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ABSTRACT 

A resolver-type angular sensor for space applications 
has been developed. The features of the developed 
angular sensor are high accuracy (±5 arc-sec) and high 
resolution (21bits). Due to the high performance of the 
angular sensor, it can be used for high-accuracy antenna 
pointing mechanisms, as well as other pointing and 
drive mechanisms. 
The resolver-type was selected because of its high 
tolerance against mechanical environmental conditions 
of launch. To achieve high reliability, redundant 
windings in the resolver and redundant electronics (RD 
conversion) were adopted. Smaller-size and lighter-
weight were realized by utilizing high-density mounting 
technology for electronics board, and use of Ti-alloy as 
a structural material.  
Qualification tests revealed that the angular sensor can 
withstand the vibration and the thermal-vacuum 
environment without degradation of the performance. 
High-accuracy of ±5 arc-sec was also verified even at 
temperatures at -30 ºC and 80 ºC.  Temperature-cycle 
life test of the electronics board confirmed its durability. 
Ball bearing test is now underway to prove the 
mechanical durability of the angular sensor. 
 
1. INTRODUCTION 

Several types of angular position sensors have been 
employed for space applications. For applications where 
the accuracy requirement is not so severe, such as solar 
paddle drive mechanisms, potentiometers are frequently 
used.  The higher accuracy angular sensors are required 
for some space applications, such as antenna pointing 
mechanisms and equipment of earth observation 
satellites. Optical encoder-type angular sensors have 
been dominantly adopted for these applications. Typical 
performance of the present optical encoder-type angular 
sensors is 18 bits resolution and ±5 arc-sec angle.  
 

In 2003, the JAXA Committee on Space Component 
Technology selected an angular sensor as a high-priority 
component to be developed by JAXA [1]. JAXA 
selected Tamagawa Seiki Co., Ltd. for the development 
of the angular sensor. The points of the development 
were high accuracy (±5 arc-sec) and high resolution 
(21bits), with high reliability and long life.  
In this paper, brief overview of the development 
activities is presented. The design features of the 
angular sensor, the results of qualification tests and 
additional engineering tests, including life tests, are 
described. 
 
2. DEVELOPMENT OVERVIEW 

A resolver-type was selected for the development of a 
high performance angular sensor.  High resolution 
(21bits) is realized by employing the newest electronic 
component (RD converter), and high accuracy (±5 arc-
sec) is achieved by minimizing mechanical factors as 
well as electrical correction of periodical errors.  High 
reliability is achieved by redundant design of resolver 
coil-windings and the RD converter circuits.  Resolver-
type angular sensors are expected to have high tolerance 
against mechanical vibration and shock during launch. 
To achieve lighter weight and smaller size, high density 
mounting of electronic parts on the board was pursued. 
In addition, titanium alloy was used for structure 
material for lighter weight.  In order to maintain 
compatibility with the existing angular sensors, the 
same signal transmission interface (EIA RS-422A) was 
adopted. 
The development of the angular sensor was started in 
2003, and completed in 2006.  Until mid 2005, the 
resolver windings, the electronic circuit, and the ball 
bearing performance had been evaluated in element-
level performance tests, and the design was fixed in 
Critical Design Review (CDR) in mid 2005.  The 
qualification model (QM ) was manufactured by the end 
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of 2005, and QM tests were completed until mid 2006. 
After passing Post Qualification Review (PQR), 
additional engineering tests, including life tests, were 
conducted. 
 
3. RESOLVER-TYPE ANGULAR SENSOR 

Table 1 shows the specifications of the developed 
resolver-type angular sensor.  The envelop drawing and 
the structure of QM are shown in Figs.1 and 2, 
respectively.  The functional block diagram of 
electronic circuit is shown in Fig.3.  The angular sensor 
consists of a resolver and RD (resolver-to-digital) 
converter circuit. 
 

Table 1  Specifications of the angular sensor 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 Structure of the angular sensor 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Envelop drawing of the angular sensor 
 
 
 
 

Item Specifications QT result 
Sensing 
method 

Resolver + RD 
converter 
(electro-magnetic 
induction) 

 
 

Angular 
accuracy 

< ± 0.0015 degree 
( < ± 5 arc-sec) 

+0.00111/-0.00106 
degree 

(+3.99/-3.76 arc-sec)
Resolution 21 bit 21bit 
Mass < 2.0 kg 1.82kg 
Power < 2.0 W 1.17W 
Input/Output Differential type 

(EIA RS422) 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Functional block diagram of electronic circuit 
 
