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Torque Ripple and Misalignment Torque
Compensation for the Built-In Torque
Sensor of Harmonic Drive Systems

Hamid D. Taghirad and P. R.&anger

_Abstract—A harmonic drive is a compact, lightweight, and and the output is conveyed either through the circular spline
high-ratio torque transmission device which is used in many while the flexspline is fixed or through the flexspline while

electrically actuated robot manipulators. In this paper a built- 6 cireylar spline is fixed. In the latter case, by rotation of
in torque sensor for harmonic-drive systems is examined in ’

detail. The method proposed by Hashimoto, in which strain the _Wavg generator, the zone Of_ gear_-tqoth e_ngagement_ is
gauges are direcﬂy mounted on the f|exsp|ine, is emp|0yed and carried with the wave generator major elllptlcal axis. When this
improved in this paper. To minimize sensing inaccuracy, four engagement zone is propagated 3&fbund the circumference
Rosette strain gauges are used employing an accurate posi-of the circular spline, the flexspline which contains fewer teeth

tioning method. To cancel the torque ripples, the oscillation ha4 the circular spline will lag by that smaller number of
observed on the measured torque and caused mainly by gear

teeth meshing, Kalman filter estimation is used. A simpie fourth- (€€th relative to the circular spline. Through this gradual and
order harmonic oscillator proved to accurately model the torque continuous engagement of slightly offset teeth, every rotation
ripples. Moreover, the error model is extended to incorporate any of the wave generator moves the flexspline a small angle
misalignment torque. By on-line implementation of the Kalman hack on the circular spline, and through this unconventional

filter, it has been sh_own that thls_ method is a fast and accurate mechanism, gear ratios up to 320:1 can be achieved in a
way to filter torque ripples and misalignment torque. Hence, the

intelligent built-in torque sensor is a viable and economical way Single transmission. -
to measure the harmonic-drive transmitted torque and to employ ~ The harmonic drive exhibits performance features both

that for torque feedback strategies. superior and inferior to those of conventional gear trans-
Index Terms—Built-in torque sensor, harmonic drive, Kalman ~ Missions. Its performance advantages include high-torque ca-
filter, misalignment torque, positioning error, torque ripples, Ppacity, concentric geometry, lightweight and compact design,
torque sensing. zero backlash, high efficiency, and back drivability. Harmonic
drive systems suffer however, from high flexibility, resonance
| INTRODUCTION vibration, friction, and structural damplng nonlinearities [1].
) R ~In numerous robotic control technigques such as feedback
DEVELOPED in 1955 primarily for aerospace applicafinearization, computed torque method, and some adaptive
tions, harmonic drives are high-ratio and compact torqy&nirol schemes, the actuator torque is taken to be the control

transmission systems. Every harmonic drive consists of th‘ﬁ)ut [2]-[4]. This can only be accomplished through torque
three components illustrated in Fig. 1. The wave generatorgisgpack at each joint of the robot [5].

a ball bearing assembly with a rigid, elliptical inner race and |, order to apply torque feedback on the robot joint,

a flexible outer race. The flexspline is a thin-walled, flexiblg ;g necessary to measure the transmitted torque through
cup adorned with small, external gear teeth around its rim. The, actuator transmission mechanism. Conventionally, torque

circular spline is a rigid ring with internal teeth machined alongensors are placed in the output transmission line of the robot
a slightly larger pitch diameter than those of the flexsplin 1, [7]. However, for a harmonic drive transmission, which

When assembled, the wave generator is nested inside H3g 4 elastic element, the flexspline, there is no advantage
flexspline, causing the flexible circumference to adopt g a4q an additional compliant element and thereby reduce
elliptical profile of the wave generator and the external teefhq joint stiffness. In this paper we are using the idea of a
of the flexspline to mesh with the internal teeth on the circulgjj.in torque sensor for harmonic drives as first proposed
spline along the major axis of the wave generator ellipse. by Hashimoto in 1989 [8]. This method proved to be an
,lf properly assembled_, all three components o.f.the traNgzonomical and effective way of torque sensing for harmonic
mission can rotate at different but coupled velocities on thgies in our setup, as claimed by Hashimatbal. [9]. In
same axis. To use the harmonic drive for speed reductiqf esting station a Wheatstone bridge of four Rosette strain
the wave generator is mounted on the electric motor shafly e is utilized to sense the torsional torque transmitted
Manuscript received June 1, 1997; revised April 1, 1998. through the flexspline. A practical and accurate method is
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Fig. 1. Harmonic drive components.

