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A Novel Method to Improve the Accuracy of
Torque Estimation for Robotic Joint with
Harmonic Drive Transmission
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Abstract—Joint torque feedback (JTF) is widely considered
as an effective technique for improving the performance of
robot control. To implement JTF technique to robot control
schemes, it is essential to fully get the measurements or
estimations of the output torque transmitted by the system.
In previous research, output torque is commonly measured
by joint built-in torque sensors which will change the robot
joint mechanical structure, or through position encoder mea-
surements with the transmission model of the joint. In this
paper, a new filter method is adopted to improve the joint
torque accuracy based on both precise model and position
measurements. More specifically, an optimization method based
on Unscented Kalman Filter (UKF) algorithm is used together
with the harmonic drive compliance model to achieve higher
output joint toque accuracy. The proposed method has been
experimentally studied and its performance is compared with
the measurements of a commercial torque sensor. And the
results have verified the effectiveness of the proposed torque
estimation method.

Index Terms—joint torque feedback, harmonic drive compli-
ance model, UKF, torque estimation

I. INTRODUCTION

OINT torque feedback (JTF) technique can be widely used
to improve the performance of robot control in the field
of robotics not only based on its effectiveness, but also its
flexibility [1], [2]. The effect of the load torque could be
greatly suppressed when JTF is adopted in the motion control
of robot manipulators. In addition, JTF can ease the necessity
of modeling the robot link dynamics. In most cases, joint
torque sensing is used together as a valuable capability for
robots. As robot joint is the basic unit of a robot control
system, to make research of the robot joint characteristics
and control is essential to fulfill the robot control missions.
To satisfy the requirements of the movements and control
of various kinds of robots [3], [4], it is quite important to
implement JTF to robot control schemes for the use of robot
joint torque estimations and compensations [5].
To implement JTF technique to robot control schemes in
particular, there exist two popular methods to obtain the
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joint torque needed for feedback. One method is to equip
torque sensors to the joint, which will certainly change the
robot joint mechanical structure [6], [7]. Another method
for estimating the joint torque that adopts harmonic drive
transmission based on motor-side and link-side position
measurements is proposed in this paper [8].

In previous research, the output torque is commonly
obtained by sensors directly or by harmonic drive compli-
ance mechanical model transmission. This method will have
drawbacks in sensor accuracy and environment temperature
disturbance, and the other will bring in time delay and
low output torque accuracy. In [9], a new torque sensor
with high sensitivity was proposed to resolve the trade-off
characteristics of the sensitivity and the stiffness of torque
sensors, and the key idea of this new sensor came from a 4-
bar linkage shape which was proved to be useful to increase
the sensitivity of the sensor 3.5 times without sacrificing the
stiffness. Moreover, the first method that can be called built-
in torque sensing also has a great cost of the force/torque
sensor. So the second method provides a way to reduce
the cost and also keep the robot joint mechanical structure
properly.

For the second method, harmonic drive is adopted as the
base of the whole transmission system. Due to the torsional
compliance of the harmonic drive of which are wave gener-
ator, flexspline, and circular spline can be utilized for torque
sensing, in recent years commercial high-resolution absolute
position encoders are being applied in the harmonic drive
transmission system. The encoders are mounted in motor-
side and link-side respectively, and input and output position
measurements are directly obtained to provide the elements
needed for calculating the torsional torque. Then the torque
can be used together with the harmonic drive compliance
model to achieve output joint torque. This method has been
proved effective to get similar torque precision compared
with the built-in commercial sensors. Because of advantages,
the harmonic drive based transmission is widely adopted and
more research are being taken in this filed.

Torque estimation based on harmonic drive compliance
model has been proved to be an economical and effective
way for robotic joint torque estimation and control. As in
[10], a link-side position encoder was adopted to measure
the harmonic drive torsional deformation, which then was
used together with the harmonic drive compliance model to
estimate the joint torque. In [11], a harmonic drive built-
in torque measuring method was proposed with a two-order
ripple model to reduce the impacts of ripples, and proved to
be effective to improve the torque accuracy. Reference [12]
developed a dynamic model of the Mitsubishi PA-10 robot
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arm for the purpose of implementing a low velocity trajectory
tracking by using very low feedback gains, the novelty of
which was to develop a new systematic algorithm to facilitate
the robot control based on a harmonic drive transmission
model.

