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Abstract. Harmonic transmission or Harmonic Drive (HD) is a gear based on the principle of transmissibility of
mechanical waves, it begun to developing since 1955 by Walton Musse, he did the first patent on the subject. Actually
there are four manufacturers of these transmissions in the world and there is little information about his design. This
planetary mechanism has a flexible link in its kinematic chain. The principal attributes of this mechanism are an
excellent positioning accuracy, high torque capacity, high single-stage reduction ratio and zero backlash. These
characteristics had allowed betters applications in the aviation industry, aerospace and robotics industry.

The Universidad Nacional de Colombia build an industrial prototype. To validate the design assumptions we seek to
estimate the transmission error. However, the instrumentation requires special techniques to make the measurements
of output angular velocity of the transmission; this task was realized whit a PAC (Programmable Automation
Controller), which includes an FPGA (Field Programmable Gate Array) as a I/0O method and an operating system that
allow make real time contro.

The article shows the research process followed on the instrumentation of the HD, its implementation its ,waveform of
kinematic transmission error, analysis of results and a new model for predicting the error. This paper aims to
characterize the industrial prototype, more specifically, to use this knowledge to design effective the next prototype.
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1. INTRODUCTION

Harmonic Drive (HD), also named strain-wave gearitgy a gear transmission based on the principle of
transmissibility of mechanical waves; the concepisvdeveloped by Walton Musser during the mid-1990s6er,
1955). This planetary mechanism has a flexible imks kinematic chain. The principal attributefstiois mechanism
are an excellent positioning accuracy, small voluhigh torque capacity, high single-stage reductamtio, and high
efficiency and nearly zero backlash. It has beexd wgidely in precision pointing and torque convemspurposes with
space and weighs constraints. These charactersatsllowed betters applications in the aviatiwauistry, aerospace
and robotics industry.

The Universidad Nacional de Colombia built an irtdasprototype (Santamaria and Herrera, 2001) ti¢hidea of
understanding this type of technology. Actuallyréhare four manufacturers of these transmissiorthanworld and
there is little information about his design. Foe tmany favorable features they have, there aleast two unwanted
characteristics, specifically soft torsional stéfs and gear error. The goal of this study is toaitterize the behavior
in the industrial prototype using techniques of temae processing.

2. MODEL OF TRANSMISSION

The components of HD are: the wave-generator, itwilar spline and the flexible spline (Fig. 1). el'twave-
generator typically is an elliptically shaped ste@le surrounded by a flexible race bearing. Thaultar spline is a rigid
steel ring with teeth machined into the inner ainéerence. The flexible spline (flexspline) is a thiaHed flexible cup
having less teeth (usually tow fewer) on its o@#ge than on the inner edge of the circular splipan assembly, the
wave-generator is inserted into the flexspline wisishumes an elliptical shape at that end. The etin&rhowever, is
circular in shape and is attached to the outpuft.shie circular spline teeth then mesh with thedjdine teeth at the
major axis of the ellipse defined by the wave-getoera
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Figure 1. Components of a typical Harmonic Drive

It has been shown in the literature that nonlinelaracteristics including transmission error, fldiip and
hysteresis are intrinsic in harmonic drives (Hgi888). The strain-wave gearing is a special flexibdasmission
mechanism. HD employs a constant deflection wawagah non-rigid gear to let gradual engagementeair geeth
because of this unusual gear-tooth meshing adt@monic drives can bring very high reduction miio a very small
package. Their typical construction with meshingwat diametrically opposite ends gives them marefulgroperties.
The transmission is designed such that severdl tgetengaged at any given time making backlashaliy zero. But
since a link in the kinematic chain is a non-rigjear it reduces stiffness, and brings a transmmissioor into the
system.

Every harmonic drive is distinguished by his traission ratio, N, whish describes its position, witipand torque
behavior. Specifically, given a know rotation orotwf the three Harmonic-Drive ports as well as ledor N, the
ideal rotation of the third harmonic-drive port daa predicted by the equation (Tuttle, 1992):

6,, =(N+1)8, - N&, )

Where HWQ the rotation of the wave-generator &, is the rotation of the circular spline, aj,is the rotation of

the flexspline. All tree rotations in this equatiare defined in the same frame of reference, silpjlthe derivative of
this relationship yields a similar velocity con@tita

W,y = (N +Dw, — N, 2

Where @, , W and g represent the angular velocities of the three bareadrive components relative to the
same velocity reference.

