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High-Fidelity Joint Drive System by Torque Feedback Control
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Abstract— When robots cooperate with humans it is neces-
sary for robots to move safely on sudden impact. Joint torque
sensing is vital for robots to realize safe behavior and enhance
physical performance. Firstly, this paper describes a new torque
sensor with linear encoders which demonstrates electro mag-
netic noise immunity and is unaffected temperature changes.
Secondly, we propose a friction compensation method using a
disturbance observer to improve the positioning accuracy. In
addition, we describe a torque feedback control method which
scales down the motor inertia and enhances the joint flexibility.
Experimental results of the proposed controller are presented.

I. INTRODUCTION

Joint flexibility is required for humanoid robots in order
to safely execute cooperative tasks with humans. To achieve
flexible joint motion, precise measurement of joint torque is
important. Joint torque can be estimated from actuator inputs
such as motor current. However, it is hard to deduce the error
in the estimated joint torque, because the friction arisen in
the transmission is difficult to model. It is thus desirable to
measure the output torque directly, so the measurement is
free from internal friction.

In general, output torque is measured with deformation
of an elastic part in the joint. Godler et al.[1] developed
the torque sensing method using strain gauges, which are
cemented directly onto the flexspline of Harmonic Drive.
This method has the advantage that an additional elastic
component is not required for measurement, but it is difficult
to measure joint torque because of the torque ripple generated
by the gear rotation. Vischer et al.[2] and Tsetserukou
et al.[3] measured deformation of an elastic body after
the reduction with optical distance sensors. As measure-
ment accuracy is in inverse proportion to sensor stiffness,
low sensor stiffness is inevitable in order to achieve high
measurement resolution, which leads to complicated joint
dynamics. Hirzinger et al.[4] developed a torque sensor with
high sensor stiffness and high measurement resolution using
strain gauges. They also realized a torque control system of
the manipulator with the developed torque sensor, but strain
gauges break down easily and need to be cemented exactly
by a specialist. In addition, the high stiffness of the sensor
makes it difficult to improve signal-to-noise ratio, because
strain gauges have high sensitivity to electro magnetic noise.
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Therefore, the method for precisely measuring minute defor-
mations with high signal-to-noise ratio is required.

In recent years, high resolution linear optical encoders
become commercially available. Noise immunity and mea-
surement principle of linear encoders give an advantage to
the joint torque measurement of humanoid robots; they are
suitable to measure small distortions of the highly rigid
elastic part of the sensor.

In this paper, we propose novel torque sensing method
using linear encoders. Linear encoders can measure small
distortion generated in the transmission of the joint precisely,
and the sensor has enough stiffness and resolution to be ap-
plied in humanoid robots. We also evaluate the performance
of the proposed sensor by testing it with friction observer[5],
[6], [7] and joint torque feedback[8].

II. TORQUE ENCODER

A. General methods of torque measurement

Torque sensor often measure deformation of an elastic
body in a power transmission. When the power transmission
consists of a motor and a gear, the elastic body is usually
installed at the output of the gear. Joint models with torque
sensors become complicated, because an elastic body is
installed in the power transmission. The following design
guides are demanded to ensure installing the torque sensor
does not change the joint model.

1) The stiffness of the torque sensor is an order higher
than that of the reducer.

2) The inertia between the reducer and the sensor is
minimized.

It is preferable that the torque sensor is stiff enough, but
there is an inverse relationship between the sensitivity and
the stiffness. In particular, the reducers in some joints of
humanoid robots are very rigid, because they need high-
power actuators and reducers. In that case, the torque sensor
must be very rigid not to lead to the complicated joint model.
It is important to strike a balance between the sensitivity and
the stiffness.

Then, there are two primary ways to measure deformation.
One way is to measure the strain with strain gauges[4]. The
feature of strain gauges is high resolution and accuracy, but
high sensitivity to electro magnetic noise. The other way
is to measure the displacement with magnetic sensors[9]
and optical sensors[2], [10], [11]. These sensors have noise
immunity, but lower resolution than strain gauges.
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Fig. 1. Overview and conceptual diagram of 6-spoke torque sensor with
encoder and strain gauges. The thickness is 8mm and the outside diameter
is 88mm.
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Fig. 2. Torque measurements with strain gauges and encoder under low
load condition.

B. Torque measurement with linear encoder

In this research, we digitally measure the displacement
with linear optical encoders in place of analog sensors.
Linear encoders are one of recent technologies and provides
comparative sensitivity to strain gauges. These sensors have
the following advantages in the torque measurement.

1) Excellent noise immunity to electro magnetic noise and

temperature fluctuation.