In the joint torque estimation method of this paper, a
new filter method is adopted to improve the joint torque
estimation accuracy based on both precise model and position
measurements [13] - [16]. More specifically, the dynamic
model of the harmonic drive based joint setup is developed
at the beginning. Based on the proposed dynamic model,
torsional deformation model, and kinematic error model are
developed to make compensations for the whole model.
Then UKF technique is used together with the position
measurements to estimate the output joint torque. It is a
new method of making a torque estimation based on the
whole system dynamic model, which effectively improves
the accuracy of the output joint torque.

The rest of the paper is organized as follows. The dynamic
model and estimation scheme of the harmonic drive based
joint setup used in the experiments of this paper are presented
in Section II. Based on the UKF technique, an optimization
algorithm is derived in Section III. And the experiment
results and final concluding remarks are given in Section
IV and Section V, respectively.

II. DYNAMIC MODEL OF THE HARMONIC DRIVE-BASED
JOINT SETUP

A. Kinematic Model of Harmonic Drive

The typical structure of a harmonic drive consists of
three components: wave generator (WG), flexspline (FS), and
circular spline (CS). A simple description: the wave generator
is coupled with the motor shaft of a brushed DC motor
through the plug of WG, the circular spline is connected to
the joint housing, and the flexspline is sandwiched in between
(CS and WG) and connected to the joint output side.

Circular spline

Flexspline

Wave generator

Ball-bearing outer rim
—

Motor shaft

Gear-toothed circumference
Wave generator plug

Fig. 1. The typical structure of a harmonic drive.

The specific structure of a harmonic drive is clearly shown
in Fig. 1. The wave generator is a thin ball-bearing body
which is matched into an elliptical plug. The flexspline
is a thin cylinder cup-shaped structure with external teeth
that are a bit smaller than the internal teeth of the circular
spline [7]. To make them matching, the circular spline has

rigid ring shape with the fitted external teeth. The operation
principle of the harmonic drive can be explained briefly. As
the wave generator rotates clockwise with the circular spline
fixed, the flexspline is subjected to elastic deformation and
its tooth engagement position moves turning relative to the
circular spline. When the wave generator rotates 180 degrees
clockwise, the flexspline moves counterclockwise by one
tooth relative to the circular spline. For every one full rotation
clockwise (360 degrees) of the wave generator, the flexspline
moves counterclockwise by two teeth relative to the circular
spline because the flexspline has two fewer teeth than there
are on the circular spline. In general, this movement is treated
as output power.

Based on the structure of the harmonic drive, the basic
kinematic model of a harmonic drive can be represented in
Fig. 2.

I

Fig. 2. The basic kinematic model of a harmonic drive.

The kinematic relationship of a harmonic drive can be
explained below

0. = (N + 1)0, — NO; (1)

wherein, N donates the gear ratio, 6,,, 0, and 6. refer to
the angular positions of the wave generator, flexspline, and
circular spline, respectively. The above model is developed
in the ideal condition of not considering the viscous friction
and kinematic error due to gear meshing [17].

B. Dynamic Model of the Harmonic Drive-Based Joint Setup

To implement the harmonic drive transmission to a flexible
joint, an experiment setup is developed as in Fig. 3.

Absolute Encoder
19 bits

Rigid Coupling

Encoder
1024 p/rev
K K Force/Torque
Harmonic Drive Sernison
1:100
Fig. 3. The basic schematic model of the experiment setup.

The developed joint in this research is referred as test-joint.
The DC motor is installed with an optical position encoder
with 1024 p/rev to measure the motor angular displacement.
On the link-side an absolute position encoder with 19 bits is
mounted to measure the test-joint output angle. Motor input
torque can be exerted by the motor input current.