3. MODEL OF KINEMATIC ERROR

In applications requiring high positional accuratlye inherent kinematic errors manifested by haimalnives
expose the deficiencies of an ideal transmissiodehd he kinematic errore‘Brr is typically measured by subtracting

the rotation at the output of the harmonic drivenirthe input rotation scaled by the ideal ratio fbe given
transmission configuration (Tuttle and Seering,3)99

17

Herr = ﬁ - HOUI (3)

Typically the input port is the wave generator, tlugput port is the flexspline and the circulanrsplis constrained.
Making use of the kinematic model, Hsia in 1988 Idoconsider how structural errors vary as functiafisthe
geometric parameters of the mechanism. Specifichltyrelationship between the major axis and manads of the
ellipse, from this analysis they shows that theeeiaherent positioning errors associated withithemonic gear drives
irrespective of manufacturing and assembly errbingse errors should be of particular concern whenmechanism is
used in precision pointing applications.
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Then in 1991 Nye and Kraml consider the gear evamses. They found that these errors are attribmadly, to:
tooth placement errors on the flexspline, tootlt@haent errors on the circular spline and lack ofcentricity between
flexspline and circular spline. Nye and Kraml hasmdnstrated that typical kinematic-error signatureary
periodically at once and twice the rotational freley of the wave-generator and subsequent harmonics

Based on this result, the harmonic-drive kinematioré,, was modeled as sum of sinusoidal functions. Fastmo
cases, the first three sinusoidal terms were adedoalescribe the kinematic-error profile (Hidatal, 1989):

O, = Asin@,, + @)+ A, sin(26,, + @) + Aysin(4g,, + @) (4)

WhereHWg is the wave-generator angle, af§l and ¢, are the measured amplitudes and phases of the &titem
error components at each frequency. A Fourieesesi proposed for a model:

8., =D Asin(2k8 +q) (5)

Here 8, is transmission errorA\ .is amplitude of respective harmonic functid,is input shaft position, angj,

is phase lag of respective harmonic function. Wihengear is in operation, a transmission error pced a speed ripple
as a derivative of the transmission error. Freqgesnaf the speed ripple become 2nd multiples ofripat shaft turning
frequency.

Kennedy and Desai (2003) say that kinematic eragrahsignificant effect on the torque transmissiteracteristics
of HD, they found that compensating for coulomkctfon using the torque required to maintain slowogity
eliminated almost all the effects of kinematic er®@alvente in 2006 John gave a characterizatidghekinematic error
using FEA and found that the simulation performdtheut restrictions on the wave generator show filgwcenter
moves during operation of the HD resulting in tp@@arance of vibrations that are transmitted orothiput shaft.

In order to reduce the speed ripple Godler et 884} proposed an active repetitive control and @dothat the
Fourier series is an appropriate mathematical mmdedpresent the transmission error of the strgive gearing. Later
Taghirad and Belanger (1996) development a sefignoalels with increasing complexity to describe tr@monic
drive behavior. Their most complex model involvaedeknatic error, nonlinear stiffness, and gear-tantarface with
frictional losses. In 1997 Taghirad and Belangappsed a robust torque contrbls objective is well-suited to the

generaH _, problem. Miyazaki and Ohishi in 1999 treated #mgular transmission error as harmonic function of
motor angular position(6) and propose the modelhsidain figure 2.

6us =, B+ Asin(25,) ©)

The complete model of the transmission and the powi is:
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Figure 2. Non-linear model of HD into a motor model

Ghorbel et al (2001) decomposed the kinematicsr.efiloey present a more precise characterizationpsrogose
that the kinematic error is mostly dominated by twajor components. The first componeﬂ[), , is a basic component
that is “pure” kinematic error resulting from th@nematic structure of the harmonic drive. Theosgtcomponent,

Hx , is mostly due to the stiffness properties ofdhge. Consequently, the expression of the kinesrextior introduced
in (3) could actually be decomposed into
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6, =6, +6, 7)

The flexibility induced component of the kinematgicor:.

- k
, =2+ [a, codng,) +b, sin(ng, )] ®)
n=1
Where
1 21 ~
a, =], 0(6,)cos0d,)de, ©)
1 con~ )
2 =], 0(6,)sin06,)dé, (10)

The flexibility-induced component in the kinematicoe is mostly the source of the high-frequency ponents of
kinematic error reported in the literature Ghonbieal (2001).

