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Abstract. The robotic arm plays an important role in modern industrial manufacturing. In the
operation of the robotic arm, overshoots after the preset position and oscillation during the
settling stage are two common issues impairing its positioning performance. To this end, this
article designs a magnetorheological (MR) gearbox for the robotic arm to improve its
positioning performance. Apart from its conventional function of amplifying motor torque to
drive the robotic arm, the MR gearbox is capable of varying damping, which helps to reduce
the overshoots and the settling time whilst saving the energy consumed by the motor. The
variable damping characteristic of the MR gearbox was first testified and a phenomenon model
was built to describe it. Then, a model of a robotic arm system installed with the MR gearbox
was established. With the designed control algorithms, i.e., varaible damping (VD) control and
improved variable damping (IVD) control being applied, the positioning performance of the
robotic arm was numerically evaluated under step and pick-and-place trajectories, respectively.
Lastly, the positioning performance of the robotic arm was also experimentally evaluated by a
testing platform. Both the numerical and experimental evaluations verify that the positioning
control performance of the MR robotic arm is significantly improved by the variable damping
characteristics of the MR gearbox, with less overshoot, settling time and energy consumption.
Besides, VD control and IVD control have the same capability of decreasing overshoot, but the
IVD control outperforms VD control in terms of reducing settling time and energy
consumption.

Key words: Robotic arm, positioning control, overshoot, settling time, magnetorheological
gearbox, variable damping

1 INTRODUCTION

Robotic arms are usually programmable mechanical arms with similar functions to human
arms [1-3]. For robotic arms, positioning control performance is highly important as it
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influences manufacturing accuracy. When a robotic arm is commanded to move from one
position to a desired position, the arm often generates an overshoot after passing the desired
position; it then oscillates around the desired position until the final settlement. The large
overshoots and long settling times in this progress are two common issues that adversely
influence the accuracy and efficiency of the robotic arms. After the settling time, the robotic
arm may fall under some external disturbance during its stabilization time, which may also
influence its positioning performance. Therefore, much attention has been drawn to addressing
them for performing a better positioning performance.

An effective method to mitigate the overshoot and reduce settling time is to develop advanced
control algorithms for the robotic arm system. For instance, Yin, et al. [4] designed a nonlinear
state feedback controller along with energy shaping for a flexible joint robot. The effectiveness
in enhancing the residual vibration suppression and reducing the overshoot of the motor
position was experimentally verified. Malki et al. [5] desired 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 fast response with less overshoots than its conventional counterpart.
Though the advanced controller effectively improves the positioning performance of robotic
arms, such improvement is still compromised by the capability of the motor which drives the
robotic arm. After the overshoot, the controller commands the motor to output the maximum
torque in the reverse direction of the motion to impede the overshoot caused by inertia and pull
the robotic arm back to the desired position. However, the maximum torque of the motor is
usually limited, which comprises the positioning performance, especially when the robotic arm
is heavily loaded or overloaded.

Hence, the method of integrating additional devices that can provide extra braking torque
into the robotic arm system has been adopted. One of them is MR dampers, which are smart
devices containing MR Fluids (MRF) [6-11]. Ahn et al. [12] developed a pneumatic muscle
robotic arm, in which an MR brake was equipped on the joint of the arm, and large damping
was implemented to reduce the overshoot and oscillation when the manipulator reaches the
desired position.

Although MR dampers can improve the positioning performance of the robotic arm, their
bulky structures significantly increase the complexity and cost of the driving system, which is
undesirable for practical applications. The driving components of the robotic arm consist of
motors and gearboxes, and the gearboxes are indispensable for amplifying the output torque of
the motor to drive the robotic arm. Hence, this work aims to develop a gearbox with the
capability of varying damping so the robotic arm system can achieve better positioning control
performance with no extra MR damper needed. In the reported MR-based gearboxes [13, 14],
MR units are used as clutches to engage or disengage the parts in gearboxes so they can work
at different gear ratios. In this work, via a minor modification of a commercial gearbox, the
designed MR gearbox can work as an MR damper with damping variability in addition to the
general function of amplifying torque output. The innovative contribution of this work is
summarised as follows:
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1. This work innovatively developed a gearbox with the capability of varying damping by
integrating MR technology, which has never been reported.

