14) is also fixed to the carrier shaft, providing a magnetic field to
the MRF. The magnetic circuit is presented by the red vector line (#15, Figure 1c). Four sets
of electromagnetic coils for the four planetary gears are connected in series with the wire
(#2, Figure 1a) going out through the hole in the output shaft. Given the smart nature of
the MRE the MR bearing plays a significant role in controlling the relative motion between
the planetary gear and the carrier shafts.



Machines 2025, 13, 56

40f19

J
1-Output shaft; 2-Current wires; 3-Bearing; 4- Planetary gear set; 5-Casing ; 6-Input shaft; 7-Planetary gear; 8- Planetary carrier;
9-Sun gear; 10-Casing groove;11-Carrier shaft; 12-MR bearing; 13-MRF; 14-Coil; 15-Magnetic flux circuits; 16-Internal rings; 17-
External rings ; 18-Sealing cap

Figure 1. 3D Model of the MR gearbox. (a) full layout; (b) planetary gear set; (c) section view.

When a motor drives the input shaft, the sun gear rotates accordingly, driving the
planetary gears to rotate along the inside teeth of the casing groove through the gear
meshing. Consequently, the planetary carrier and the output shaft rotate reversely. In this
way, the torque is transferred from the input shaft to the output shaft.

The MR gearbox acts as a conventional planetary gearbox when no current is applied.
In this case, MRF behaves with Newtonian fluid characteristics, which means the internal
and external rings of the MR bearing can rotate freely to each other. As the internal and
external rings are fixed to the carrier shafts and the gears, respectively, free relative motion
between the shaft and the gears is consequently unrestricted. However, MRF will perform
the MR effect once the electromagnetic coil is powered. This means the yield stress of MRF
will increase dramatically, resulting in the restriction on the relative motion between the
internal and external rings. This then further causes locking between the gears and the
shafts. Under this situation, the MR bearing performing the locking effect enables the MR
gearbox to demonstrate increased damping. The higher the applied current, the larger the
damping. Therefore, the damping of the MR gearbox can be controlled in real-time by
regulating the applied current. With this controllable characteristic, the MR gearbox is able
to control the motion and the positioning of the robotic arm more accurately.

As the reasonable distribution of magnetic fields is the key to the successful control of
the MR gearbox, magnetic field simulation was conducted using COMSOL 5.5 Multiphysics.
Figure 2a shows the result when the coil (100 turns, 0.2 mm diameter, 14.3 () is supplied
with a current of 1.0 A. It is seen that magnetic circuits indicated by red arrows have been
generated, and the magnetic flux perpendicularly passes the MR bearings. The mean
magnetic flux density of the areas in between the bearing’s balls and the internal ring is
presented in Figure 2b, which is obtained by averaging the magnetic flux density readings
of 10 probes shown in Figure 2a. It is noticed that the mean magnetic flux density increases
linearly with respect to the current until the current reaches 0.6 A, after which saturation is
observed. In addition, 1.0 A current yields a mean magnetic flux density of 0.629 T, which
is enough for the control, given that 0.6-0.7 T will make MRF saturated.
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(a) Simulation result (1.0 A) (b) Average flux through the MRF

Figure 2. Magnetic field simulation.
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2.2. The Characterization Test of the MR Gearbox

The prototyped MR gearbox was characterized by the test shown in Figure 3 to verify
its damping variability. The gearbox is fixed to a servo motor (MHMF(042L1V2M, Panasonic,
Newark, NJ, USA), which is controlled by an AC servo driver (MBDLT25SF, Panasonic,
Newark, NJ, USA). A computer with a Labview program sends commands to the driver via
an NI myRIO. The encoder can measure the real-time torque output and the displacement
of the motor. By multiplying these data with the gear ratio of the gearbox, the real-time
torque output and the displacement of the MR gearbox can be recorded. A DC power
supply provides currents to the MR gearbox to regulate the coil current. During the test,
a harmonic displacement signal with a frequency of 0.5 Hz and an amplitude of 20° was
selected as the excitation. Considering the maximum sustainable coil current, currents from
0 to 1 A with an increment of 0.2 A were applied.

Comﬁuter
DC power supply I {(‘ommands
= signals

Currents i

e
MR gearbox myRI

A yRIO ‘
Servo motor i’/ ‘ \(,Ommands
\

signals
Torque command ﬁ

Encoder— Torque and position signals !’:
AC servo driver

Figure 3. The schematic of the characterization test.