Harmonic Drive should have a robust speed conttgbridhm to suppress vibration phenomena. When the
frequency of the angular transmission error coiesidith the resonant frequency of control systdm,joint actuator
having planetary gear may generate large torsiviahtion torque. In this sense Gandhi and Gho(heb9) use a
Closed-loop compensation of kinematic error. Miyazend Ohishi (2002) introduce a robust speed obntt.u and
Lin propose a Disturbance-observer-based adap#edférward control when the control scheme congi$tshe
internal model control (IMC) and an adaptive feedfard cancellation (AFC) based on a disturbancenes (DOB).
Han et al (2008) reduce de velocity ripple usinglkpfter with acceleration feedback.

4. DESCRIPTION OF THE EXPERIMENT

The goal of this study is to characterize the kiatenerror presented in the industrial prototyphisTharmonic
drive has a wave generator planetary-type, toverslinstead of an elliptical bearing, and the fidixe use a dynamic
circular spline coupled to output shaft, instead @fave generator cup-type (Santamaria and He26d,). It has 56.5
of transmission ratio. We can see the image afstréhl prototype of harmonic drive (Fig. 3) whislscheme (Fig. 4).

Figure 3. Industrial prototype of harmonic drivalts by Universidad Nacional de Colombia
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Figure 4. Scheme of Flexondulatoria (H. D.) tesapgaratus
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The input encoder has a resolution of 0.075 degredsthe output encoder has a resolution of 0.@Hsests. The
motor is driven by a Variable Speed Drive commut@idawith a Programmable Automation Controller (PA®G)
combines an embedded real-time processor and Piglgrammable Gate Array (FPGA) it is a high-perfance;
reconfigurable chip programmed with LabVIEW. Thée tabVIEW code is converted in VHDL code to config the
FPGA chip. In this test we implement encoder regsliat high speed using the LabVIEW built-in funosofor
transferring data between the FPGA and the rea-tpmocessor. Now deterministically we calculateekiatic
transmission error every millisecond using the éiquna(3). Then linearly interpolate the time-baggakition-error
signal and finally take a Fast Fourier TransfornFTJ of the interpolated data vector to identify tliequency
components of the error signature in terms of impublutions.

5. MEASURE OF THE KINEMATIC TRANSMISSION ERROR

To measure the position error, the engine must havenstant speed, and then wait for the inputtskathes a
certain angular position to start the measurenfdhsamples are taken from the same angular positittii complete a
lap on the output shaft. The experiment was repesd¢®eral times to ensure repeatability of samalteb reduce the
effect of measurement errors. Figure 5 illustrétesposition-error waveforms observed and Fig.d@astihe FFT result.
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Figure 5. Position-error waveform at two input tmta

0,0025 -

i Espectro |/\/| |

0,00z -

0,0015 -

0,001 -

Error rms™2

0,0005 -

0- . . J . i

1 | 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
o055 1 1,5 2z 25 3 35 4 45 S5 55 6 65 7 A5 & &5 9 95 10 105 11 11,5 1Z
Frecuencia (iclos/revoluciones de entrada)

Figure 6. FFT of position error in cycles per inpexolution

Figure 5 shows a signal with a defined period whigindicated by its frequency spectrum. In figwé can see
how the frequency peaks are close to twice thedspéentry, but not exactly in that place also thighest peak is
located near the fourth harmonic of the rotatioeespat input port. This sample was taken at clos&wfigure 7 and
Fig. 8 show the waveform of error at counterclodevi

From figures 6 and 8 can be seen that the diredtioatation affects the harmonics present in thsiton error for
the transmission tested. In the waveform positivarghere are more harmonics (7) at counterclos&wiat harmonics
(4) at clockwise. After performing a significanimber of samples we found that in all cases thenbaic frequencies
were higher than those predicted for (5). In thisdel the source of failure is the loss of conceityribetween the
circular spline and the flexspline. With these fesane can characterize the behavior of the tréssiom.
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Figure 7. Position-error waveform at two input tata at counterclockwise
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Figure 8. FFT of position error in cycles per inpexolution at counterclockwise

Several experiments have lent further insight the repeatability and variation of typical geareerwaveforms.
The most important conclusion is that the harmoaresnot presented in the frequency predicted dyetiuation 5. It is
necessary to propose a new model to justify thembs behavior. One possibility being studied aufyeassessing
whether the disruption of transmission error mowéh the rotation of the wave generator and thisilexplain why
the peaks in frequency are moved towards higheregalThe proposed model for the error is:

Y sin(Zk@in( NN+ 1) ¥ ¢j (11)

Are currently carrying out extensive testing totimyalidate hypothesis is proposed. These tesistiia speed of entry
and the direction of rotation for different typefsveave generators. As a result of this investigatiwe confirmed the
expected position-error frequency distribution ogkaracteristically frequencies. This is a starfognt for analyzing
the transmission designed by the group.
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