2. The variable damping gearbox was used for the positioning control system of robotic
arms, which is much more compact than those positioning control systems with extra
bulky MR dampers.

3. An improved variable damping control algorithm was designed to improve the
positioning control performance with less overshoot, settling time and energy
consumption.

The MR gearbox was prototyped and experimentally characterised. To evaluate its
performance, a robotic arm system was built, and three evaluation trajectories and a case were
also designed for the robotic arm to trace. Numerical simulation is implemented to verify its
capability to reduce the overshoot and settling time of the system. The rest of the article is
organised as follows. Section 2 presents the structural design and working principle of the
proposed MR gearbox. Its characterisation tests and mathematical modelling are also
introduced. As follows, a robotic arm system installed with the MR gearbox is introduced in
section 3, and the positioning control performance of the system is numerically evaluated as
well. Finally, the conclusion is drawn in section 5.

2 THE DESIGN, CHARACTERISATION AND MODELLING OF THE MR
GEARBOX

2.1 The Structural Design and Working Principle

The MR gearbox was modified based on a commercial planetary gearbox with a gear ratio
of 5:1 (ATF60S-5, Chengdu After CNC-Technology Co., Ltd.). As shown in Fig. 1(a), the MR
gearbox mainly consists of input and output shafts (#6 and 1), a planetary gear set (#4), two

bearings (#3), and a casing (#5). The planetary gear set is presented in Fig. 1(b). It comprises 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
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1-Output shaft; 2-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-Sealed cap; 17-Inner ring; 18-Outer ring

Fig. 1. Schematic diagram of the MR gearbox.
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acts as a ring gear in the planetary gear set. The planetary gears mesh between the sun gear and
the casing groove. Meanwhile, as shown in Fig. 1(c), the planetary gears (#7) are connected to
the carrier shafts (#11) via MR bearings (#12), with the inner ring (#17) and outer ring (#18)
fixed to them, respectively. Different from the conventional gearbox, MRF (#13, MRF-140CG,
Lord Corp.) is filled in the bearings, existing in the chamber formed by the inner ring (#17),
outer ring (#18) and sealed caps (#16). Additionally, four coils (#14) are also fixed to the carrier
shafts, and they are connected in series with the wires (#2, Fig. 1(a)) going out through the hole
in the output shaft.

Without current being applied, the MR gearbox acts as a conventional planetary gearbox.
Once current is supplied to the coils, magnetic flux circuits (#15) shown in Fig. 1(c) will be
induced, which makes the MRF in the bearings transform from the free-flowing state to the
half-solid state. Meanwhile, the viscosity of the MRF increases, so the relative motion of the
inner and outer rings of the bearings is hindered. Because the inner and outer rings of the
bearings are fixed to the planetary carrier shafts and the planetary gears, respectively, the
rotation of the planetary gears will be restricted; therefore, the damping of the MR gearbox is
increased. By regulating the magnitude of the applied current, the rheological property of the
MRF can be controlled, so the damping of the MR gearbox can also be controlled.

2.2 The Characteristication Test

Fig. 3(a) shows the torque-displacement response of the characterization tests. It is observed
that, as the current increases from 0 to 1 A, the maximum torque increases 52.04% from 4.58
to 9.55 Nm. Fig. 3(b) presents the equivalent damping coefficient C, ., at different levels of
current, which is calculated by:

_ EDC 1
teq — 27r2fA2 ( )
where Cy ¢4 is the equivalent damping coefficient; EDC is the energy dissipated per cycle

which is acquired by calculating the enclosed area of each torque—displacement loop; f is the
excitation frequency in Hz; and A4 is the excitation amplitude. As shown in Fig. 3(a), the
enclosed area of torque—displacement loop increases with the increase of current. Fig. 3(b)
indicates the calculated equivalent damping coefficient increases of 48.16% from 2.68 to 5.17

N m s rad”’ when the current increases from 0 to 1.0A.
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Fig. 2. The schematic of the characteristic test.
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Fig. 3. The characterization results of the MR planetary gearbox.