Figure 4a presents the torque-displacement response of the characterization tests. It is
observed that the enclosed area by the torque—displacement loop increases with the increase
of current, which means the dissipated energy varies under different currents; the higher
the current, the more energy dissipated. Upon the experimental data, the maximum torque
increases by 51.20% from 2.43 to 4.98 N-m when the current rises from 0 to 1 A, indicating
obvious damping controllability upon the variations of current. Figure 4b illustrates the
equivalent damping coefficient, Ct 4, across various current levels, which is calculated by:

EDC

272 f A2 @

Ct,eq =
where Ct ¢, is the equivalent damping coefficient; EDC denotes the energy dissipated per
cycle acquired by calculating the enclosed area of torque-displacement loop; f means the
excitation frequency in Hz; and A represents the excitation amplitude. It is seen that the
relationship between the equivalent damping and the current is almost linear, with the
equivalent damping ascending 54.09% from 1.29 to 2.81 N-m-s-rad .
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Figure 4. The characterization test results.
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2.3. The Mathematical Modelling of the MR Gearbox

As revealed in Figure 4, the MR gearbox behaves similarly to an MR damper with
quadrilateral torque—displacement responses. Hence, the Bouc—-Wen model [27], typically
used to describe variable damping property, was chosen to model this new MR gearbox.
The mathematical model of the gearbox is expressed as:

Typ(t) = c(Di(t) +a(D)z(t) @

where Typ(t) is the torque output of the gearbox; ¢(t) is the velocity of the output shaft;
c(I) denotes the viscous coefficient, a(I) is a scaling factor. The relationships between
those variables and the current will be established upon the parameter identification. z(t)
represents an evolutionary variable as a function of the time history of the displacement. It
is calculated as:

2(t) = —7|p()[zlz] — Bp(1)z(t)*+Adp(t) ®)

where A, B and 7 are constant parameters describing hysteresis behavior.

To acquire the parameters in Equations (2) and (3), a mathematical model was built in
MATLAB R2022b/Simulink. Then, based on the experimental test results in Figure 4a, the
parameters were identified by using the parameter estimation tool in Simulink with the
nonlinear least-squares method and trust-region reflective algorithm. The principle of this
tool is to optimize parameters in order to match the modelled results with the experimental
results. The identified parameters are presented in Table 1. It is seen that, as the current
rises, « and ¢ increase while the rest parameters are constants. Figure 5 compares the
torque—displacement responses of the modeled results with the experimental results. It is
seen that the modelling results (solid lines) obtained with the established model and the
identified parameters fit the experimental data (dashed lines) well, indicating the proposed
model is able to describe the behavior of the gearbox.

Table 1. Identified parameters.

Variable Parameters Constant Parameters
Current
% c A B 0%
I=0A 100 0.3015
I=02A 101.3672 0.5294
I=04A 102.1873 1.0272
1=06A 1025873 15533 5 1 11,188.12
I=08A 103.4672 1.9453
I=1A 104.2518 2.2897
750 ' ' |--- Exo——Model I=0A 751 ' ' [--- Expt—— Model I=0.2A
. F---Exp -Model =0.4A| . Expt Model I=0.6A
50 Exp Model =0.8A| 50 R et ExRt Modfe.l. If1.0,§
’E\ N - ’E-\ /l - . .
£ 25} [ 1 €25 .
o T Y
Soot| 4 1 goor .
R i ,;:“ S ¥
2.5 = - e S Y- o) U
Ry < ~osm N T ik T R 7 :
-5.01 1 50k Ltzee #“*J

20 40 0 10 20 20 A0 0 40 20
Displacement (°) Displacement (°)
@I=0A,04A08A b I=02A,06A,10A

Figure 5. Comparison results of the MR gearbox between the experimental data and the modeled date.
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3. Numerical Evaluation of a Robotic Arm System Installed with
MR Gearbox

In this section, a robotic arm system is designed to test the performance of the MR
gearbox on positioning and anti-disturbance control by numerical simulation, while the
corresponding experimental tests will be introduced in Section 4. The mathematical model
of the robotic arm system is built first. Then, two trajectories and a disturbance excitation to
evaluate the robotic arm, as well as control algorithms to regulate the damping of the MR
gearbox are introduced. At last, the positioning control and anti-disturbance performances
of the robotic arm system are evaluated by numerical simulations.