 
The principle of angular detection is as follows.  By 
applying AC voltage (7 V, 2.2 kHz) to the resolver-stator 
exciting windings, AC voltage is induced in the resolver-
rotor windings.  Then the AC voltage in the resolver-
rotor windings electromagnetically induces 2-pahse, 
sinusoidal AC voltage in the resolver-stator output 
windings according to the rotation angle.  For higher 
accuracy and resolution, two kinds of windings (1 pole 
and 32 pole windings, hereafter 1x and 32x) are 
incorporated in the resolver-stator.  Furthermore, 
redundant windings of 1x and 32x are also incorporated 
in the resolver-stator for higher reliability.  The analog 
signal of 1x and 32x resolver outputs are shown 
schematically in Fig.4. These analog signals are 
converted to the digital angular output by RD converter 
circuit.  The input/output sequence is shown in Fig.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4 Analog output signals from resolver 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5 Input/output sequence 
 
The winding is a key technology for the development, 
and thus the angle detection accuracy of the resolver 
itself was confirmed in element-level tests to be within 
±20 arc-sec, which can be cancelled by ROM correction.  
As a next step, an experimental RD converter circuit 
board was produced to establish high density mounting 
of electronic components and soldering procedure. A 
temperature rise test in vacuum was conducted using this 
board to decide the de-rating for the electronic parts. 
Error factors in angular detection are divided into the 
internal factors of the angular sensor and the external 
factors caused by environmental conditions and the 
interfaces.  The internal factors include machining 
accuracy of the rotor, the stator and the shaft, the ball 
bearing fitting to the shaft, and the electrical source in the 
electrical circuit.  The external factors are temperature 
environment, interface electrical power variation, 
mechanical interface such as mounting error.  To reduce 
the external error factors, the interface should be 
appropriately specified.  Meanwhile, periodical internal 
factors can be cancelled by ROM correction. 
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The schematic diagram of the ROM correction is shown 
in Fig.6. The correction data are made by averaging 
angle data of continuous 3 rotations for clock wise and 
counter clock wise, referring “0” of primary winding at 
clock wise rotation. Upper 15 bits are assigned for the 
address of ROM correction and lower 7 bits are assigned 
for the angle correction data.  Thus, the angle correction 
is made at each 15 bits, which corresponds to 0.011 
degree angle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.6 Schematic diagram of the ROM correction 
 
The rotor is supported by a duplex pair of angular ball 
bearings with a bore size of 25 mm (#7805DB).  The 
retainer is made of cotton phenol and impregnated with 
MAC (Multiply alkylated cycropentane) oil.  A MAC-
based grease (Spacelube MU®) is filled in the bearings.  
The preload, 90 N, was loaded by adjusting the thickness 
of a washer. 
 
 
4. QUALIFICATION TEST 

lification test (QT) was conducted to verify that the 
developed angular sensor satisfied the requirements.  The 
qualification test flow, test items and conditions are 
shown in Table 2.  The initial performance tests were 
carried out, and then the environment tests (mechanical 
and thermal vacuum tests) shown in Table 2 were done. 
Finally the effect of the vibration and the thermal 
vacuum cycles was assessed by comparing the results of 
the performance tests before and after the environment 
tests. 
The test results showed both the angular accuracy and the 
electronic performance were not degraded by the 
environment tests, revealing that the developed angular 
sensor satisfied the environmental requirements. 
 
 
 
 

 
Table 2  Qualification test flow and test items 

Test Test items & conditions 
Performance test 
(Initial) 

Angular accuracy 
Electronic performance 
  Input/output interface 
  Power consumption 
  Electro-magnetic compatibility (*1) 

Mechanical tests 
(MIL-STD-810) 

Random vibration: 
  X,Y,X axis 
  10 to 2000 Hz, 22.8Grms, 180s 
Sinusoidal vibration: 
  X,Y,Z axis 
  5 to 100 Hz, 30G, 2 oct/min 
Shock test: 
  100 to 1500 Hz, 8dB/oct 
  1500 to 4000 Hz, 1500G 

Thermal vacuum 
test 

Temperature: 
  higher side of thermal cycle 
    +80 +5/-0 ºC, 1h 
  lower side of thermal cycle 
    -30 +0/-5 ºC, 1h 
Vacuum pressure: 
  Less than 10-4 Pa 
Cycle number: 
  8 cycles 

Performance test 
(Post environment 
tests) 

Angular accuracy 
Electronic performance 
  Input/output interface 
  Power consumption 

*1: MIL-STD-461 part3.  
      Lower frequency of CS01 was eased to10kHz. 

 
 
The most important point of this development is the 
angular accuracy.  The angular accuracy was measured 
using a test set-up shown schematically in Fig.7.  The 
shaft of the angular sensor was connected to the shaft of 
an angular reference device (encoder) via a coupling.  A 
motor directly drives the encoder shaft at a speed of 0.5 
rpm.  The output of the encoder is 36,000 pulses 
/revolution, and the signal was compared with the 21 bit 
output signal of the angular sensor.  As stated earlier, the 
output of the angular sensor was ROM-corrected.  The 
accuracy was defined as the difference of the encoder 
output and the 21bit angular sensor output. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7 Test set-up for angular accuracy measurement 
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The accuracy of the angular sensor was measured at 
temperatures of -30 ºC, ambient and 80 ºC after the QT.  
The worst result was obtained at -30 ºC test, and shown 
in Fig.8.  The accuracy in Fig.8 is about ±4 arc-sec, thus 
within the specification of ±5 arc-sec.  The result at 
ambient temperature was much better, about ±2.8 arc-sec.  
In every cases, there observes an offset of around 5 arc-

sec between CW and CCW at “0” angle, and sinusoidal 
error synchronized to the shaft rotation, as seen in Fig.8.   
This error in accuracy was assumed to be caused by the 
coupling misalignment or the rotating accuracy of the 
angular sensor bearings. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.8 Angular accuracy at -30 ºC after QT 
 