2.3 The Mathematical Modeling of the MR Gearbox

As itisrevealed in Fig. 3, the MR gearbox behaves similarly to an MR damper with quadratic
torque-displacement responses. Hence, the MR gearbox is modelled by the Bouc-Wen model
[15], a typical phenomenon model to describe MR damper. The mathematical model of the
gearbox is expressed as:

Tya(t) = ¢ (L)) + al)z(D) 2

where T,,(?) is the torque output of the gearbox; ¢(t) is the velocity of the output shaft; c(I) is
the viscous coefficient, a(]) is a scaling factor, and their relationship to the current / will be
established by the parameter identification; z(?) is an evolutionary variable which represents a
function of the time history of the displacement, and its governing equation is:

£1) = Y19 Iz1z] - Bp(D)=(0) + Agp(e) G

where A4, f and y are constant parameters describing hysteresis behaviour.
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To acquire the parameters in Eq. (2) and (3) and enable the model to describe the behaviour
of the MR gearbox, the mathematical model was established in MATLAB/Simulink. Then,
based on the experimental test results in Fig. 3(a), the parameters were identified by the
parameter estimation tool in Simulink with the default nonlinear least-squares method and trust-
region reflective algorithm. The principle of this tool is to find the best set of parameters to
match the modelled results with the experimental results. The identified variable and constant
parameters are presented in Table 1. It is observed that @ and c increase with the increase of
current, while the rest parameters are constants.

Table 1: Identified Parameters

Current Variable parameters Constant parameters
a c A B y
I=0A 99.9961 0.1028
1=0.2A 108.0971 0.1139
1=0.4A 117.1873 0.1252
1=0.5A 127.2899 0.1362 4.9999 1 26882.807
1=0.7A 138.3746 0.1981
1=0.9A 146.5392 0.2531

I=1A 159.468 0.322
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Fig. 4. The results of the modelling

Fig. 4 compares the torque-displacement responses of the modelled results with the
experimental results. It is seen that, the modelling results (solid lines) using the established
mathematical model and the identified parameters can fit the experimental data (dashed lines)
well, indicating a good prediction performance of the proposed model.

3 NUMERICAL EVALUATION OF A ROBOTIC ARM SYSTEM INSTALLED
WITH MR GEARBOX

In this section, a robotic arm system is designed to testify the performance of the MR
planetary gearbox on the positioning control by numerical simulationThe mathematical model
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of the robotic arm system is built at first. Then, three trajectories and a case for the robotic arm
to trace and control algorithms to regulate the damping of the MR gearbox are introduced. At
last, the positioning control performance of the robotic arm system was evaluated numerically.

3.1 Mathematical Modelling of the Robotic Arm System
The governing equation of the robotic arm system is:

JP) = 5T (V) - Typ (D sign(p(t))- Trsign(p(t)) 4

where J= 0.922 kg m2 is the moment of inertia of the robotic arm. T ,,(t) is the output torque of
the motor, which is magnified by 5 times by the gearbox. Ty is the friction of the system, and
its value was set as 0.05 Nm based on the experiment experience. ¢(t) is the position of the
output shaft of the gearbox and the robotic arm. ¢(t) and @(t) are the velocity and acceleration,
respectively. The direction of the torque of the gearbox and Ty are always contrary to the
motion direction of the robotic arm, so they are multiplied with ‘-sign(¢(t))’.

In this study, a PID controller with a friction compensation is chosen to drive the motor, so
the output torque of the motor T, (t) is expressed as:

Tn(©) = Tpip (D +Ti(t) )
and Tm(l) < Tm max

where 7, n.x=1.91 Nm is the output limitation of the motor.

