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Abstract 
We report measurements of angle error characteristics of new high-precision multi-speed resolvers developed for a 

1 O-m submillimeter telescope of Nobeyama Radio Observatory. We have found the resolvers have an accuracy of 0.03" 

rms and O.26" peak-to-peak, which is well below the error budget assigned to the angle encoder in the LMSA/ALMA 

project (0.15 - 0.2"). The error pattern in the raw readout had simple characteristics and was only composed of a few 

Fourier components which are associated with the number of winding poles and core slot number of stator. The 4" 

peak-to-peak error in the raw readout is reduced to less than 1/15 by the PROM correction. We have also found that 

shaft misalignment causes only small changes of error pattern (0.08" error per O.10 mm shaf't misalignment), which 

enables us to install the resolver simply by the fitting. The temperature dependence of error pattern also seems to be 

small enough for the operation temperature range specified in the project. 
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1. Introduction With a 25-bit resolution (LSB = 0.039"). They are not 
only high accuracy, but are also capable for reading out 

The angle detection device is a key instrument for the absolute angles. Furthermore, they should have high 

accuracy of pointing/tracking of a radio telescope, reliability, because the telescope is operated in harsh 

because radio telescopes are usually obliged to make conditions, namely in the open air, at an elevation of 

blind pointing using only angle encoder readouts. The 4800 m, and in the desert at a remote site. The resolver 

specifications imposed on recent high-precision anten- would be very competent for this job among various 

nas are demanding and challenging. For example, the types of angle encoders (e.g., an optical rotary encoder), 

antennas of a 10- 12 m diameter for the Large Millime- since it has a simple robust structure and simple error 

ter/Submillimeter Array (LMSA) project (e.g.. Ishiguro characteristics. 

et al. 1998) and the Atacama Large Millimeter Array In 1988, we developed a resolver system with an 

(ALMA) project (e.g., Cheng and Kingsley 1998) are accuracy of 0.4" rms (Ukita and Tsuboi 1994). As a 
specified to have a pointing/tracking accuracy of better result of continuous improvements of high accuracy 

than 0.7 - 0.8". The error budget assigned to the angle resolvers in a subsequent decade, the performance can 

encoder is as small as O.15 - O.2". now be discussed on the order of 10 milli-arcsecond 

Nobeyama Radio Observatory (NRO)¶ has construct- (mas). Such efforts include new winding arrangements 
ed a I O-m submillimeter antenna which has been and angle error studies based on magnetic field analyses 

designed as an experimental antenna for the LMSA pro- of a resolver with a finite element method (e,g., Masaki, 

ject (Ukita et al. 2000). The angle encoders we 1999) and development of high accuracy angle calibra-

employed are multi-speed resolvers (resolver for short) tion system (Masuda and Kajitani 1993). 
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This report describes our high-precision resolver sys-

tem and its performance. Section 2 explains our 
resolver system and the basic principle on which the 

device works. In section 3, we show that our encoder 

system has achieved an accuracy of 30 mas rms. We 

have also made various measurements of error charac-

teristics of the system, which will be useful in main-

taining the system accuracy and in shooting troubles of 

the system. The achieved high accuracy of 30 mas rms 

would greatly help us to measure dynamical behaviors 

of the antenna system, those due to dynamic loadings 

from wind turbulence, seismic ground motion, and peri-

odic mechanical loadings from telescope drive motors. 

2. Resolver System 

Our angle encoder system is composed of a multi-

speed resolver (figure I ) and a resolver-to-digital (RD) 

converter unit (figure 2). The resolvers are attached to a 

Yoke mount of the telescope and are connected by a 

rotor coupling to each axis. The relative position of the 

rotor and the stator is supported to the high degree of 

accuracy by a pair of bearing unit. The resolver bearing 

unit has a hollow shaft of I I O mm, through which opti-

cal fibers and cables can pass. 

