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Abstract: In order to realize a microtorque standard, we
investigated the principle of a torque generatimghad using 2. A TORQUE GENERATION METHOD BASED ON

an electromagnetic force by referring to watt baéan THE WATT BALANCE PRINCIPLE
experiments for the redefinition of the kilogram.enh we
have developed an electromagnetic force type tostarelard A rectangular coil is installed in a homogeneous

machine (EMTSM), andthe Sl traceable torque was magnetic field. When the electric curreiytflows through
successfully realized for the first time using atimoel  the rectangular coil, the torquk, is generatedle is given
which does not refer to the gravitational farieethis study,  by:
we studied on the realization of torque less than 1. mN
based on this principle. As a result, torque dow.B T = NABIcoso, 1)
pUN-m was successful realized by using a highly ateur whereN is the number of turns of the rectangular obik
programmable voltage/current source. the cross-sectional area of the rectangular cdiBais the
magnetic flux density, and their prodiAB is called the
Keywords: torque, torque standard, microtorque, wattmagnetic flux passing through the rectangular bfhen

balance, electromagnetic force. the normal vector of the rectangular coil is orthugjdo the
magnetic field vectorTe reaches its maximum value as
1. INTRODUCTION follows:
T, = NABI. 1y

All primary torque standard machines developedatyn
National Metrology Institutes (NMIs) were adoptetbeque  |n order to realize Sl-traceable torque based on(Eq
generation method using the force of gravity. Imegelly, ~NAB and | must be evaluated rigorously. However,
these torque standard machines are called deadvteighe rigorous evaluation oNAB is very difficult due to the
standard machines (DWTSMs). The lowest primary terquimperfectness in the coil shape and the non-unifgrin
standard based on this method was 1 mN-m, andizaida __the magnetic flux density. On the other hand, wtien
DWTSM was only a 1 N-m torque standard machingeqiangular coil installed in the homogeneous mégne

developed at the Physikalisch-Technische Bundedanst . . .
(PTB) in Germany [1]. At the National Metrology litste of field is rotated at constant angular velocity the induced

Japan (NMI1J), three DWTSMs with nominal capacityl6f electromotive forceV, is generated! is given by:
N-m, 1 kN-m and 20 kN-m were developed [2-4], dued t V = NABwsinwt, 2

torque traceability system in Japan was constryé&edhe L
calibration range of torque measuring devices (TMBs) Wheret is time. Whente normal vector of the rectangular

from 0.1 N-m to 20 kN-m. Moreover, in order to expthe coil is orthogonal to the magnetic field vect¥rreaches its

calibration range of TMDs in the microscopic regiae ~ MaXimum value as follows:
focused on the possible application of the wattibed NAB =V/w. 2y
method used for redefining the kilogram [6, 7].

Then, we designed and developed a new torq
standard machine based on a torque generation thetho T,w =VI. (3)
using an electromagnetic force, and the Sl-traed@antjue
was successfully realized for the first time ustngethod
which does not refer to the gravitational force [18] the

U%O,Te can be calculated from equations (1)’ and (2)’ as:

Te can be evaluated by measuriagV andl. Thus, SI
traceable torque can be realized by referring ¢éoathgle
previous study, the lowest torque that we couldizedy standard, frequenc_y standard, v_oltage standardamnent
using the new torque standard machine was 1 mNim. fstandfard, respectively. Equatu_)n (3) ShOWS. that the
the present study, we studied on the realizatiotommfue eIect_rlcaI power and the mechanical power are eiqubk
less than 1 mN-m based on the principle of theutrq rotating coordinate system.

generation method using an electroneigrforce.



3. EXPERIMENTAL CONDITIONS

First, we give an overview of a new torque standar
machine based on a torque generation method using
electromagnetic force. Next, a highly accurate paognable
voltage/current source and a high accuracy low nami
capacity torque measuring device using in preseiolysare
shown. Finally, the torque generation proceduresisg the
new torque standard machine is described.

3.1 ANEW TORQUE STANDARD MACHINE BASED
ON A TORQUE GENERATION METHOD USING
ELECTROMAGNETIC FORCE

Figure 1 shows a photograph of a torque standacthima
based on a torque generation method using
electromagnetic force. This new machine is calleé t
electromagnetic force type torque standard machin
(EMTSM). Its basic hardware components are (1) acserv
motor with a reduction gear system, (2) couplir{@%.a low
nominal capacity TMD, (4) an aerostatic bearing, #5)
optical rotary encoder, (6) an electric currentiage
measuring system, (7) a rectangular coil, and @ggnetic
circuit with two neodymium magnets. The machinedsup
vertically.

The torque generation method based on the watt dmlan
experiments consist of two phases: evaluationeofithgnetic
flux passing through the rectangular coil and gatien of
torque. In the previous study, the magnetic fluxssieg
through was evaluated, its value was estimated do |
4.355x1@ V-s (=kg- m-s- A1), Also, the angular position of
the rectangular coilpy, at whichV reached its maximum
value has already been evaluated. In the phadeedbtque
generation, the electric currerdt was supplied to the
rectangular coil from the battery mounted on thecteic
current/voltage measuring system. However, thigebat
system cannot supply current to the rectanguldiess than
1 mA. In this study, we adopted a highly accurate
programmable voltage/current source to supply otiteethe
rectangular coil less than 1 mA as shown next @ecti
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3.2.AHIGHLY ACCURATE PROGRAMMABLE
VOLTAGE/CURRENT SOURCE

Figure 2 shows a photograph of a B2912A from Kdyisig
Technologies Inc. that is a highly accurate progratsim
voltage/current  source. The B2912A incorporates
voltage/current measurement functions. It's called
source/measure unit (SMU). Its minimum source rd8mis
and its minimum measurement resolutions are 10fA10
nV, respectively.