3.1. Mathematical Modelling of the Robotic Arm System

Figure 6 shows the schematic diagram of a robotic arm system installed with the
proposed MR gearbox. It is seen that the MR gearbox and the servo motor are fixed to an
unmovable plate to drive a six-DOF Robotic arm. The governing equation of the robotic
arm system is:

Jo(t) = 5Tm(t) — Typ(t)sign(¢(t)) — Trsign(¢(t)) )

where | = 0.922 kg m? denotes the moment of inertia of the robotic arm. Tp, (¢) is the output
torque of the motor, which is magnified by five times by the gearbox. Ty is the friction of
the system, and its value was set as 0.05 N m. ¢(¢) is the position of the output shaft. ¢(t)
and ¢(t) are the velocity and acceleration, respectively.

MR gearbox
Servo motor
Encoder

Figure 6. The robotic arm system with the MR gearbox.

In this study, a PID controller with a friction compensation is chosen to drive the motor.
The output torque of the motor Ty, (f) is expressed as:

Tm(t) = TPID(t) + ch(t)and Tm(t) < Tmfmax (5)

where ch(t) is the friction compensation, and Ty, may is the output limitation of the motor.
The output of the PID controller Tpp(t) is expressed as:

A Perror (1))

pn (6)

t
TPID(t) = kP (Perror(t)+ki /O qoerror(t)dt + kq
where k, = 3, k; = 0.001 and k; = 0.001 are the parameters of the PID controller, and their
values are determined by the experiments. The displacement error, @, () is defined
as the difference between the design position, @gesign (t), and the real-time position of the
robotic arm, ¢(t).
Tt (t) in Equation (5) is the friction compensation, which is calculated as:

Tr(t) = kpp(t)
and ch(t) < ch_max
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Trajectory (°)

where k¢ and Ty .y represent the friction coefficient and the maximum friction, respec-
tively. Here, ky was set as 0.003 and Ty, was set as 0.2 N m.

3.2. Two Trajectories and a Disturbance Excitation

To assess the positioning control performance of the robotic arm, two trajectories are
designed for the robotic arm to trace, as shown in Figure 7a,b. The first one (Figure 7a)
is a step trajectory, which gives a 10° step at t = 0 s to drive the robotic arm to move
from 0 to 10°. This trajectory is used to test the response of the robotic arm system when
an instant command is given. The second one (Figure 7b) is a pick-and-place trajectory
comprised of the harmonic signal with an amplitude of 10° and a frequency of 1.3 Hz
and two-second dwells arranged at the position of 10° and —10°. The trajectory simulates
the pick-and-place movement, commanding the robotic arm to pick a component at 10°
and then place it at —10°. To test the anti-disturbance performance of the robotic arm, a
disturbance excitation shown in Figure 7c was also designed, where a disturbing torque
of 2 N-m lasting 0.1 s was applied to the robotic arm at the second and third seconds,
respectively, from different directions when the arm was at the neutral position (0°).

-
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(a) Step trajectory (b) Pick-and-place trajectory
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S "
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(c) Disturbance excitation
Figure 7. Evaluation trajectories and a disturbance excitation.

3.3. Control Algorithm of the MR Gearbox

In this section, an improved variable damping (IVD) control is developed to achieve
better positioning control performance with less energy consumption. Figure 8a presents
the arm position with respect to the time when it is requested to track a step trajectory, and
Figure 8b presents the corresponding current signals from both the proposed IVD control
and the general variable damping (VD) control. For the general variable damping control,
whose current is denoted by the blue line, large damping/current (I = 1 A) is constantly
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applied once the arm position reaches 10°. This means the general variable damping
control is unable to adjust its current signal according to the real-time position of the robotic
arm. As indicated by the green dotted line, the IVD control applies large current/damping
when the arm position is leaving the target position (10°) and applies no current/small
damping when the arm position is approaching the target position (Figure 8a). With this
arrangement, when the arm leaves the target position, and the motor torque is in reverse to
the motion, the MR gearbox will provide extra torque and work together with the motor to
reduce the overshoot and oscillation; when the arm approaches the target position, and
the motor torque is in the same direction of the motion, small damping is applied to avoid
the impedance of the robotic arm and save energy. Therefore, the main advantage of this
IVD control algorithm is that it adjusts the current signal in accordance with the real time
position of the robotic arm, not only reducing the energy consumption but also dramatically
improving the positioning control precision.