When the joint friction and kinematic error are taken into
consideration, the scheme illustration of the harmonic drive
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compliance components can be expressed in Fig. 4. The
specific parameters in the scheme will be given subsequently.

flexspline
T H[ 9}:’0
(3 ) A Oie

£ 9, w i O, K,
]—O—HO—’\/\/LO V) &7
K

W

6. =0

—O
J,i wave-generator circular spline
\e A J

DC Motor

Harmonic Drive

Fig. 4. Schematic illustration of the harmonic drive compliance.

Based on the scheme illustration of the harmonic drive,
the dynamic model of the test setup with hysteresis effects
can be described by the following differential equation:

wherein, 6,,, J,,, and B, represent the position, rotary
inertia, and damping factor on the motor side, respectively.
T¢m 1s the friction torque, 7; represents the hysteresis torque
which is treated as the output torque in the harmonic drive,
and 7,, is the input motor torque which is proportional to
the input current.

The system nonlinearity stems from three parts of the har-
monic drive components: the torsional compliance, nonlinear
friction forces, and kinematic error. The nonlinear kinematic
relationship can be described by introducing compliance
friction and kinematic error to the ideal kinematic model
of the harmonic drive [18]. As shown in Fig. 4, 0; and
0., donate the link-side and motor-side angles, respectively.
Zhang et al. in [8], proposed a model of the compliance of
the harmonic drive components. When we assume A6 as the
total torsional angle of the harmonic drive, Af; and Af,, are
the torsional angles of the flexspline and the wave generator
respectively, and ..., is the kinematic error. Then the total
torsional angle of the harmonic drive can be determined by

A
AHZAHf—’_%J'_HETT (3)

As the total torsional deformation model of the harmonic
drive based joint setup has been discussed and the stiffness
of the wave generator is considered above, we can get

sign(T. —Colr
Abp = A6 - aiT(ﬁiﬂ—e Culrol) 0, (@)
where C,, N, and K, are known parameters. 7,, can be
calculated by the motor input torque, approximately.
The torsional angle Afy of the flexspline is defined by the
stiffness of the flexspline as

arctan(Cy7y)
CrKy
where C'y, Ky are known parameters.

The total torsional angle A of the harmonic drive can be
defined as P

~ (®)

where 6¢, 0,, donate the link-side and motor-side angles,
which can be measured by the encoders mounted on the
motor and link side of the joint.

Aby = (5)

Ab =06 —

Kinematic error ., can be written as
Ocrr = ao + aj1 cos(fw;) + i1 sin(fw;)
F a1 €0S(0yway) + byt sin(Gy,w.y) @)
F a2 €0S(20y,wy ) + biya Sin(20,,w.,)

where the coefficients ag, a;1, bj1, Wi, Qw1, Gw2, bw1, bwo, and
wyy are known parameters.

After acquiring the flexspline torsional deformation A6y,
the joint torque estimation can be obtained by inverting (5)
@ tan(AHfoKf)

Tf= T~
Cy

One can use the compliance model (2) - (8) to estimate
the joint torque. While it is mentioned in the literatures [8]
- [10] that the maximum difference between the estimated
torque and the torque sensor measurement is 1.825 N*m
(about 36% of the maximum value of the total test torque),
and the RMS level of the difference is 0.445 N*m about
10% of the maximum value of the total test torque. The poor
accuracy limits the method to be used widely. To overcome
the weaknesses of this compliance model, a new method
based on UKF algorithm is used together with the harmonic
drive compliance model to achieve higher output joint toque
accuracy, and this will be described in the next part [19],
[20].

®)

III. A TORQUE ESTIMATION OPTIMIZATION
ALGORITHM BASED ON UKF

The estimation results calculated from the previous model
have proved that the single compliance model is unsuitable
for widespread use for the implementation of the robotic joint
control, because of the limitation of low torque estimation
accuracy. To improve the situation and consider the dynamic
model of the harmonic drive based joint setup, the torque
estimation scheme can be developed in Fig. 5.

Link-side Er 0/
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Readings correction Harmonic
l Drive AO
o | Finematic > Estimated
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Yotor-side Relative to [ Wl Torsional Torqe
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Scheme of the torque estimation.

Notor model UKF Filter

Kinematic error

Fig. 5.