Additional test was performed where the bearings of the 
angular sensor were removed and the rotor was directly 
attached to the encoder shaft without a coupling.  The 
result is shown in Fig.9.  Offset of the accuracy between 
CW and CCW drastically decreased, and sinusoidal error 
almost disappeared.  This clearly demonstrates that a 
configuration of resolver plus ROM correction has 
capability of achieving ±1 arc-sec accuracy, and the 
major error observed in the developed angular sensor 
was originated from the mechanical factors for which the 
ROM-correction cannot be applied. 

Angular accuracy of the developed angular sensor was 
verified in full 21bits.  In this test, the output of the 
encoder was converted to 3,600,000 pulse/revolution 
through a 100 dividing circuit, and the 3,600,000 
pulse/revolution signal is converted to 22 bit binary 
signal of angular position/revolution.  This 22 bits 
signal/revolution were compared with the 21 bits 
signal/revolution of the angular sensor.  The results were 
almost the same as that without a 100 dividing circuit.  
The high accuracy is evidenced in full bit. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.9 Angular accuracy when the rotor connected without coupling and bearing 



 

5. ENGINEERING TESTS TO CONFIRM 
MARGINAL PERFORMANCE 

Some engineering tests were conducted to confirm 
marginal performances of the developed angular sensor 
in the test conditions beyond the required specifications.  
In addition, life tests were conducted for the electrical 
board and ball bearings. 
 
5.1. Life test of electronics board 

Accelerated life test for the RD circuit board was 
conducted. The RD board used in the elemental-level test 
was placed in a temperature-controlled chamber and the 
temperature was changed from -5ºC to 85ºC for 3527 
cycles, which corresponds to 5 years in Low Earth Orbit. 
After the temperature cycle test, it was confirmed that 
electrical performance was normal, and no degradation 
of soldering portion was found in microscope inspection 
of the board. 
 
5.2. Rotation speed characteristics 

To check the limit of rotational speed for the angular 
sensor, angular accuracy was measured changing the 
rotational speed. The angular accuracy error increased 
linearly from several rpm to 30 rpm, where the error was 
±37 arc-sec. The error became extremely large above 30 
rpm, thus it was confirmed that the operational rotational 
speed limit of the angular sensor is 30 rpm. 
 
5.3. Electric Interface Tests 

The effect of the variation of electrical interface on the 
accuracy of the angular sensor was evaluated.  In the test, 
power supply voltage and clock frequency were varied. 
In power supply voltage variation test, +5 VDC and ±15 
VDC power supply were varied ±10％, ±12.5％ and 
±15％.  In clock frequency variation test, nominal clock 
frequency 300 kHz was varied to 500 kHz and 1 MHz, 
and nominal duty ratio 50% was varied to  ±20％ and 
±30％. 
In these conditions, abnormal performance was observed 
only when +5 VDC was changed to 4.375 V (-12.5%) 
and 4.25 V (-15%), in which tests the response was not 
obtained probably due to anomalous operation of FPGA 
in the circuit. 
It is verified that the developed angular sensor has robust 
electrical interface. 
 
5.4. Ball bearing life test 

Accelerated life test of the ball bearing is being 
conducted in vacuum.  Duplex pair of the bearings were 
mounted on a shaft, which is driven by a motor outside 
the vacuum chamber. A magnetic fluid seal was adopted 
as a rotating shaft seal. A heater was attached around test 
section. 

To evaluate the life in relatively severe condition, the Λ 
value (ratio of oil film thickness to averaged roughness) 
of 1 was selected.  Test conditions are the load of 90N, 
rotational speed of 120 rpm, and the temperature of 37ºC. 
The life test has started in May 2006, and 6.3x 107 
revolutions was accumulated at the time of the end of 
June 2007.  Friction torque was not changed comparing 
with the initial value. The test will continue until Feb. 
2008, total revolutions of 1.0 x 108. 
 
 
6. CONCLUSION 

A high accuracy, high resolution, small and light-weight 
angular sensor has been successfully developed.  The 
angular sensor is resolver-type, and thus it has high 
tolerance against mechanical environmental conditions of 
launch.  High reliability is achieved by adopting 
redundant windings in the resolver and redundant 
electronics (RD conversion).  Now, ball bearing life test 
is underway to prove its life. 
The angular sensor has been adopted for an optical 
sensor of an earth observation satellite, and further 
applications will be expected. 
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