One important characteristic of harmonic drive torque trans-

mission, as observed in free motion experiments, is a high 45° i 45°
frequency oscillation in the output torque signal. These oscil- e N

lations, named torque ripples, whose principal frequency of
oscillation (in rad/s) is twice the motor velocity (in rad/s), are
mainly caused by harmonic-drive gear-meshing vibration. A
small fraction of the torque ripples are caused by the nonideal
torque measurement, because of the direct attachment of strain
gauges on the flexspline. Since the flexspline has an elliptical
shape, strain gauges mounted on the flexspline are subjected
to unwanted strain caused by the elliptical shape. We show
in this paper, however, that using four Rosette strain gauges
A . W R
and using an accurate method to mount the strain gauges, R,
will reduce the amplitude of the torque ripple to a minimum. '
Moreover, the dependence of the frequency content of the '
torque ripples on the velocity makes it possible to model themy. 2.  Position of four Rosette strain gauges on the flexspline diaphragm.
as a simple harmonic oscillator and to employ a Kalman filter
redi nd filter them from th r m rement. |f o
to predict and filter the om t € to que measure e.t to be exactly the same as the output shaft velocity (in rad/s).
only low-frequency torque control is desired [5], the high: ; : .
: o Therefore, by adding another block to the harmonic oscillator
frequency ripples may be removed by estimating them via . L
A 2 - : model we managed to estimate the misalignment component
Kalman filtering. This is more efficient than simple low-pass .
of the measured torque. By using the extended model for the

2:2;:;9' because it uses the known structure of the tOrq%'grque ripple and misalignment torque together, it is shown that

A fourth-order harmonic oscillator error model is pro osetgle filtered torque cancels the torque ripple and misalignment
prop rque quite accurately. The experimental results obtained

in this paper to characterize both the fundamental and f'r#om combining the original ideas introduced in this paper

harmonic frequency content of the torque ripple. Using th\'/\S/ith a robust torque controller design given in [5] and [10]

model for the torque ripples, a prediction-type Kalman f”tg[sroves that built-in torque sensors are viable and economical

algorithm is applled.to estimate Fhe 'Forque ripples. The p iieans to measure harmonic drive transmitted torque and to
formance of the on-line Kalman filter implemented for torqugmploy them for torque feedback strategies

ripple cancellation is shown to be quite fast and accurate.
The Kalman filter is used not only to estimate the torque
ripples but also to cancel any mechanical misalignment torque IIl. BUILT-IN TORQUE SENSOR
signature on the measured torque. Many torque sensors exhibiss illustrated in Fig. 2, four Rosette strain gauges are
the limitation of being sensitive to the torques applied imounted on the diaphragm part of the flexspline. A Rosette
the direction perpendicular to their axis of measurement. $tain gauge consists of two separate strain gauges perpendic-
our setup, after repeated use of the harmonic drive systearly mounted on one pad. For a clockwise torque exerted
for different experiments, a similar torque signature was obn the flexspline illustrated in Fig. 2, strain gauda is
served in the measured torque. After examining the systemder compression while strain gaud& is under tension.
accurately, the source of this torque signature is found to Bamilarly, all odd-indexed strain gauges illustrated in Fig. 2 are
the misalignment of the harmonic drive shaft and the loadnder compression, while the others are under tension. Thus,
The frequency of the misalignment torque (in rad/s), it can lzeWheatstone bridge of strain gauges as illustrated in Fig. 3
intuitively identified from its source of generation, is foundtan transduce the torsion into a difference voltage. The reason
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Fig. 3. Strain gauges Wheatstone bridge network.

why Rosette strain gauges are necessary for the harmonic dlt_ive , :
M . . . ig.- 4. Proposed transparent film for accurate strain-gauge placement.

built in torque sensor, as explained in [9], is to compensateq

for the elliptical shape of the flexspline. If the strain caused

by applied torque is nhamed, while the strain caused by the

elliptical shape of flexspline is called,,, Hashimotoet al.

