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ABSTRACT 

A novel six degree-of-freedom (DOF) prototype 
gimbal system is constructed to demonstrate the new 
gimbals for space laser communication applications. 
The precision pointing magnetic actuator is essentially 
an open loop unstable system, feedback control is 
therefore indispensable. To realize ultra-fine pointing 
accuracy over relatively large gimbal angles, the 
sensing scheme is critical for the actuator performance. 
To provide high resolution and contact free feedback 
for several functions simultaneously at a minimal cost, 
a novel sensing strategy that uses a tape encoder and 
hall effect probe arrangement is proposed. In this paper, 
the prototype gimbal system is introduced and the 
requirements for the feedback devices are analyzed 
first. The sensing scheme is presented and its decoding 
logic is explained. Issues involved in this scheme are 
discussed. Finally, the proposed sensing scheme is 
validated by experimental results. 

 
INTRODUCTION 

Gimbals with precision pointing functionality in 
space applications currently employ mechanical 
bearings. Advances in electromagnetic suspension and 
electronic drive technology point the way for new 
gimbals with higher pointing accuracy, increased 
reliability, vibration isolation capability, lower weight 
and reduced power dissipation, lubricant free operation 
and longer functional life. Instead of having separate 
active magnetic bearing (AMB) and motor components, 
integral motor-bearings using a single electromagnetic 
actuator to perform both the bearing and motoring 
functions, ushers in the next generation of gimbals with 
higher stiffness, pointing accuracy and power density.  

A new permanent magnet (PM) self-bearing motor 
(SBM) design [1-5] eliminates the trade-off between 
torque and bearing force production and the stator teeth 
that can saturate and limit peak torque shown in other 
designs [6,7]. The slotless construction allows for a 
smoother torque production, making it beneficial for 
precision pointing and smooth angular slewing 

applications. To evaluate the characteristics of the 
precision pointing actuator, an optical tracker test rig is 
constructed for laser communication applications. This 
novel six DOF magnetic actuator incorporates two 
slotless SBMs to produce both radial bearing forces and 
motoring torque simultaneously and one conventional 
thrust AMB to provide axial support. 

Previous work [1] has shown that the slotless SBM 
and its associated control are able to point down to the 
resolution of the feedback devices, sensor performance 
is thus a limiting factor in the performance capability of 
the actuator. In AMB applications, it’s a common 
practice to have separate sensors for each axis  [5], 
where eddy current probes are used for radial and rotary 
encoder for angular displacement measurements. 
Because the 6-DOF actuator is completely magnetically 
suspended and driven, all the positional feedback 
devices have to be non-contacting. While the axial 
sensing is relatively easy to implement, the 
radial/angular feedback requirements represent a 
potential inability to demonstrate the gimbal. To 
provide high resolution and contact free feedback for 
several functions simultaneously at a minimal cost, a 
novel sensing strategy based on tape encoders is 
proposed [8]. Its working principle is discussed and 
verified by experimental evaluation. Therefore, the 
proposed sensing scheme is concluded to be 
satisfactory for the desired performance requirements. 

 
NOMENCLATURE 
Lt          Total length of the shaft 
Rs           Outer radius of the sensor plate 
Resang /Reslin    Encoder angular/linear resolution  
Vsx,t /xt, Vsy,t /yt Decoded/actual top x, y displacement 
Vsx,b/xb,Vsy,b/yb  Decoded/actual bottom x, y displacement 
Vsθ /θ, Vsz / z     Decoded/actual θ, z displacement 
Vsα /α, Vsβ /β   Decoded/actual α, β displacement 
eSL1, eSL2, eSL3, eSL4      Lower encoder or output signal 
eSU1, eSU2, eSU3, eSU4      Upper encoder or output signal 
hSL1, hSL2, hSL3, hSL4       Lower hall effect probe or signal 
hSU1, hSU2, hSU3, hSU4     Upper hall effect probe or signal 
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TEST RIG DESCRIPTION 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Optical tracker test rig layout 
 
As shown in Fig. 1, the optical tracker test rig uses 

laser communication as a premise to demonstrate the 
precision pointing gimbal. It consists of a transmit 
system, a receive system and the main gimbal bearing 
(MGB) that incorporates state of the art slotless SBM 
technology.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. MGB on the test stand 