N
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S 8r Leaving '
8 6f
o
E 41 (a)
<,
j—s
10] ... |VD

Current (A)

o
o
T
—
O
~
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Figure 8. Comparison of VD and IVD control strategies. (a) arm position; (b) current signal.

The IVD control algorithm can be expressed as:

(1) (@(t) — Prarget(t)) > 0, large damping -
@(t) (@(t) — Prarget(t)) < 0, small damping

where @arget () is the target position. For the step trajectory, @rarget(t) is 10°. In terms of
the pick-and-place trajectory, @sarget(t) is changing between 10° and —10° along with the
time. For the anti-disturbance excitation, a large current/damping will be applied when
the arm leaves the neutral position. Otherwise, no current/small damping will be applied.

3.4. Numerical Evaluation and Result Analysis

The positioning and the anti-disturbance performances of the robotic arm were nu-
merically assessed in the MATLAB/Simulink module. Three working modes, including
uncontrolled, VD, and IVD modes, were compared. For all working modes, PID control is
employed to control the motor for driving the robotic arm.

3.4.1. Simulation Results of the Step Trajectory

Figure 9 shows the simulation results of the robotic arm under the step trajectory,
including the robotic arm position, the current signals, the motor output torque, and
the motor output power under three control modes. The motor output power P(f) is
calculated by:

P(t) = [5Tm(t)(9(t) — o(t =1/ f5)) fs| ©)

where f;= 2000 Hz is the sampling rate. 5 is the amplification factor of the MR gearbox.
(¢(t) — @(t — 1/ fs)) is the displacement of the robotic arm within a sampling period 1/ f;.
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Here the motor output power is calculated by multiplying energy in the sampling period
with the sampling rate.
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Figure 9. Simulation results of the step trajectory.

The uncontrolled mode, represented by the blue lines in Figure 9, is used as an example
to demonstrate the positioning control process. As shown in Figure 9a,c, when the robotic
arm moves from 0° to 10°, the motor torque remains consistently positive, driving the
robotic arm toward the target position 10°. Following the overshoots occurred at t = 0.181 s,
the motor torque changes to the negative so that it can pull the arm back towards the target
position. Then, the arm position and the motor output torque oscillate until their amplitudes
are gradually reduced to zero. It is observed that the arm position, the motor output torque,
and the motor output power are the same before the first overshoot for the three working
modes. This is because, for all the control modes, the MR gearbox works at the smallest
damping in this period when the robotic arm tries to approach the target position, while
the positioning performance under three working modes starts to show different after the
first overshoot.

The overshoot, settling time and energy consumption under these three control modes
are summarized in Table 2. Here, the settling time is defined as the period from the initial
to the time when the oscillation does not exceed £1% of the target position. The energy
consumed by the motor is calculated by integrating the motor output power over time. The

energy consumed by the MR gearbox is calculated using the known coil resistance, current,
and time.
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Table 2. The data of the step trajectory simulation.

Uncontrolled VD IVD
Overshoot (°) 4.581 4.042 4.042

Reduction proportion NA 11.76% 11.76%
Settling time (s) 0.663 0.595 0.565

Reduction proportion NA 10.25% 14.73%

Energy consumed by the motor before
t—0.181s ()) 0.323 0.323 0.323
Energy consumed by the motor after + = 0.181 s (]) 0.387 0.314 0.286
Energy consumed by the motor in the whole 071 0.637 0.609
period (J)
Reduction proportion (after/whole) NA 18.86%/10.28% 26.10%/14.22%

Energy consumed by the MR gearbox (J) NA 5.222 1.655

It is observed from Figure 9a that overshoot is reduced in VD and IVD modes. Table 2
indicates that, compared with uncontrolled mode, VD and IVD modes both reduce the
overshoot by 11.76%. This is because large damping is applied to the MR gearbox once the
position overtakes 10° for both. The difference is that the large damping will remain for the
VD mode, while for the IVD mode, the large damping will only be applied when the arm
position leaves 10°. As a result, the IVD mode consumes less settling time and energy than
VD. Compared to the uncontrolled mode, the IVD mode achieves a 14.73% reduction in
settling time. In terms of the energy consumed by the motor, all modes consume the same
energy before the first overshoot (f = 0.181 s), which is 0.323 ]. After + = 0.181 s, the energy
consumption is reduced by regulating the damping. Compared to the uncontrolled mode,
the VD mode reduces energy by 18.86%, and the IVD mode outperforms the VD mode
with 26.10% of energy reduced. If all the modes are compared in the whole period, the
IVD mode also realized the largest motor energy reduction by 14.22%. In terms of energy
consumed by the MR gearbox, the IVD mode only consumed 1.655 ], saving 68.30% energy
compared to the VD mode.