[11] illustrated that the strain applied to strain gaudgg&sand

R, are

€] =€ + €y
€2 =—€ + € (1)

wheree, is assumed in [9] to be a sinusoidal modulation of
€. Thus,

€1 — €2 = 26 + Yo sin(23). (2)

In order to cancel the modulatiohy sin(2/3) and to detect the
actual torsional strair,, the information from strain gauges
R3 and R, is necessary. These strain gauges are located at an o o
angle of 90 from strain gaugest, and R», and therefore ~ F19- 5 Harmonic drive built-in torque sensor.

€3 — ¢4 = 2¢; + Wosin(23 — ). 3) positioning error also introduces sensing inaccuracy similar

Therefore, a Wheatstone bridge, constructed from strdfy the circumferential positioning error. To minimize the

gaugesR; to R, is sufficient to produce a difference voltagégos!t'on'gg error, we pf)_rlopofse ‘1 method using a Ispemally
proportional to the torsional strain as follows: esigned transparent film for the strain gaugs placement.
As illustrated in Fig. 4, an accurate drawing of the strain

Eoy = g(q Fes—er — ) Banp gauge pIacement' positiqns is pr!nted on a tran_sparent film
using a laser printer with the finest possible lines. Then

=KerEgup (4)  the strain gauges are placed on the transparent film using a

microscope. By these means, all positioning errors are reduced
to a minimum, and as examined in our testing station to
ther placement methods, the sensing inaccuracy is minimized.

%{Qen the strain gauges are mounted on the transparent film
illustrated in Fig. 4, the transparent film is placed on the

in which K is the gauge factor, and,,; and E,, denote
output and supply voltages, respectively.

Although only two Rosette strain gauges are sufficient
extract the torsional strain, two other Rosette strain gauges
introduced to maintain symmetry and to minimize the effe . !
of positioning error. Sensing inaccuracies are caused by rad xspline and the strain gauges are cemented on the surface.

circumferential, and angular positioning error. Radial position- e final configuration of the wired strain gauges is illustrated

ing error occurs when the gauges are placed on different ra iiF'g' 5. The harmonic drive used in the testing station and

from the center of the flexspline. As shown in Fig. 2, eve ustrated in Fig. 5 is from RHS series of HD systems, with

without any radial displacement of the strain gauges, rad T rat|o_of 100:1, and rgted torqug of 40 Nm. The er>.<spI|ne
error exists, since strain gaugés and R, are placed at 'ametef Is 46 mm,.and its length 'S 49 mm. To ampl|fy thg
different radii. However, by using four Rosette strain gauge%l,JtpUt signal, a variable range amplifier W'th a gain 1000 is
as illustrated in Fig. 2, this error will be compensated by str ed. It genere_ltes 10 V dc voltage as input voltage to the
gaugesk; and Rg, which are located in the reverse position. heatstone bridge.
Circumferential positioning error occurs when two Rosette

strain gauges are mounted in an angle different thanf@en IIl. T ORQUE SENSOR CALIBRATION

each other. This positioning error introduces more sensingTo examine the dynamics of the torque sensor and to
inaccuracies than radial positioning error [11], [12]. Angulatalibrate it, we locked the harmonic-drive wave generator and
positioning error occurs when a Rosette strain gauge is raggplied a known torque on the flexspline. The locking device
mounted perpendicular to the flexspline’s axis of rotation. This a simple shaft resembling the motor shaft, which can be
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Torque Sensor Calibration vibration. Harmonic drive gear meshing vibration introduces
8 ; ! ; : ; ! f f ! a real torque oscillation which can be observed in the end
T S S S S S effector motions of robots using harmonic drives and even
sensed by hand when back-driving the harmonic drive. Its
principal frequency of oscillation (in rad/s) is twice the motor
velocity (in rad/s), for the gear teeth in harmonic drives are
meshing in two zones. A small fraction of the torque ripples
are caused by the nonideal torque measurement, because of
the direct attachment of strain gauges on the flexspline. Since
the flexspline has an elliptical shape, strain gauges mounted
on the flexspline are subjected to unwanted strain caused by
the elliptical shape. Hashimoto [9] proposed using at least
two pairs of Rosette strain gauges to compensate for this
: _ : : : : : unwanted strain. However, ideal compensation is possible only
. S S R S SR S S if there is no positioning error of strain gauges. As explained in
To,qu‘i (Nm) Section I, it has been shown, however, that using four Rosette
strain gauges, and using an accurate method to mount the strain
gauges, will reduce the amplitude of the torque ripple to a
minimum. Unfortunately, the frequency of torque ripples (in
rad/s) introduced by the nonideal behavior of the sensor is
also twice the motor speed (in rad/s), since the major axis of
Torque Sensor Gain | Consistency Measure the ellipse is travelling twice as fast as the wave generator.
6.60 Nm/Volts 2% This makes it impossible to discern the true ripples caused
by the gear meshing vibration from that caused by nonideal
measurement. As illustrated in Fig. 7, the power spectrum of