 
The transmit system includes a laser source 

traveling along a 45° curved track. The receive system 
consists of an optical bench mounted to the MGB rotor 
with such optical components as telescope, mirrors, etc. 
Fig. 2 is an overview of the MGB, consisting of two 
slotless SBMs with a thrust AMB in between, one 
sensor plate being targeted by four encoder read heads 
and four hall effect probes (90° apart) at each end. For 
scale, the sensor plates are 16 inches in diameter, the 
black housings are 11 inches in diameter, and the height 
of the system is about 17.5 inches. A close up of the 

incremental tape based linear sensor arrangement is 
shown in Fig. 3.  

 
  
 
 
 
 
 
 
 

 
 
 
 

Figure 3. Close up of the MGB sensors 
 
SENSING SCHEME 

Fig. 4 shows the systematic diagram of the MGB 
along with the proposed sensing scheme. Each SBM 
has PM poles attached circumferentially to the outer 
diameter of the cylindrical rotor and windings attached 
to the inner diameter of the slotless stator back iron. 
The thrust AMB utilized at the mid-span of the rotor is 
a typical cylindrical Maxwell type AMB with a separate 
stator winding on each side of a rotor mounted thrust 
disk. Each sensor plate has a linear reflective metal tape 
wrapped around its outer diameter and is surrounded by 
four encoder read heads. Additionally, four hall effect 
probe assemblies including PMs are mounted axially 
offset from a ferromagnetic ring mounted to the 
underside of each sensor plate. The laser shown in Fig. 
4 illustrates the received laser beam by the receive 
system coming from the laser source sent by the 
transmit system, as shown in Fig. 1. 

The MGB rotor is treated as a rigid body and has 
four types of basic movements, as depicted in Fig. 5. 
Azimuth is the rotation along a horizontal plane. 
Elevation is the tilting relative to the normal position of 
a horizontal plane. Radial offset or eccentricity 
indicates how the rotor is positioned radially in the 
horizontal direction. Thrust motion shows how the rotor 
is positioned axially in the vertical direction. All these 
motions are required for either tracking and pointing or 
the rotor stabilization within the clearance air gap. 
Therefore, the levitated MGB has totally 6 DOF, all of 
which require feedback for control purpose. The linear 
tape encoding and hall effect probe sensing strategy is 
employed for the four types of motions and six DOF. 

 
Angular and Radial Sensing Scheme 

Angular and radial displacement measurements at 
each SBM are necessary and sufficient to identify the 
azimuth, radial and elevation motions of the MGB 
rotor. It represents the most challenging task in the 
whole feedback system. A group of eight optical 
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Figure 4. MGB layout with the proposed sensing scheme 

incremental encoders are arrayed to work together to 
measure the angular and radial positions at both upper 
and lower SBMs simultaneously, as shown in Figs. 2-4.  

Figure 5. Basic movements of the MGB rotor 

The main concern for this non-contact tape encoder 
system is how to maintain the desired resolution for 
accuracy, with the large radial clearance gap in which 
the rotor can move eccentrically about and the rotor 
radial/axial motion. Detailed tests were performed for a 
number of gaps, elevations and skew angles of the 
encoder read head relative to the line direction of the 
incremental tape. A horizontal milling machine 
equipped with a rotary table was used to provide 
precise test alignment between a short sample of a 
linear tape scale with 100-micron pitch and a MS 50-30 
analog output read head by RSF Electronics. The read 

head was mounted to the upright of the milling 
machine. The tape strip was wrapped on the edge of a 
16” diameter circular plate mounted on the rotary table. 
As the rotary table was spun, the read head produced a 
sinusoidal output changing with the positions. The 
voltage outputs of both  “A” and “B” channels were 
measured with an oscilloscope. The peak-to-peak 
voltages were gathered for varying read head to tape 
positions. The test data was extrapolated to both analog 
and digital units and used along with various 
manufacturers’ data to select the appropriate tape 
resolution and read head features for use in the 
magnetic bearing pointing system. For most 
commercially available alternatives, the gap between 
the read head and tape scale is usually small and does 
not allow for variation. A RSF MS55-45M digital 
output linear encoder with 200-micron pitch is chosen 
because of its high linear resolution, high 
electrical/sensing bandwidth and large range of 
allowable clearance gap between read head and tape. 

