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Demand for industrial robots in collaboration with people and nursing robots is increasing. In order to realize safe
contact between robots and people, force control is required. We previously proposed Self Resonance Cancellation
(SRCO), position control method for two-inertial system. In this paper, we applied SRC to joint torque control by using
torque sensor. Conventional SRC use motor-side and load-side encoders. Proposed SRC use torque sensor on shaft
between motor-side and load-side. Proposed controller can be designed without plant parameters. The relationship
between the two control parameters and the control performance is clear. Simulation and experimental results show

the effectiveness of the proposed method.
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1. Introduction

Along with the development of robotics engineering, in-
dustrial robots that collaborate with human beings are re-
quired @, in the welfare field, nursing care robots are being
put into practical use ®. Robots that work in coexistence with
such people are required to control forces so as not to harm
people. In this paper, torque transmitted by the transmission
mechanism from the drive motor to the load side is called
joint torque.

A joint of a humanoid robot using an electric motor is not
directly connected to a load by a motor, but is connected to
a load via a timing belt or a gear. The belt drive improves
the degree of freedom of the motor arrangement and the gear
makes it possible to obtain a large output torque with a small
motor. Although both are general mechanisms, the rigidity of
belts and gears is low. In order to improve the control perfor-
mance of the entire leg, it is necessary to control a single joint
in a high frequency region. However, an elastic body such as
a belt and a gear in a joint causes resonance vibration and re-
stricts the control band, therefore resonance suppression has
become a subject of robot joint control.

In order to control the joint torque, it is necessary to esti-
mate the joint torque with a reaction force observer or mea-
sure it with a torque sensor. In the past, since the rigidity of
the torque sensor itself and the sensor band were low and it
was difficult to use it for feedback control, study using a reac-
tion force observer has been conducted. In the case of using
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the reaction force observer, since the estimated external force
includes disturbance such as friction, much study on friction
compensation has been done “.

However, in recent years, sensors with high rigidity and
high resolution have been developed, making it possible to
use sensor values for feedback control,® ©®. In the future,
it is expected that the number of devices having sensors for
force control will increase.

In this paper, we design the proposed method based on
Self Resonance Cancellation control (SRC) ® which has been
studied as a position control of two-inertial systems in this
laboratory. SRC has the advantage of simplifying the design
of the control parameters and is compatible with the advan-
tage of the torque sensor which enables simple joint torque
feedback. Combining SRC and torque sensor makes it pos-
sible to design a simple joint torque control system leaving
the advantages of mutual simplicity, and designed a highly
practical control system in industry. The proposed method
for joint torque control makes it possible to intuitively adjust
the control performance by tuning two parameters.

2. Experiment setup

A single joint of a robot can be modeled as a low dimen-
sional model into two-inertial systems. Therefore, a two-
inertial motor bench was used as an experimental machine
for basic experiments. The Measured frequency characteris-
tics of the two-inertial motor bench are shown in Fig.2.

Measurement of frequency characteristics was carried out
with a method using multi-sine wave ”. The parameter ob-
tained by fitting the model from the measurement result is
shown in Tab. 1.

3. Proposed Joint torque control by self reso-
nance cancellation control using torque sensor

Demand for joint torque control in domestic robots and in-
dustrial robots is increasing so that joint torque control en-
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Fig. 1. Photo of two-inertial system motor bench
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Fig.2. Measured frequency characteristic of motor
bench
Table 1. Fitting parameters of two-inertial motor
benches
Iu Motor-side moment of inertia 0.0019 kgm?
Dy | Motor-side viscosity friction coefficient | 0.0018 | Nms/rad
K Torsional rigidity coefficient 93.6137 N/m
JL Load-side moment of inertia 0.0057 kgm?
D, | Load-side viscosity friction coefficient | 0.0826 | Nms/rad

ables advanced work and safe collaboration work with hu-
mans. In consideration of such background, in this chapter,
we propose joint torque control with reference to Frequency
Separation Self-Resonant Cancellation Control (FS-SRC) ®
which is one of the two-inertial position control methods us-
ing SRC Propose a system.

3.1 Principle of Self Resonance Cancellation (SRC)
In order to explain FS-SRC, the principle of SRC will be de-
scribed first. Block diagram of SRC is shown in Fig.3. SRC
calculates virtual angle s gc from driving side angle and load
side angle. 6sgc is denoted by (1), and Osgc is the center of
gravity of the driving side angle and the load side angle. Osgc

Osrc
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Fig.3. Block diagram of SRC®

has no resonance, therefore feedback of Osgc makes higher
control frequency.