fixed to the ground. The output torque is applied using arfje measured tprque plotted for the time interval 0.8 sto 1.1 s
and weight method. The torque calibration details of loadiffj1en the velocity is almost flat and about 156 rad/s shows two
and unloading some weight on the arm in both directiong€aks, at 312 and 624 rad/s. This confirms the existence of the

This experiment is repeated at different flexspline positions, fgndamental frequency of the oscillation as twice the velocity
check the position dependence of the torque sensor. Also, |RAd shows the significance of the next important first-harmonic

range and full-range loading experiments are tested at ed@puency of four times the velocity. The dependence of the
position to evaluate the nonlinearity of the torque sensor. EEAUeNcy content of the torque ripples on the velocity makes

typical result for the full-range loading experiment is showf Possible to model them as a simple harmonic oscillator and

in Fig. 6. These data are best fitted by a straight line usifgy €MPIoy @ Kalman filter to predict and filter them from the
least-squares approximation. The estimated torque sensor ¢&jjué measurement. If only low-frequency torque control is
for each experiment is calculated from the slope of this lind€sired [5], the high-frequency ripples may be removed by
However, this gain is deemed acceptable only if it is consistefgimating them via Kalman filtering. This is more efficient
for other experiments. By consistency we mean a statistiddfn Simple low-pass filtering, because it uses the known
measure, namelyhe ratio of the standard deviation to theStructure of the torque signal.

average value of estimated parameter for different experimentg® fourth-order harmonic oscillator error model can char-
[1]. If this measure is small, we have a good consistency ffFterize both the fundgmental _and first-harmonic frequency
different experiments, and the final gain is obtained from tfontent of the torque ripple. This can be represented by the

average value of the estimated gain for different experiment@llowing time-varying discrete state space form:

Voltage (v)
o
T

Fig. 6. Torque sensor calibration results for full-range loading.

TABLE |
TORQUE SENSOR CALIBRATION RESULTS

The final gain is obtained by this method for eight experiments, @, (k) 0

and the results are given in Table I, where the gain is 6.6 z(k+1)= z(k) +w(k)

Nm/V, with a low consistency measure of 2%. This illustrates 0 (k)

that the torque sensor is quite linear, and it is not position y(k) =[1 01 0]=(k) + v(k) (5)

dependent. Moreover, the torque sensor gain is consistent for
different operating conditions. where
cos(w; (k)T,)  sin(w;(k)T) } ©)

v =]
IV. TORQUE RIPPLE COMPENSATION —sin(w; (k)T5)  cos(wi(k)T%)

One important characteristic of the harmonic-drive torqua which 7, is the sampling period, andv;(k) =
transmission, as observed in free motion experiments, i2&k),ws(k) = 46(k), and (k) is the motor shaft velocity
high frequency oscillation in the output torque signal (sde rad/s at time stef, hence®; (%) is a time-varying matrix
torque curve in Fig. 7). These oscillations, named torgasapting with changes in the velocity. Moreover,is the
ripples, were also observed by other researchers [13]. Tordoeque ripple, which needs to be observed from the torque
ripples are caused mainly by harmonic drive gear meshingeasurement by having a crude model for the expected
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Fig. 7. Measured torque and velocity and the power spectrum of the measured torque with peaks at multiples of the velocity.