3.4.2. Simulation Results of the Pick-and-Place Trajectory

The simulation results under the pick-and-place trajectory are presented in Figure 10,
where the fourth peak is enlarged in each subfigure. It is seen that VD and IVD modes show
their advantage in reducing the overshoot, settling time, motor output torque and motor
output power compared to the uncontrolled mode. The IVD mode outperforms the VD
mode in shortening the settling time and reducing the motor output torque and the motor
output power. The above conclusion is supported by the data listed in Table 3. VD and
IVD modes reduce 26.23% overshoot of the uncontrolled mode, as they both apply large
damping once the overshoot happens. The IVD mode consumes the shortest settling time
and energy, with 35.09% of settling time and 28.53% of energy being reduced compared
to the uncontrolled mode. Regarding the energy consumed by the MR gearbox, the VD
mode consumed 124.272 ], while the IVD mode consumed only 30.775 J, with 75.23% of the
energy saved.
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Figure 10. Simulation results of the pick-and-place trajectory.
Table 3. The data of the pick-and-place trajectory simulation.
Uncontrolled VD IVD
Average overshot (°) 9.531 7.032 7.032
Reduction proportion NA 26.23% 26.23%
Average settling time (s) 1.536 1.225 0.997
Reduction proportion NA 20.25% 35.09%
Energy consumed by the 11.19 8.790 7998
motor (J)
Reduction proportion NA 21.44% 28.53%
Energy consumed by the
MR gearbox (]) NA 124.272 30.775

3.4.3. Simulation Results of the Disturbance Excitation

Figure 11 shows the simulation results when the robotic arm suffers external distur-
bance at the beginning of the second and the third seconds. By applying large damping,
the arm positions under VD and IVD modes perform smaller disturbances than the uncon-
trolled mode in Figure 11a. As indicated in Table 4, 24.78% of disturbance is reduced in VD
and IVD modes. Regarding the energy consumed by the MR gearbox, the IVD mode only
consumed 2.065 J, which is significantly smaller than the VD mode (10 J). This is because
the IVD mode only applies large currents when the robotic arm leaves the neutral position,
as demonstrated in Figure 11b.
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Figure 11. Simulation results of the anti-disturbance performance.
Table 4. The data of the anti-disturbance simulation.
Uncontrolled VD IVD
Disturbance quantity (°) 1.001 0.753 0.753
Reduction proportion NA 24.78% 24.78%
Energy consumed by the MR gearbox (J) NA 10 2.065

4. Experimental Evaluation of the Robotic Arm System Installed with
MR Gearbox

A testing platform shown in Figure 12 was established to experimentally evaluate
the positioning and anti-disturbance performance of the robotic arm. In this platform, a
six-DOF robotic arm (AR3, Beijing Times Brilliant Co., Ltd., Beijing, China) was installed
on a plate, while the servo motor and the MR gearbox were installed under the plate to
drive the robotic arm. The built-in encoder in the motor can record the real-time position of
the arm and send the data to a computer via an NI myRIO. On the other hand, through a
prepared Labview program, the computer sent commands to a motor driver (under the
platform) to control the servo motor and the robotic arm; meanwhile, the current commands
were also given to the amplifier via an NI myRIO to regulate the current applied to the MR
gearbox. A current sensor was used to measure the currents applied to the MR gearbox in
real-time, and the measured data was recorded via the NI myRIO. For the pick-and-place
trajectory, a component was initially placed at point A (10°). The arm was driven to move
from 0° to 10° to pick up the component and then move to point B to release the component.
After completing one full circle, the arm would return to 10° and continue another cycle.
The experiments under the two trajectories and the disturbance excitation were conducted.