JInOu Ji0L
Ju+JL JM+JL'

Osrc =

s re is denoted by (4), because the equation of motion on the
driving side and the load side in the inertial system is denoted

by (2), (3) .
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The transfer function from input torque 7'y to Osgc is shown
in (5). Since it is a rigid body model without resonance, the
design of the controller becomes very simple.

Osrc _ 1
TM (JM + ]L)Sz
1
- e 5
Jsres? )

However, even if Osgc is controlled, the load side angle de-
viates from the command value. Also, since Osgc neglects
the resonance component, there is a problem that vibration
suppression performance can not be improved.

3.2 Principle of Frequency Separation SRC (FS-SRC)
® FS-SRC is a control method that made it possible to
intuitively adjust the Nyquist diagram utilizing the fact that
SRC can create virtual angle which has no resonance. The
control system of FS-SRC is shown in Fig.5. The virtual an-
gle 6y is denoted in (6).

~ We s
O, = +
L s+ w, L S+ we
We s
= O + {af + (1 —a)fy} .- (6)

L
S+ we S+ W,

N .
1S a

We is a first order Low Pass Filter(LPF),
c

S+ w,
first order High Pass Filter(HPF). w, is the cut-off frequency.
(6) shows that &, is almost equal to 6, in a sufficiently low
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Fig.5. Block Diagram of FS-SRC®

frequency region and almost equal to 6, in a sufficiently high
frequency region . When (7) is satisfied, the resonance com-
ponent disappears from 6, in the same way as SRC.

@i (1= @)= Jp i Jpgeeereeeeeeeeeeeans (7

Here, in FS-SRC, rather than completely eliminating the res-
onance component, adjust « to create a virtual angle 8, with a
little resonance component. Leaving a little resonance com-
ponent makes it possible to have resonance suppression func-
tion by feedback of 6,. After all, in the low frequency region
without resonance, it is possible to control directly feedback-
ing 6;, and in the high frequency region affected by the reso-
nance, feedback 6, with a little resonance component.
Therefore, since §; has no resonance component in the low
frequency region and has only a small resonance component
even in the high frequency region, just design the controller
C(s) for the rigid body is sufficient. In other words, since the

transfer function of the plant is , pole assign-

Jsrcs® + Dsres
ment is possible with PI controller.

Relations between parameters and Nyquist diagrams in FS-
SRC are shown in Fig.6 and Fig.7.

In FS-SRC adjust the degree of resonance suppression with
a and adjust phase compensation with w,. By adjusting «
and cutoff frequency w,., we realize a sensitivity function that
is balanced between resonance frequency and other frequen-
cies.

3.3 Proposal of SRC using torque sensor(TSRC)
FS-SRC was a method based on SRC. In designing joint
torque FS-SRC(FS-TSRC), firstly, SRC using a torque sen-

Fig.6. Relations between parameters and Nyquist dia-
grams in FS-SRC f. =0, a:0—>1

4 . : : . . . . 10000
3 k
2+ 1 1000
S
1t z
P
E 0 - 100 %
B
=
1F £
E
2F 10
3t
4 1

Fig.7. Relations between parameters and Nyquist dia-
grams in FS-SRC  f.: 0 — o0, a: 0

sor (TSRC) was designed. SRC adds the equations of motion

on the motor-side and the load-side of two-inertial system,

and cancels Ts = K(6y — 61). (2) (3) shows that the motor-
Ty-T

M7 S ord-side value in the SRC

side value in the SRC is R
Jsres?

Ts
Jsres?
using a torque sensor.

Fig.8 shows block diagram of TSRC. Regardless of the
plant’s parameters, TSRC will be rigidified if Ty, — Ts and T's
are added. However, when rigidification is made, the virtual
torque Tsgc becomes the input valueT)y,, therefore effective
control can not be performed as it is.

3.4 Proposal of joint torque control FS-SRC

(FS-TSRC) Torque dimension FS-SRC (FS-TSRC) was
designed using torque sensor. The control system of FS-
TSRC is shown in Fig.9.