The new method of the torque estimation optimization
algorithm based on both the harmonic drive dynamic model
and UKF technique, can be expressed as below

Xi = f(Xp—1,up—1) + wi—1 )
Zy, = h(Xg) + vy (10)

where k € N, the state variable is X = [ ém Tf ]T, and

the measurement Z = | Om A0 }T, can be got from the
motor-side readings and calculated from the harmonic drive
compliance model. X}, is the state variable of the system at
time k, and Z;, is the measurement variable at time k. wy,
and v, are zero mean Gaussian white noise, Qg and Ry are
their covariance matrices, respectively.
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Based on the compliance model from (2) - (8), f(z) can
be defined as

f@)=F %« Xp_1+ B *ug_1 (11)

where F' and B can be obtained by the discrete model of
(2), ug—1=Tm — Tfm represents the input, and h(z) can be
defined as

h(z) = [ Xp-1(1) arctan(Xp_1(2) % cf)/(cs xky) |
(12)
Then the optimization algorithm will run in the following
form.
1) Initialize with :

A
Xo = EX, (13)
A A T
Py = E[(Xo — Xo0)(Xo — Xo)" | (14)
2) Calculate weights:
W™ = 25
Wi =25 +1-a2+8 (15)

Wz(m) — WZ(C) — 1.2....

) )

sy (1= 2n)

where A = a?(n+ k) —n, « is a very small positive number
and le —4 < a <1; k=3—n, =2.
3) Calculate the sigma points at time k-1:

~(0)

Xi_ 1= Xk: 1 (16)
. A
X}c—l = Xp_1 +7( V Pk—l)(i) (Z: 1,2,TL) (17
. AN
Xi—1= X1 =YV Pr-1)(i—n) (i=n+1,n+2,---2n)
(18)

4) State prediction: one-step state prediction and its co-
variance matrix at time k

* ()

X s =Nk ue—1] (i=1,2,---n) (19)
A m (1)
Xk/k*l - Z Wi( ) k/k—1 (20)
. (¢)r. *( A *(3) ANoop
Pk/k—1 =2 Wi [Xk/k—l o Xk/k_lHXk/k—l o Xk/k—l]
+Qk—1
2D

5) Calculate one-step sample points prediction at time k:

~(0)

Xk/k 1= Xk/k 1 (22)
~i A .
Nkk—1 = Xe/k—1 +7(\/ Pryp—1) ) (i=1,2,---n) (23)
. A
Xisk—1 = Xi/k—1 =Y(\/ Pr/b—1) (i—n) (i = nt1,n+2,- - 2n)
(24)
6) Measurement update:
2 = hXy) (=0,1,2,2n)  (25)
" (m) )
k-1 = ZWZ Zk/k 1 (26)

~

CINg 7 A
XZ Jk/k—1 ZW Xy k-1 Xk/k 1l k/k—l_Zkg;)l]
k/lc 1

Rk

" (i) noar
P = Zyyi—llZgjp—1 = Zrji—1]

ZZ) /-1

(28)

7) Estimation update: the filtering gain and the estimation
of the state with its covariance matrix are

Ky = P(XZ)k/k—l‘P_l(ZZ)k/k—l (29)
A A A
Xy = Xy k-1 K[ 2 — Ziji—1] (30)
Py =Py — KkP(ZZ)k/kilKkT (31)

The whole torque estimation optimization algorithm based
on UKF technique can be fully performed by (9) - (31).
The algorithm is developed together with the dynamic model
of the harmonic drive based joint setup, and the flexspline
torsional deformation Afy is added into the measurements
to fulfill the process.

IV. EXPERIMENT RESULTS

This section provides the experiment results of verifying
the effectiveness of the proposed torque estimation optimiza-
tion algorithm. An experiment system is set up as shown in
Fig. 6. The Joint 1 in the figure is referred as test-joint, which
is connected by a link-joint working as a robotic arm.

Fig. 6. The experiment joint setup.