The output of the PID controller Tpip(t) is expressed as:

¢ d error| [5
7;’[0(0 = kpqaermr(tj + ki fO §Uermr(0dt + kd—((p g @) (6)

where k,= 3, k; =0.0001 and kq = 0.0001 are parameters of the PID controller, and their
values are determined by the experimental experience. ¢_ (1= ¢ design(t) -o(t) is the

displacement error between the design position @ design(t) and the real-time position of the

robotic arm @(t).
T (t) in Eq. (5) represents the friction compensation, and it is calculated as

T (D) = kep(¥)
and 7}5( 0 < 7}:71173){

()

where k¢ and Ty, 4 are the friction coefficient and the maximum friction. Based on the
experiment experience, Ky was set as 0.003 and Tg, ¢ was set as 0.2 N m.
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3.2 Evaluation Trajectories and Control Algorithm of the Robotic Arm System
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Fig. 6. Evaluation trajectories.

To evaluate the positioning control performance of the robotic arm installed with the MR
planetary gearbox, three trajectories shown in Fig. 6(a), (b) and (c) are designed as excitation
trajectories for the robotic arm to trace. The first trajectory presented in Fig. 6(a) is a step
trajectory, which gives a 10° step at the initial moment t = 0 s to drive the robotic arm to move
from 0 to 10°. The second trajectory presented in Fig. 6(b) is a pick-and-place trajectory, which
1s comprised of the harmonic signal with an amplitude of 10° and a frequency of 1.3 Hz and a
two-second dwells arranged at the position of 10° and -10°. The third trajectory is a stair
trajectory. This trajectory is used to further test the actual effect of the VD and IVD algorithm.
Fig. 6(d) shows the torque applied to the robotic arm. The robotic arm will be applied an
external torque during the steady state at two seconds and three seconds to test its ability to
reply to the outer disturbance with MR gearbox under PID and IVD algorithms.

These two control strategies are compared in Fig 7, where Fig. 7(a) presents the arm position
and Fig. 7(b) presents the corresponding currents of VD and IVD control. In terms of the VD
control (whose current is denoted by the blue line), large damping/current (I=1 A) is constantly
applied once the arm position reaches 10°. As indicated by the green dotted line, the IVD control
applies large damping/current when the arm position is leaving the target position (Fig. 7 (a)),
and applies no current/small damping when the arm position is approaching the target position.
With this arrangement, when the arm leaves the target position, the MR gearbox provides extra
torque and works with the motor to reduce the overshoot and oscillation; when the arm
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Fig. 7. The working principle of the VD and IVD controllers.

approaches the target position, small damping is applied to avoid the impedance of the robotic
arm and save energy.
The IVD control is expressed as:

{ () (P(D -Prapgee(1) >0, large damping(1 =1 )A

¢( t) (40([) '¢target(t))<0f small damping, ([ = O)A

(?) is always 10° as it only has

8)

where ¢ arge ,(#) is 10° or -10°. For the step trajectory, ¢ arget

one target position. In terms of the pick-and-place trajectory,
10°and -10° along with the time.

gomrget(t) is changing between

3.3. Numerical Evaluation and Result Analysis

The positioning control performance of the robotic arm is numerically evaluated in
MATLAB/Simulink module. Three working modes including PID mode, VD mode, and IVD
mode were compared. For all working modes, PID control of the motor is working to drive the
robotic arm. In the PID mode, the MR gearbox is not controlled. The introduced VD and IVD
control are used in the VD and IVD modes, respectively. Under the four trajectories, the
positioning control performances of the robotic arm with all working modes were simulated.

Fig. 8 shows the simulation results under four trajectories in terms of the robotic arm
position. The overshoot, settling time are summarized in Table 2. Here, the settling time is
defined as the time period from the initial to the time at which the oscillation is not exceeding
"+ 1%" of the target position. The PID mode denoted by the blue lines in Fig. 8 is chosen as
an example to illustrate the whole positioning control process.