2.1 Multi-speed Resolver 

The resolver is an inductive angle measuring 

device which has pairs of coils on each iron core of a 

rotor and stator. Our multi-speed resolver has two kinds 

of coils of two poles per turn (called IX) and 256 poles 

(called 1 28X) are wound on each iron core of a rotor 

and stator. The purpose of two kinds of windings is to 

get an absolute angle of a turn with I X and to improve 

angular resolution with 128X. Rotor rotation of a 11128 

turn (2.81 25 deg) produces one cycle of amplitude vari-

ation of output signal in the 128X winding. When a 

winding on a rotor is excited with an AC reference sig-

nal (usually at frequency f = 400 Hz), 

e* =E sin 2Jr ft [V] , (1) 

a sinusoidal voltage is also induced in stator windings. 

Two output voltages (e, and e.) in the two stator wind-

ings, which are placed perpendicular to each other, vary 

according to the sine and cosine of the shaft angle e : 

e, =K,ei sin(Ne + a,) [Vl, (2) 

e, =K,e* cos(Ne + a.) [V], (3) 
where K* and K* are a transformation ratio, N is a num-

ber of winding pair (N = I for IX and N = 128 for 

128X), and a, and a, are angle offsets. For an ideal 

resolver, the constants K, and K, are equal and the 

angles a, and (~, are zero. Thus the output voltage ratio, 

Ukita et al. 

e:e. = tan NO, (4) 
is independent of the reference signal and depends only 

upon the shaft angle. 

2.2 RD converter 
Figure 2 shows a block diagram of the RD converter 

unit. The unit has three functions. First, angle signals 

of I X and 1 28X resolver windings are converted into 7 

bits and 1 8 bits signals, respectively. An absolute angle 

readout of 25 bits is obtained by combining two outputs 

of IX and 128X. Second, the readout is corrected using 

a look-up table of angle errors at 214 points per rotation 

(every about 80") stored in the PROM of the encoder 

electronics (hereafter, called the PROM correction). 

Finally, the data are transferred to the control equip-

ment of the radio telescope. The angle data are held 

and read every 10 milli-second by the telescope control 

unit. 

The RD converters used in our system are of tracking 

type. They are insensitive to environmental changes, 

such as temperature range, reference voltage tolerance, 

power supply fluctuations, etc. The frequency of opera-

tion can be changed in the range between 400 and 2000 

Hz, in order to tune to minimize errors. 

2.3 Resolver Error Characteristics 

Output AC effective voltages which vary with a shaft 

angle are sinusoidal for an ideal resolver. In practice, 

they have distortions induced by several causes, for 

example, a misalignment between a ring of coils and a 

centerline of a hollow shaft (eccentricity error), or 

imperfection of coil shapes and slot shapes of rotor and 

stator. The rotor and stator have 256 and 296 slots, 

respectively. These misalignments and imperfections 

give small deviations of the transformation ratios 

among the individual coils. Since coils are connected in 

Fig. I . A newly developed resolver with an accuracy of 30 

mas rms. 
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Fig. 2. A block diagram of a resolver-to-digital converter system. 

series, these deviations are not localized, but are of peri-

odic nature. The periodic error is the very distinctive 

feature of resolver. In order to achieve high accuracy 

and stability, it is important to identify error sources and 

to characterize them. The output voltage is usually writ-

ten by following equations (e.g., Masaki 1999): 

e.= E.+E,,(1+p)sin(a+~)+ ~; E,,sinjO [V] (4) 

e.= E,cose+ ~ E.,cosjO [V] (5) 

where Ed is a D.C. drift offset, E0=K*ei, p is an unbal-

ance transformation ratio between sine and cosine out-

put voltages, ~ is non-orthogonality of the sine and 

cosine outputs, and E,j and E,j are errors due to mechan-

ical misalignments and imperfections in sine and cosine 

outputs, respectively. Most of the terms are very small, 

but those for the misalignment between a ring of coils 

and a centerline of a hollow shaft a=1 and 2) and those 

for the slot imperfection of iron core ~=256 and 296). 