.“‘;

Cdlnputer

Component Motor

Encoder
Power supply

Point A

Current sensor
Point B 2

Figure 12. Experimental setup of the robotic arm.
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4.1. Experimental Results of the Step Trajectory

Figure 13a shows the positioning controlling performances of the robotic arm under
three control modes. It is seen that the robotic arm performs smaller overshoots under
VD and IVD modes and that the arm under those two modes reaches the steady state
without oscillation much sooner than under the uncontrolled mode. Figure 13b shows
the generated current signal by the IVD controller, Figure 13c shows the real-time output
torque of the motor over time, and Figure 13d calculates and shows the consumed power
for the three control cases. It is observed that IVD control can save a large proportion of
energy than the VD mode. As illustrated in Figure 13a—c, when the robotic arm moves from
0° to 10°, the motor torque output is in the same direction of the movement, and no current
is applied to the gearbox in the VD and IVD modes. After the occurrence of overshoots
(t = 0.440 s), the motor torque turns negative to pull the arm back to the target position;
meanwhile, both VD and IVD modes supply current to the gearbox. When the arm reaches
the peak of the overshoot, the absolute motor torque tends to reduce, and at the same time,
the IVD control mode stops supplying current while the VD mode keeps outputting current
signals to the gearbox. Therefore, as indicated in Figure 13b, the IVD mode performs large
current/damping only when the arm is leaving the target position, and it can save more
energy than the VD mode, which applies constant large current/damping.
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Figure 13. Experimental results of the step trajectory.

Table 5 lists the relevant calculations to verify the advantages of the robotic arm under
IVD control. Both VD and IVD reduce the overshoot of the uncontrolled mode by 24.64%.
The VD mode reduces 28.64% of the settling time of the uncontrolled mode, while the IVD
mode can reduce 31.64%. In terms of the energy consumed by the motor, VD and IVD
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modes reduce the energy after the overshoot by 51.66% and 56.48%, respectively, compared
to the uncontrolled mode. All modes consume around 0.35 ] before the overshoot, and
considering the overall period, the IVD mode consumes the least energy, with 39.47%
of the energy of the uncontrolled mode reduced, which is also larger than the reduction
proportion of the VD mode. As for the energy consumed by the MR gearbox, VD mode
consumed 9.93 | while IVD mode only consumed 2.19 ], with 77.9% of energy being saved.
These experimental results are consistent with the simulation conclusions. Based on the
data analysis, the advantages of the IVD control can be concluded: it is much more effective
in improving the positioning precision and shortening the settling time; it consumes less
power or energy because of the adjustable current signals and smaller motor torque.

Table 5. The date of the step trajectory test.

Uncontrolled VD IVD
overshoot (°) 4.788 3.608 3.608
Reduction proportion NA 24.64% 24.64%
settling time (s) 1.732 1.236 1.184
Reduction proportion NA 28.64% 31.64%
Energy consumed by the
motor before t = 0.440 s (]) 0-381 0-339 0-333
Energy consumed by the
motor after t = 0.440 s (]) 0602 0-291 0-262
Energy consumed by the
motor in the whole period 0.983 0.63 0.595
. ()
Reduction proportion o o o o
(after/whole) NA 51.66%/35.91% 56.48%/39.47%
Energy consumed by the
MR gearbox (J) NA 9.93 2.19

4.2. Experimental Results of the Pick-and-Place Trajectory

Figure 14 shows the experimental results under the pick-and-place trajectory with the
fourth peak enlarged in the corresponding picture. The pick-and-place trajectory sets two
target positions, i.e., 10° and —10°. It is observed from the enlarged picture in Figure 14a
that the arm under the IVD control reaches the minimum overshoot and the shortest settling
time. Figure 14b illustrates the real-time current that is applied to the MR gearbox. It is
seen that the current signal of the IVD is adjusted more flexibly, which would be very
beneficial in improving the positioning control precision and reducing the energy. As
shown in Figure 14c,d, the IVD mode outputs the smallest torque and the smallest power
after overshoots. This is because the increased damping of the MR gearbox would help
the motor to pull the arm back to the target position. The corresponding data regarding
the average overshoot, average settling time, and energy consumed by the motor and the
MR gearbox are listed in Table 6. It is observed that: (1) VD and IVD modes can reduce
the overshoot by 17.93% and 18.04% compared to the uncontrolled mode; (2) IVD control
mode shortens the settling time by 13.6% when compared to the VD mode; (3) the IVD
mode consumes the minimum energy compares to the other two control modes. Therefore,
it can be concluded that the IVD mode outperforms the VD and the uncontrolled mode
with better overshoot reduction, shorter settling time and less energy consumption.
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Figure 14. Experimental results of the pick-and-place trajectory.
Table 6. The data of the pick-and-place trajectory test.
Uncontrolled VD IVD
Average overshot (°) 8.517 6.99 6.98
Reduction proportion NA 17.93% 18.04%
Average settling time (s) 2.318 1.175 1.015
Reduction proportion NA 49.30% 56.21%
Energy consumed by the motor (J) 16.51 12.03 11.56
Reduction proportion NA 27.14% 29.98%
Energy consumed by the MR gearbox (J) NA 90.28 22.13