It is obviously that the overshoot of the PID algorithm is much bigger than PID+VD and
PID+IVD. Under the Step Trajectory, the overshoot of the PID mode is 4.581 degree and the
PID+VD and PID+IVD have 11.76% reduced. The PID+VD and PID+IVD modes have the
same overshoot 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 PID+VD
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mode, while for the PID+IVD mode the large damping will only be applied when the arm
position is leaving 10°. With this difference, the PID+IVD mode consumes less settling time
than PID+VD; compared to the PID mode, the PID+IVD mode reduces 14.73% of the settling
time when the PID+VD mode reduces 10.25%. When the robotic arm is working at Pick-and-
place Trajectory, with the variable damping characteristics, PID+VD and PID+IVD modes
reduce the overshoot, settling time compared to the PID mode. Even though PID+VD and
PID+IVD modes perform the same overshoot, the PID+IVD mode works better with less
settling time. The above analysis is also supported by the data listed in Table 3. Both PID+VD
and PID+IVD modes can reduce the overshoot by 26.23% compared to the normal PID mode,
as they both apply large damping once the overshoot happens. The PID+IVD mode consumes
the shortest settling time, with 35.09% of settling time being reduced compared to the PID
mode. It is observed that, for the three working modes, the arm position of PID mode oscillates
much longer than PID+VD and PID+IVD. In the third trajectory, it is observed that the
overshoots of PID+VD and PID+IVD modes are largely reduced by 21.26% compared with
that of the normal PID mode, and the PID+VD mode is able to reduce the settling time by
34.12%, while the IVD mode can reduce that by 37.57%. When an external torque was applied
to the robotic arm, the PID+IVD has a better performance to resist the disturbance with 20.14%
reduction of overshoot. To summaries, the variable damping characteristic of the MR gearbox
largely reduces the overshoot, settling time of the robotic arm system; the PID+IVD mode
works better than the VD mode with less settling time.
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Fig. 8. Simulation results
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Table. 2. Data of the simulation results

PID PID+VD PID+IVD
Overshoot (°) 4.581 4.042 4.042
Step Reduction proportion NA 11.76% 11.76%
Trajectory Settling time (s) 0.663 0.595 0.565
Reduction proportion NA 10.25% 14.73%
Pick-and- Average? Overshoo‘F ©) 9.53 7.03 7.03
place Reduct1.0n proportmn NA 26.23% 26.23%
Trajectory Settling time (s) 1.536 1.225 0.997
Reduction proportion NA 20.25% 35.09%
Average Overshoot (°) 9.64 7.59 7.59
Stair Reduction proportion NA 21.26% 21.26%
Trajectory Settling time (s) 1.392 0917 0.869
Reduction proportion NA 34.12% 37.57%
 External Overshoot 2.145 1.968 1713
Disturbance
Reduction proportion NA 8.25% 20.14%

4 CONCLUSION

This paper presented an innovative MR gearbox for improving the positioning performance
of the robotic arm. The MR gearbox was designed, prototyped and characterised. Its variable
damping capability was verified, and it was found that the maximum torque increased 52.04%
from 4.58 to 9.55 Nm and the equivalent damping coefficient increases 48.16% from 2.68 to
5.17 N m s rad' when the current raised from 0 to 1 A. After establishing the model, the robotic
arm installed with the MR gearbox was numerically evaluated under the step, pick-and-place
trajectories and stair trajectories. We also designed an experiment to test its performance to
resist external disturbance. The simulation results of the step trajectory reveal that the PID+IVD
control can reduce 11.76% overshoot and 14.73% settling time compared with the normal PID
mode. Similarly, in terms of the pick-and-place trajectory, the average overshoot was reduced
by 26.23%, while the average settling time is reduced by 35.09% compared with the PID mode.
Under the stair trajectory, PID+VID mode has a reduction of 21.26% with overshoot and
37.57% with settling time, compared with normal PID mode. Under the external disturbance,
the PID+IVD mode has a reduction of 20.14% to resist the external disturbance compared with
normal PID mode. To sum up, the compact MR gearbox effectively improved the positioning
performance via its variable damping characteristics in terms of reducing overshoot, settling
time and energy consumption.
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