Assuming that the ideal output angle theta has a small 

error of c 

L~= tan (0+e), 

and Ed/E,, = y , p , and ~ are also small, we obtain an 

error equation from equation (4) and (5). 

e-~ycos0+~ [p sm2e+~(1+cos 2e)] +~a smag+ ) (7) 

where aj and ~j are phases and amplitudes of error 

components for errors due to mechanical misalignments 

and imperfections, respectively. In the development of 

our resolvers, the error budgets were given for these 

individual error sources using experiment data obtained 

with a similar resolver of a IX-64X type. 

2.4 Flexible Coupling 

Besides the errors mentioned above, the reversal 

error is also a key which governs the antenna system 

performance. Measuring error that results from 
approaching a position from different directions is relat-

ed to torsional stiffness of a coupling and the maximum 

static friction of the bearing unit. The former is 4.6 N 

m arcsec~1, and the latter is 0.3 N m. Therefore, the 

maxirnum error is about 70 mas. 

3. Measurements 

3.1 Angle calibration system 

All the measurements shown in this report were made 

with an angle calibration instrument that is well cali-

brated and maintained in a laboratory at Shizuoka Insti-

tute of Science and Technology (Masuda and Kajitani 

1993). The measurement accuracy of the calibration 

system was presumed to be approximately 50 mas peak-

to-peak. Using the time conversion method, relative 

angle position errors can be measured with a resolution 

of I mas. The rotation speed for the measurements was 

O. I rpm (0.6 degree s~]). 

3.2 Resolver Error Pattern 

The measured error pattern of the azimuth encoder is 

shown in the left panel of figure 3. The measurement 

was made at 214 points per rotation (every about 80"). 

The peak-to-peak error amplitude was about 4 arcsec-

onds. The right panel of figure 3 shows the Fourier 

component of the error. The figures clearly show that 

these errors are of periodic nature. The amplitudes of 

dominant components are listed in table I . The ampli-

tude of the first order error, which is due to machining 

accuracy and bearing rotational accuracy, are 1200 and 
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Measurement of raw readout of the azimuth encoder (left) and its Fourier components (right). 

Table I . Measured amplitudes of periodic angle errors for 
the azimuth and elevation encoders. 
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Amplitude of Error [milli-arcsecond] 

Order Azimuth Encoder Elevation Encoder 
l ,200 3 5 9 

80 
36 

253 
210 
242 
l 73 

360 mas for the azimuth and elevation encoders, respec-

tively. The errorcomponents of the 1 28th order, which 

is due to D.C, offset, are about 250 mas. The 256th 

order harmonic error, which is due to unbalance of the 

output voltages, non-orthogonality of the two outputs, 

and the rotor slot imperfection, are 210 and 1 43 mas. 

The amplitudes of the 296th order harmonic error by 

the slot imperfection of the stator were 242 mas and 699 

mas for the azimuth and elevation encoders, respective-

ly. In addition, the error has been composed of multiple 

components of these higher harmonic. 

Similar resolvers made for the 45-m telescope in 

1988 had an error amplitude of 13" in raw readout. The 

accuracies of the new resolvers are clearly improved. 

They are about 3 times as high as that of the former. 

The improvement seems to be due to new winding 
arrangements, namely sinusoidally distributed winding 

on fractional slot (Masaki 1999). The other causes of 

the improvement would be cutting precision of stator 

/rotator core and rotational accuracy of the bearing unit. 

3.3 Accuracy after PROM correction 
Five measurements of the error pattem were repeated 

while the relative orientation angle between the resolver 

shaft and the angle calibration instrument is shifted by 

4,.20 
O 60 1 20 1 80 240 300 360 

Angle [deg] 

Fig. 4. Angle errors of readouts after PROM compensation. 

72 degree. The periodic errors except for 72/n degree 

components with the calibration instrument, if any, are 

suppressed by average of these five measurements. The 

averaged error pattern is stored in the PROM. Figure 4 

shows a subsequent measurement of the angle error 

after the PROM correction. The error was measured to 

be 30 mas rms and 260 mas peak-to-peak. 

The achieved accuracy of 30 mas rms is 1/5 of the 

specified value in the LMSA/ALMA project. The 4" 

peak-to-peak error of the resolver was reduced to less 

than 1/15 by the PROM correction. The accuracy of the 

resolver system was repeatedly measured for several 

days. We confirmed the reproducibility level to be 

equal to the accuracy level. This suggests that the 

resolver bearing unit rotates accurately without irregular 

motion. Runout components which are not synchronous 

with rotation are very small. 