2) Long-distance transmission is possible without signal

deterioration.

3) The ability to improve the resolution without changing

the stiffness of the sensor.

Where, we mention about 3). Strain gauges sensing relies on
local strain sensing, linear encoders measure the total sum of
distributed strain or displacement. Even if the strain occurred
in the high rigid sensor is too tiny to be measured with strain
gauges, linear encoders can measure the deformation when
they are located properly, because of the difference of the
measurement principle.

On the other hand, linear encoders measure all deforma-
tion including unexpected deformation such as plastic strain
and slip of the fastened part in the measurement part. We
thus demand the following designs of elastic parts in the
sensor to improve the sensor performance.

1) The local concentration of stress is not caused easily

in the measurement part.

2) The nonuniform deformation is not caused in the

measurement part.
These demands are necessary to improve the repeatability
and the linearity of the measurement.

C. Comparison with strain gauges

We now compare the performance of linear encoders with
strain gauges, using the torque sensor which has spokes

incremental encoder
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absolute encoder absolute encoder

Fig. 3. Overview and conceptual diagram of Torque Encoder.

TABLE I
SPECIFICATON OF TORQUE ENCODER.

Torsional stiffness of sensor | 3.0 x 10°(Nm/rad)
Torque measurement range 200(Nm)
Outside diameter 94(mm)
Thickness 16(mm)
Safety factor 9
Material Aluminium A7075

as elastic parts shown in Fig. 1. This torque sensor has
already been developed as 6-spoke torque sensor with strain
gauges[12] and is changed to install both strain gauges and
a linear encoder. Four strain gauges are cemented on the
spoke of the torque sensor, which is red ellipsoidal area in
Fig. 1. The resistance change of strain gauges is measured
using a Wheatstone bridge on the immediate analog-digital
converter board. Then, the linear encoder is an incremen-
tal encoder(Renishaw RGH24, resolution: 10[nm]). Torque
measurement range is 200(Nm), torque resolution in case
of the strain gauges is 3.7 x 1072(Nm), and that in case
of the linear encoder is 8.6 x 10~2(Nm). Fig.2 shows the
simultaneous torque output with the strain gauges and with
the linear encoder under low load condition. The standard
deviation of the strain gauges is 2.3 x 10~*(Nm), that of
the encoders is 5.5 x 10~2(Nm). This clearly shows that the
encoders have better noise tolerance than the strain gauges.

D. Mechanism of Torque Encoder

The layouts of the developed torque sensor, which is
specialized in measuring torque with encoders, are presented
in Fig. 3, and its specification appears in Table I. This
torque sensor is called “Torque Encoder” as follows. Torque
Encoder is larger than the 6-spoke torque sensor, but its
shape is so simple that the local concentration of stress is
not caused easily in the measurement part. Torque Encoder
has an incremental encoder and an absolute encoder (Nikon
SAL-40A, resolution: 60[nm]). The linear encoders measure
the relative angle between the two plates of Torque Encoder.
Then, the torque resolution in case of the incremental en-
coder is 6.3 x 1072(Nm), and that in case of the absolute
encoder is 3.2 x 10~!(Nm). The torque resolution in case
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Fig. 4. The 3DoF torque controlled manipulator.
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Fig. 5. Structure of the pitch joint.

of the absolute encoder is smaller than that in case of the
incremental encoder, but the torque measurements with the
absolute encoder can get the origin without measuring the
zero offset at the time of startup.

E. Evaluation Experiments

In this subsection, the performance of Torque Encoder is
evaluated. We developed 3DoF torque controlled manipulator
(Fig. 4). Torque Encoder was installed in each joint of
the manipulator. Experiments were tested with the pitch
joint (Fig. 5). Table II shows the main specification of this
joint. Power transmission of this joint consists mainly of a
brushless DC motor (Maxon EC-max40, 120W), Harmonic
Drive (Harmonic Drives SHG20, reduction ratio: 100) and
Torque Encoder. Against this joint system, the following two
responses were measured.

Exp. 1: The response under load torque with fixed the

joint.

Exp. 2: The response without fixing the joint.

In Exp. 1, to evaluate the hysteresis under high load torque,
the load torque was applied on the output shaft of the gear
and the input shaft of the gear is fixed. The load torque
was continuously changed from —160(Nm) to 160(Nm).
The load torque was measured with a force gauge.

Fig. 6 shows the measurement error in case of each
encoder. As the diagrams indicate, the hysteresis is £2(Nm)
in the case of the incremental encoder and £3(Nm) in the
case of the absolute encoder. The output of the incremental
encoder is wave-like against the external torque. Since the
output of the absolute encoder is not wave-like, it is quite

TABLE I
SPECIFICATON OF TORQUE SENSING JOINT.