The virtual torque T is denoted in (8).

is

. Therefore, they can be obtained by measuring T’s

- W, S
s = s+ s

S+ We S+ W
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We

= Ts + {aTs + (1 —a)(Tu —Ts)},
s+ w, S+ W,

S (Qa - D)Ts + (1 — )T} (8)
s+ W, s+ we

(8) shows that Tg is almost equal to T in a sufficiently low
frequency region and almost equal to 7, in a sufficiently high
frequency region .

According to the same principle as FS-SRC, in the low fre-
quency region without resonance, it is possible to control di-
rectly feedbacking Tg, and in the high frequency region af-
fected by the resonance, feedback T, with a little resonance
component.

Where T, is rigidified when @ = 0.5. In other words, un-
like FS-SRC, even if we do not know the moment of inertia
on the driving side and the load side, we can adjust the pa-
rameters as a guide that « = 0.5 is made rigid. Also, the
controller C(s) can be designed for a rigid body like FS-SRC.
That is, considering the case of @ = 0.5, you can design for

. T . . .
the transfer function —— = 0.5, therefore just a single inte-

grator is enough to elirﬂr/llinate steady-state deviation. There-
fore, you can easily adjust the characteristics simply by ad-
justing two parameters, @ and w,.

Relations between parameters and Nyquist diagrams in FS-
TSRC are shown in Fig.10 and Fig.11.

4. Simulation

Frequency response of FS-TSRC was evaluated by simu-
lation. Parameters in the simulation were performed in three
cases shown in Tab. 2.When using a controller C(s), an inte-
grator controller with a gain of 30 was used.

T
A comparison of Nyquist diagrams of T_S without a con-

M
troller is shown in Fig.12. As the cutoff frequency f, rises,
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Fig.10. Relations between parameters and Nyquist di-
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5 T T T T T T T T T 10000

1000

N
=)
R
5
g0 100
— g
1 g
=
)
2F
1 10
3t ]
I
4t 1
1
-5 : = : 1
S 4 3 2 -1 0 1 2 3 4 5
Re
Fig.11. Relations between parameters and Nyquist di-

agrams in FS-TSRC f. : 0 — 10000Hz, «:0

Table 2. Parameters of FS-TSRC

a | frpr[Hz]
Casel | 0.0 5
Case2 | 0.2 10
Case3 | 0.4 15

the phase advances, and as « approaches 0.5, the resonance
component decreases and the rotation decreases.

A comparison of the frequency characteristics of the sensi-
Ty~ Tg
T
that there is a tradeoff between disturbance suppression per-
formance at low frequencies and disturbance suppression per-

formance around resonance frequency.

A comparison of step responses of Ts is shown in Fig.14.
It also shows that there is a tradeoff between disturbance
suppression performance at low frequencies and disturbance
suppression performance around resonance frequency.

tivity function is shown in Fig.13. It can be seen
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5. Experiment

The frequency response of FS-TSRC was evaluated by ex-
periment. Unipulse’s torque sensor was used ©. Parameters
were performed in the three cases shown in Tab. 2 as in simu-
lation. When using a controller C(s), an integrator controller
with a gain of 30 was used.

T
A comparison of Nyquist diagrams of T—S without a con-

M
troller is shown in Fig.15. A comparison of the frequency
characteristics of the sensitivity function

in Fig.16. A comparison of step responses of Ts is shown in
Fig.17. Results very similar to simulation were obtained.

The reason why the peak of the sensitivity function is low-
ered in the experiment is considered to be the limit of fre-
quency resolution and the existence of nonlinear friction that
can not be modeled by identifying by frequency characteris-
tic measurement.
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Fig. 14. Step response of Ts (Simulation)
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It is considered that the vibration decreases with step re-
sponse also due to the existence of nonlinear friction.

6. Conclusion

In the background that joint torque control enables sophis-
ticated work and safe collaboration work with humans, the
case of mounting torque sensors on domestic robots and in-
dustrial robots is increasing. In this paper, we proposed FS-
TSRC, an joint torque control method using a torque sen-
sor based on the position control method called FS-SRC.
The performance of the controller of the proposed method
was evaluated by simulation and experiment. In the pro-
posed method, the controller is the integrator only, and it is a
method that can intuitively tune the control performance by
using the remaining two parameters. Because tuning can be
done very easily, it is expected to be used in the industry.

The proposed method can be applied not only to joints of
robots, however also to other applications that can be mod-
eled into two-inertial systems.
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