Effectiveness of KF in filtering the Ripples

T T
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Fig. 8. Kalman filter performance to cancel torque ripples. Dotted: measured torque, solid: Kalman filtered torque.

torque. If measured torque is indicated BY,.,s and the expected torque can be estimated simply by the inertial part
expected torque is indicated bY..,, then torque ripple of the output torque which is the load inertia multiplied to
Y(k) = Tmeas(k) — Texp(k), while the difference betweenthe load acceleration. The first two elements of the state
true torque and the crude estimate of the expected torgtieonsist of the component of the torque ripple due to the
is encapsulated by the measurement errorsi(ib) in (5). fundamental frequency; and its derivative, while the next
Therefore, no accurate model for the expected torgilg two elements are those components of torque ripple due to the
is necessary, and hence, for free motion experiments, first-harmonic frequencys and its derivative. Therefore, the
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Torque Drift
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Fig. 9. Misalignment torque signature on the measured torque.

Effectiveness of on-line KF in filtering the misalignment torque and the ripples
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Fig. 10. Kalman filter performance to cancel torque ripples, and misalignment torque for two typical experiments.

total torque ripple is calculated by adding the first and thirth which the Kalman filter gairK . (%) will be updated from
element of the statew(k) characterizes the other frequency . Tl
components of the torEqu)e ripples which will not be estimated K.(k) =2(k)P(F)C" (K)[R(E) + C(R)PRICT (k)]
in this model. ©)
Using the fourth-order harmonic oscillator model for the P(k + 1) = Q(k) + [®(k) — K.(k)C(k)|P(k)®* (k). (10)
torque ripples, a prediction-type time-varying Kalman fil-_
ter algorithm is applied to estimate the torque ripples [14%I
A prediction-type estimate is computationally faster than . P ! X X
H@quwed for online implementation of the Kalman filter gain

current-estimate type of Kalman filter and therefore prefera - ) |

for online implementation. Assuming that the process noigiVen in (9). Fig. 8 illustrates the performance of the Kalman

w(k) and measurement noisgk) are zero-mean Gaussianf”ter |mple_mented on _Ime with a sam_plmg frequency o_f 1

white and have covariances defined @yand R as kHz tp estlmaj[e anq filter the torque ripples for two typical

experiments, in whichQ = 10%I,4 and R = 1. The

Efwkw? (k) =Q, E{v(kn® (k) =R @) performance of the_ Kalman filter for torque ripple cancellation
is shown to be quite fast and accurate.

nce the measurement signgdk) is a scalar, its covariance
atrix R(k) is also a scalar, and no matrix inversion is

the states estimates is calculated using Kalman filter formula-
tion [14] as follows: V. MISALIGNMENT TORQUE COMPENSATION

The Kalman filter can be used not only to estimate the torque
(k+1) =P(b)z(k) + K. (k)y(k) — C(k)z(k)] (8) ripples, but also to cancel any mechanical misalignment torque
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signature on the measured torque. Many torque sensors exhib®ne important characteristic of harmonic drive torque trans-
the limitation of being sensitive to the torques applied on thission, as observed in free motion experiments, is a high
direction perpendicular to their axis of measurement. In ofrequency oscillation in the output torque signal. To cancel
setup, after repeated use of the harmonic drive system fhese oscillation, named torque ripples, from the measured
different experiments, a similar torque signature was observieique, Kalman filter estimation is employed. Due to the
on the measured torque. Fig. 9 illustrates a simple experimelgpendence of the frequency content of the torque ripples on
in which the harmonic drive is driven by a constant velocitthe wave generator velocity, a simple fourth-order harmonic
but the measured torque exhibits a sinusoidal trend. Thscillator proved to accurately model the torque ripples. The
expected torque, the solid line in Fig. 9, is constant after a shparformance of Kalman filter to cancel the torque ripples from
time of acceleration, but the measured torque, dotted linésrque measurements is shown to be very fast and accurate.
displays a sinusoidal behavior. After examining the systeMoreover, the error model is extended to incorporate any
accurately, the source of this torque signature is found to bsalignment torque signature. By on-line implementation of
the misalignment of the harmonic drive shaft and the load. Blge Kalman filter incorporating a sixth-order model, it is shown
disassembling the system and carefully reassembling it, ttmat this method is a fast and accurate way to filter torque
peak-to-peak amplitude of this misalignment signature wagples and misalignment torque, and hence, this intelligent
reduced from 10 N- m to less than 2 N m. However, built-in torque sensor is preferable for torque feedback.

in practice it is quite expensive, and probably infeasible
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