The harmonic drive of the joint setup is driven by a
brushed DC motor, which is coupled with a harmonic drive
system of the model SHD-17-100-2SH with a gear ratio
N=100, and the DC motor is instrumented with an optical
incremental encoder to measure the motor angular displace-
ment. On the link side a commercial ATI six-axis F/T sensor
is used to measure the output torque of the test joint. Then
the efficiency of the proposed torque estimation method is
verified by comparing the estimated joint torque to the torque
measurement from the F/T sensor mounted on the output side
of the test-joint.

A. Experiment of Joint Based on the Compliance Model of
the Harmonic Drive

This experiment of the joint is set with a gradually chang-
ing torque. And the joint is arranged to rotate in 58 seconds
with a sinusoidal input. The experiment results only based
on the compliance model of the harmonic drive have been
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given in Fig. 7 and Fig. 8, including the torque estimation
compared with a torque sensor and the difference.

Compliance mode! torque
Torgue sensor

0 10 20 30 40 50 0
Time (5)

Fig. 7. Comparison between estimated torque based on compliance model
and torque sensor.

Link-gide Torgue Difference (MN*m)

Fig. 8. Difference between estimation torque based on compliance model
and torque sensor.

From Fig. 8, we get the maximum difference is 1.619 N*m
which is about 30% of the maximum value of the test torque,
and the RMS of the difference is 0.770 N*m (about 14.3%
of the maximum value of the test torque).

B. Experiment of Joint Based on the Proposed Torque Esti-
mation Optimization Algorithm

The joint test environment is set the same as in Section
IV-A in which the joint is arranged to rotate in 58 seconds
with a sinusoidal input. The experiment results based on the
proposed torque estimation optimization algorithm have been
given in Fig. 9 and Fig. 10, including the torque estimation
compared with a torque sensor and the difference.

Estimated torque
Toeque sensor

Fig. 9. Comparison between estimated torque based on proposed torque
estimation optimization algorithm and torque sensor.

Link-side Torque Difference

50 60

Ej)
Time is)

Fig. 10. Difference between estimated torque based on proposed torque
estimation optimization algorithm and torque sensor.

From Fig. 10, we get the maximum difference is 0.922
N*m which is about 17% of the maximum value of the test
torque, and the RMS of the difference is 0.350 N*m (about
6.5% of the maximum value of the test torque).

— — —Estimated position

Real position

Link-side Position (Deg.)
: =]

20k

10| R (A

o : : i i
i] 0 20 30 40 50 B0
Time (s)

Fig. 11. Comparison between estimation position and real position.

Q

10 20 30 40 50 60

Fig. 12. Difference between estimation position and real position.

The real link-side position and it’s estimated position
are given in Fig. 11, the relative position error is shown
in Fig. 12. From the two figures, we get the maximum
position difference is 0.211 degrees which is quite small.
So it is proved effective that the method can help to track
the movement of the joint.

Based on the two experiments of the harmonic drive based
joint setup, especially from Fig. 8 and Fig. 10, it is easy to see
that the proposed method has helped to reduce the maximum
torque difference from 1.619 N*m to 0.922 N*m, and the
RMS of the difference from 0.770 N*m to 0.350 N*m. The
results show 54.5% of the improvements of the estimated
torque accuracy (based on the RMS of the difference).
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V. CONCLUSION

In this paper, a new method to improve the accuracy
of the torque estimation based on both the harmonic drive
compliance model and UKF optimization algorithm is pro-
posed. The harmonic drive compliance model is presented
based on the components and physical characteristics of a
harmonic drive, and the related torque estimation scheme
is provided. After that, we develop the complete torque
estimation optimization algorithm based on UKF technique.
It is a new method of making a torque estimation based on
the whole system dynamic model.

An experiment is set up with a gradually changing torque
situation to verify the performance, in which the estimated
torque is compared to a torque sensor measurement. And the
results show that the proposed optimization algorithm based
on UKF can bring 54.5% of the improvements of the esti-
mated torque accuracy compared to torque estimation method
which is only based on harmonic drive compliance model.
The results have verified the effectiveness of the proposed
torque estimation method. In the future, the proposed torque
estimation method will be applied to more comprehensive
research environment and motion control for promoting the
method.
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