3.4 Error due to shaft misallignment 

When an angle encoder is installed on a telescope 

mount, shaft misalignment is inevitable. To accommo-



date the misalignment, collinear axes 

with a flexible coupling. Our 10-m antenna has align-

ment adjusters for the azimuth axis, but no adjusters for 

the elevation axis. We need to measure changes of error 

characteristics due to shaft misalignment. 

There are two sources of error associated with shaft 

misalignment. They are transmission error of the flexi-

ble coupling and error due to displacement of a resolver 

bearing unit. 

Figure 5 shows Fourier components of error ampli-

tudes induced by a radial misalignment of O.10mm. 

Only the changes of 78 mas and 28 mas were observed 

in the first and second order components, respectively. 

No changes larger than 3 mas were observed in the high 

order components. In practice, the first order compo-

nent of the above errors is usually removed in a tele-

scope control computer programme together with point-

ing errors due to antenna axis misalignment, radio beam 

tilt due to gravitational deformation, etc. These results 

suggest that the integration simply by the fitting could 

ensure the accuracy necessary. It would be a great help 

for us that no finer alignment for centering is required. 

Figure 6 shows amount of change of the first order 

harmonic component vs. radial misalignment. The 
amplitude of angle error increases with the displace-

ment. The error amplitude is given as 

!TO e - 4NR. ' (8) 
where a is the radial shift of the rotor shaft centerline, 

N is a number of winding pair (N = 128), and R, is a 

radius of stator (125 mm) (Masaki 1999). From the 
observed error amplitude, we find that the radial shift of 

the rotor centerline ~ is about 8 ;1 m, small compared 

with the radial misalignment of 100 1~m. 

A High-Precision Angle Encoder 

are connected 

3.5 Temperature dependence of error pattern 

The telescope is operated in the open air. The expect-

ed temperature variation ranges from -20 to +20 
degree Celsius. Since there is no temperature control for 

the resolvers, it is our great concern how large the peri-

odic error pattern of the resolvers changes with temper-

ature. 

We measured the error patterns before and after the 

temperature of the laboratory room changed by 8 
degree. Comparisons of each Fourier component of the 

error patterns have revealed variations of 13 - 32 mas 

in the I " , 2"d , and 3'ti components and a small change of 

6 mas in the 256,h components. Since there are many 

potential causes for the changes of the low Fourier com-

ponent in both the resolver itself and the angle calibra-

tion system, it is difficult to estimate variations of the 
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Fig. 5 . Fourier components of error due to shaft radial 
misalignment of O. 10 mm. 
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error intrinsic to the resolver. The variation of the 256,h 

component may be due to changes of winding shapes 

by different thermal coefficients among windings, sta-

tor/rotor cores, and varnish material. 

It is important to note that the calibrations were made 

at a room temperature of about + 20 degree Celsius. At 

the lower end of - 20 degrees Celsius, the 256*h compo-

nent would increase to amplitude of 30 mas, but it 

would be a negligible contribution. 

4. Concluding Remarks 

We have measured angle error characteristics of 

newly developed resolvers for NRO 10-m submillime-

ter telescope. We have found they have an accuracy of 

30 mas rms and 260 mas peak-to-peak, which is well 

below the specified value in the LMSA/ALMA project. 

The 4" peak-to-peak error in the raw readout is reduced 

to less than 1/15 by the PROM correction. We have also 

found that shaft misalignment causes only small 
changes of error pattern, which enables us to install the 

resolver simply by the fitting. The temperature depen-

dence of error pattem also seems to be small enough for 

the operation temperature range specified in the project. 

The current achievement is a result of advanced design 
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technique of a resolver and R/D converter, a high preci-

sion bearing unit, and a shaft coupler in a decade. 

The authors wish to thank Mr. K. Toyotake for his 

assistance during the measurements at Shizuoka Insti-

tute of Science and Technology. 
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