Actuator Brushless DC Motor(120W)
Maximum output torque 100(Nm)
No load speed 60(rpm)
Reducer Harmonic Drive Gear
Reduction ratio 100

E Measurement error of incremetal encoder
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Fig. 6. Upper graph: Measurement error of external torque with incremental
encoder. Lower graph: Measurement error of external torque with absolute
encoder.

likely that the wave-like output is caused by the difference
of the installation direction.

In Exp. 2, to evaluate the relationship between the joint
angle and the torque, the torque was measured while chang-
ing the joint angle very slowly so as not to affect the torque.
This experiment was performed in two ways. One way was
to test with only the joint, the other way was to test with the
joint connected to an arm and a weight. In Fig. 7, the upper
graph is in the case of only the joint, and the lower graph is in
the case of the joint with the arm. The input and output link
are arranged linearly against the direction of the gravitational
force at the starting point. In the case of only the joint, the
torque offset which was about +£2(Nm) was measured. On
the other hand, the output in the case of the joint with the arm
is equal to the sum of the ideal gravitational torque of the arm
and the torque offset. The torque offset is compensated for
by feedforward control, because the output is reproducible
against the joint angle.

III. DEVELOPMENT OF CONTROL SYSTEM FOR LOwW
IMPEDANCE JOINT

Because Torque Encoders have excellent noise immunity,
it is possible for a control system with Torque Encoder
to achieve rapid-response and high-gain torque feedback.
This section describes a control system with Torque En-
coder for realizing the low impedance joint by the friction
compensation and the torque feedback control. Firstly, Fig.
8 shows the model of the torque sensing joint including a
motor, a reducer, Torque Encoder and a link. The notation
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Fig. 8. The transmission model of the torque sensing joint.

of the parameter in Fig. 8 appears in Table III. The dynamic
equations at motor side and link side are as follows:

JLéL + Tg (GL) =Tt + Text (1)
Jmam + Tf = Tm — NTt )
then,
=K Om 0 3
Tt = (W - L) 3

It is possible to consider the dynamics equations at motor
side and link side separately in a joint with a torque sensor,
as stated above. The controller is used for the above model
to realize the low impedance joint as follows:

Um = Kp(e;ff — em) - Kdem + Kt (Tg — Tt) + NTg (4)
m = thm 47 )

where, u,, is the output of the controller. In addition,
K,,K; and K; are positive feedback coefficients. Gf,ff is
the reference input of the motor angle and 7y is the friction
estimate. In this article, the friction compensation is realized
by the feedforward compensation of the friction estimated
from the friction observer[5], [6], [7]. Additionally, reducing
the virtual motor inertia .J,,, for the driving system is realized
by changing the torque feedback coefficient K[8].

The friction compensation of the motor and the gear is
proposed by the disturbance observer in [5], [6], [7]. The

TABLE III
NOTATION OF PARAMETERS.

JIm Motor side inertia
Jr, Link side inertia
O Motor position
0r, Link position
Tm Motor torque
Tr Friction torque
Tt Joint torque
Text External torque
Tg Gravity torque
K Stiffness of joint
N Reduction ratio
Motor side
T dynamics

Link side
dynamics

7A'f Friction observer

Fig. 9. Overview of the control system with friction observer.

observer dynamics are as follows:

N 1 .
Tm = Jmam + N’Tt + Tf (6)
7= —LJm (ém _ ém) %)

where, L is the design parameter of the observer, and O,
if the state vector of the observer. The block diagram of
the controller appears in Fig. 9. In short, the friction torque
7¢ can be estimated from the motor torque 7,,, the motor
velocity 0,, and the joint torque 7. Combining Eq.2, Eq.6
and Eq.7 by Laplace transform, the friction estimate 7 is
derived as follows:

1

ST ®
7y is equal to the output of the actual friction and the low-
pass filter. In addition, L~! is the time constant of the
low-pass filter. It is desirable to set L to a large value for
the improvement of responsiveness, but 7; often behaves
in an unstable way. We need to set a suitable value to L.
The friction compensation is realized by the feedforward
compensation of the friction estimate.