3.3. HIGH ACCURACY LOW NOMINAL CAPACITY
TORQUE MEASURING DEVICE

Figure 3 shows a photograph of a newly developgt hi
accuracy low nominal capacity TMD. Its nominal capais
0.1 N-m. This TMD was calibrated by using the 10aN-
DWTSM to expand its calibration range. The resolutf
this TMD with DPM40S2 (Amplifier/indicator, from HBM
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Figure 1. Photograph of the TS based on the torque
generation method using electromagnetic force.

» _ ~%
Figure 2. Photograph of a highly accurate programable
voltage/current source with voltage/current measerd
functions.

GmbH) was 1x16 mV/V, and its value was approximately
equivalent to a torque of 0.Q8N- m. In this study, the TMD
was installed in the EMTSM to check the torque geedrhy
the electromagnetic force.
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Figure 3. Photograph of the low nominal capacity torque
measuring device with a nominal capacity of 0.1 N-m |7 uA
Figure 4. Relationship between the electric curreand the
torqueT.

3.4. A TORQUE GENERATION METHOD BY USING
ELECTROMAGNETIC FORCE TYPE TORQUE
STANDARD MACHINE uncertainty of torque realized by the EMTSM was rdygh
estimated as a trial calculation in our previouskwvdhe
The torque generation procedure by using the EMTSM ieglative expanded uncertainty of the torque redlizy
as follows. First, the TMD with the nominal capaaity0.1 =~ EMTSM, Wsm_o Was evaluated as: [8]
N-m was installed on the EMTSM. Next, the positiorheaf
rectangular coil was adjusted by using the servtomaith Wism, = k * Wesm, = k- \/w§+wj +wZ+wl (4
the reduction gear system such that the anguléigrosf the
rectangular coil was maintained @t Feedback control for where wy, wa, W, and Wy are the relative combined
maintaining the position of the rectangular cop@ltad been  yncertainties ascribable to the voltmeter, the atamand
performed during the torque generation processt,NBR  the angular velocity measurement, respectively, thed
SMU and the rectangular coil were connected. Thtowed  re|ative  standard uncertainty ascribable to the
through the rectangular coilwas supplied to the rectangular yetermination ofo. k is the coverage factok & 2). In
coil for 35 seconds. The output of the TMD was mezcstor previous studyWism ewas estimated to be 1.6 x3ib the
10 seconds before the end of measurement at #rwahof torque range from 1 mN-m to 40 mN-m. In presertystu
0.5 seconds. in order to supply current to the rectangular sk than
1 mA, the highly accurate programmable SMU was
substituted for the battery. Thus, was re-evaluated in

Figure 4 shows the relationship between the elzectrithIS studywa is given by:

currentl and the 'Forqué' . Horizontql and ve_rtic_al axes are w? = Wf_re ;+ Wf_res + Wf_var, (5)
both expressed with common logarithms. This fignohudes ) ]
the torque realized by the EMTSNewrsy, the torque WHErewa rer, Wa_res andwa var are the relative combined

measured by the TMDwp, and the torque calculated from uncertainty ascribable to the SMU used as the eater

equation (1)Tca. Here, we used actual measurement valuestandard, the relative standard uncertainty dueheo

of the magnetic flux passing through the rectangaotdl, resolution of the SMU and the relative standard

NAB. The apparent cross-sectional area of the rectanguluncertainty due to the variation of the measureth,da

coil A as measured by a vernier caliper is estimatedeto respectivelywa var Was evaluated by Type A evaluation,

2.627 x 10° m?. The apparent magnetic flux densiyvas and the others were evaluated by Type B evaluati@n.

estimated to be 323.8 mT based on the test repomited near 5uA was evaluated as:

by the manufacturer of the magnetic circuit. The banof _ s

turn N was 50. ThusVAB was estimated to be 4.253 x210 wy = 5.3 x107%. 6)

V-s. In Figure 4, it was found that the torqueigeal by using  Thus,Wism ewas evaluated to be 1.7 x3@vith the coverage

the EMTSM approximately was OfN-m when the electric factork of 2, in the torque range from QuBI-m to 50uN-m.

current flowing through the rectangular coil wasireated to  So, the torque generation method using electrontiagioece

be 5pA. can realize lower torque than the torque generatiethod
The EMTSM was a prototype used confirm the wattusing the force of gravity.

balance method in rotating coordinate system. The

4. RESULTSAND DISCUSSION



5. CONCLUSIONS

In order to realize a microtorque standard, the EMTSM
have been developed at NMIJ/AIST. The principle o t
torque generation method of the EMTSM was baseden t
watt balance principle. In the previous work, weldaealize
in the range down to 1 mN-m by using the EMTSM. In
present study, we investigated the realizationoajue less
than 1 mN-m by using the EMTSM. The highly accurate
programmable voltage/current source was introdacsethe
power supply. As a result, we successfully realiredhe
torque range down to OBN- m by using the highly accurate
programmable voltage/current source.
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