4.3. Experimental Results of the Anti-Disturbance Test

To evaluate the anti-disturbance performance of the robotic arm, a pendulum system
shown in Figure 15 was established. Two steel balls were suspended on either side of the
robotic arm and were released from a specific height, hitting the robotic arm and creating an
external disturbance at 2 and 3 s. The hitting point is chosen by trial and error, considering
the mass of the steel ball, the mechanical strength of the arm, and other constraints. The
arm position and the generated current signal under three control modes are given in
Figure 16, and the disturbance quantity and the energy consumed by the gearbox are
provided in Table 7. By applying large damping to the robotic arm system, the VD and
IVD control can reduce the disturbance by 25.53% compared to the uncontrolled mode.
They perform the same effect in reducing the disturbance as they all apply large damping
when the disturbance drives the arm away from the neutral position. Their difference lies
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in the energy efficiency. As indicated in Figure 16b, no current is applied to the MR gearbox
under the IVD control during the process when the robotic arm moves back to the neutral
position. In contrast, VD control keeps supplying a constant current for the whole process.
As a result, The gearbox consumes much less energy in the IVD mode (3.071 J) compared
to the VD mode (7.817 ]) (Table 7).

|
Steel ball
|

o

A

Figure 15. The experimental setup of the anti-disturbance test.
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Figure 16. The experimental results of the anti-disturbance test.
Table 7. The data of the anti-disturbance test.
Uncontrolled VD IVD
Disturbance quantity (°) 1.038 0.773 0.773
Reduction proportion NA 25.53% 25.53%
Energy consumed by the MR gearbox (J) NA 7.817 3.071

5. Conclusions

This paper presented an innovative MR gearbox featuring variable damping charac-
teristics for improving the positioning and anti-disturbance performance of the robotic
arm. The key component of the MR gearbox is the embedded MR bearing, which behaves
the locking effect, enabling the MR gearbox to have a variable damping property with a
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References

compact structure. This new design eliminates the need for extra bulky devices to add the
controllable damping feature to the system.

The characterization test revealed that the equivalent damping coefficient of the MR
gearbox increases 52.93% from 1.29 to 2.81 N m s rad ~* when the current is raised from 0 to
1 A. The positioning and the anti-disturbance performance of the robotic arm equipped with
the MR gearbox were numerically evaluated. In the positioning performance evaluation,
the simulation results of the step trajectory reveal that the IVD control can reduce 11.76%
overshoot, 14.73% settling time, and save 14.22% energy, compared with the uncontrolled
mode. Similar improvements are found in the pick-and-place trajectory. Compared to
VD control, the IVD control shows advantages with shorter settling time, less energy
consumed by the motor, and reduced energy consumed by the MR gearbox. In terms of
anti-disturbance performance, the IVD control can reduce the disturbance quantity by
24.78% compared with the uncontrolled mode, with far less energy consumption by the MR
gearbox than the VD control. With the established experimental platform, the positioning
and anti-disturbance performances of the robotic arm were tested. The experimental
evaluation yielded consistent results to the numerical simulation and further verified
that the positioning and anti-disturbance performances of the robotic arm were largely
improved by the proposed MR gearbox.

Even though the proposed MR gearbox is effective in the improvement, its limita-
tions should also be considered. The compact design of the MR gearbox increases the
manufacturing costs and maintenance. Additionally, an extra power source and control
unit are required to achieve the desired improvements in positioning and anti-disturbance
performance, which inevitably adds to the complexity of the system. Nevertheless, the
proposed method is still a compact solution, as it eliminates the requirement of extra bulky
devices to be added to the system, contributing to enhanced performance in positioning
control and anti-disturbance.
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