Then, When we change the joint torque feedback coeffi-
cient K, the virtual motor inertia is changed [8], which is
called inertial scaling as follows. Combining Eq.2 and Eq.5,
the dynamic equations at motor side are as follows:

S ~ 1
Jmam = Uy, — N'rt (9)
~ 1
Tm = TN K, I (10)

Then it is based on the assumption that 7 is equal to 7y
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,and u,, is defined in the following:

~ Jm re Jm A ]-
iy = EKP (67¢f —0,,) — EKdem +57 (D

Eq.9 means that the joint torque feedback reduces the motor
inertia to .J,,, for the system with new input @,,.
IV. EVALUATION EXPERIMENTS
This section shows the experiments of the friction com-
pensation and the joint torque feedback.
A. Experiment system

The control system consists of the torque controlled joint
(Fig. 5) and a link. The length of the link is 40(cm), and
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Fig. 12. Inertial scaling using torque feedback.

the link inertia Jz, is 2.08 x 1072(kgm?). Motor angle is
measured by an encoder (1000 counts per turn), and joint
torque is measured by Torque Encoder. Motor velocity is
calculated from the difference of the encoder. In addition,
the control frequency of motor is 2(kHz).

B. Experimental results of friction compensation

The controller in this experiment is a position control
system consisting of PD control, gravity compensation and
friction compensation without joint torque feedback in order
to evaluate friction compensation. In this case, motor torque
Tm 18 given by

Tm = Kp (07 — 0,) — Koy + %Tg + 7y (12)

The design parameter of the observer is L = 30. This con-
troller is tested with two different experimental circumstance
as follows.

1) Exp. 1 : Reference angle of motor is a step input.
K, =29x10"% and K4 = 6.1 x 10~* are assigned
to evaluate the step response under low gain condition.

2) Exp. 2 : Reference angle of motor is a triangle wave.
K,=12x10"" and K4 = 1.5 x 10~* are assigned
to evaluate the convergence performance of friction
observer, when motor velocity changes drastically.

The results of Exp. 1 with and without friction compensation
are shown in Fig. 10. The friction compensation is effective
in a low gain condition, because the position error with
friction compensation is smaller than that without friction
compensation. Fig. 11 shows the results of Exp. 2 with and
without friction compensation. When motor velocity changes
drastically, the friction compensation is effective, because the
position error with friction compensation is smaller than that
without friction compensation.

C. Experimental results of inertial scaling

In this subsection, we evaluate the proposed inertial scal-
ing method. The control input 7, is defined as follows:

1
Tm = Kt (Tg = 7t) + =74 + 75 (13)

N
The control input consists of the joint torque feedback,
gravity compensation and friction compensation. Herein, we
analyze the behavior of the joint. Substituting Eq. 1 and Eq.

3908



Fig. 13.

2 into Eq. 13, the dynamic equation at the link side is derived
under the condition which is 7y = 7¢ and 0,,, = N0r, in the
following:

(N2 4+ 1) 1, = 7wt (14)

It is equal to behavior of a passive joint in freefall.

The virtual motor inertia was adjusted by changing the
torque feedback coefficient K, and external force was ap-
plied to the joint. Fig. 12 shows the relationship between the
desired motor inertia and the actual motor inertia which is
calculated from Eq. 9. As the diagram indicates, it is found
that the inertia scaling is efficient, because actual motor
inertia corresponds with the desired value.

Then, Fig. 13 shows snapshots of falling the joint when
we puffed air against the link. It is found from the result
that the low impedance joint was realized by joint torque
feedback and friction compensation.

V. CONCLUSION

In this paper, we investigated the use of high resolution
linear encoders, that have recently become available as a
robotic component, for joint torque sensing.

1) The elastic body which is commonly introduced at
the interface between a link and its drive system for
strain gauges leads to low stiffness and bandwidth. It
is usually not discussed that the local concentration of
stress of such elastic components necessarily becomes
the source of sensor hysteresis. The high resolution
linear optical encoders are a recent technology and
provide comparative sensitivity to strain gauges. It is a
distinctive feature that the strain gauge sensing relies
on local strain sensing though the encoder sensing
measures the total sum of distributed strains or dis-
placements. By making use of the feature we showed
in this paper that the torque sensing of stiff joint drive
system becomes possible using the high resolution
linear encoders. The sensing system is free of electro
magnetic noise that often limits the performance of
strain gauge sensing.

2) Using this fabricated joint drive system using the high
resolution linear encoder we experimentally confirmed
that joint torque sensing was as accurate to 2.5% of
full range.

3) We also designed the torque feedback controller based
on the friction observer and experimentally confirmed

Snapshots of blowing on the torque joint.

the stiff torque feedback control, the low-impedance
control against the external force, and the inertia shap-
ing as low as one fourth of the original inertia.

4) The obtained results in this paper clearly show that
torque sensing by use of high resolution linear opti-
cal encoders is a promising technology for building
actively backdrivable joint drive systems for robots.
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