 
Axial Thrust Sensing Scheme 

Thrust position measurement is straightforward. 
Hall effect probes are chosen because they provide 
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adequate resolution and a linear output-to-position 
signal, are compact in size, readily available and 
relatively inexpensive. Refer to Figs. 2-4, four probes 
are positioned 90° apart at each end of the stator, 
because both the rotor and endplates are hollow and 
elevation may couple with the thrust motion. Each hall 
effect probe consists of a hall sensor attached in the 
center of a small rectangular iron plate, two round 
button type PMs attached to the plate near its edges 
along the centerline of the larger dimension. The 
magnets are positioned with their “North” faces toward 
the plate. Thus each sensor assembly produces a nearly 
linear response to the presence of a nearby 
ferromagnetic object. The Micronas HAL400S-C hall 
sensor is chosen, because it produces a differential 
output signal that compensates for thermal drift in the 
sensor and cancels common mode electrical noise. This 
results in an even more compact overall assembly size.  

 
DECODING LOGIC 

The output signals from all the sensors are fed into 
a digital controller via a counter interface for the 
encoder channels, buffer and ADC for the hall probes, 
and manipulated to produce the desired positional 
measurements, based on the principles discussed below.   

 
Thrust Probe Network 

 

Figure 6. Hall probe system working principle 
 
The eight hall effect probe signals are biased and 

scaled into a uniform output range within the limit of 
rotor axial travel. As shown in Fig. 6, the four probes in 
y-z plane form a rectangle with two diagonals from hSU2 
to hSL4 and hSU4 to hSL2. Similarly, the four in x-z plane 
form another rectangle with two diagonals from hSU1 to 
hSL3 and hSU3 to hSL1. When the rotor is straight and 
centered axially (solid), the eight hall effect probes 
produce exactly the same readings, the axial position of 
the rotor should be zero. If the rotor is straight but 
bounced a distance d in z direction (dash-dotted), the 
lower and upper sets of probes would see the same 
amount of change in readings but of opposite sign, the 
rotor axial position corresponds to d. If the rotor is 
tilted in one plane (dashed), the four on the same plane 

would experience the same change in readings with two 
diagonals of opposite sign, but the four on the other 
plane won’t see any difference, the rotor axial position 
should be zero. 

Eq. (1) is applicable to any combination of the 
above cases to produce the rotor displacement in z 
direction from the probe outputs. Obviously, the 
redundant sensor configuration allows for better 
accuracy and fault tolerance. 

 
1 3 2 4 3 1 4 2

2 2 2 2
4

SL SU SL SU SL SU SL SU
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V

− − − −
+ + +

=   (1) 

 
Angular/Radial Encoder Network 

For each set of four encoders reading the same tape 
wrapped around one sensor plate, two encoders 
positioned directly opposite from each other could 
determine if the plate movement relative to them is 
radial, angular or both. As illustrated in Fig. 7, if both 
eSL1 and eSL3 read a change of the same counts, the 
bottom plate is rotated in θ direction. If eSL3 reads an 
increase but eSL1 reads a decrease of the same counts, a 
pure radial movement in y direction occurs. If changes 
are not of equal magnitude, there is a combination of 
radial and rotational movements. Same rules apply for 
all the other pairs of encoders. In Fig. 7, the solid circle 
stands for the centered plate, dashed represents the plate 
displaced by dx in x direction, and dash-dotted is after 
the plate moves a distance dy in y direction.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. Encoder system working principle 

 
The decoded top x and y, bottom x and y, and 

angular θ displacements of the rotor can be calculated 
using Eq. (2) from the eight encoder readings. Since the 
upper encoder set is facing oppositely to the lower set, 
when the rotor is rotated clockwise, the upper set would 
read an increase in counts, but the lower set would read 
a decrease in counts, and vise versa.  
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Eq. (2) is applicable to any combination of radial 

and rotational movements. When all the eight encoders 
are necessary for the desired radial feedback 
requirements, θ measurement possesses the greatest 
redundancy. This redundancy further increases the 
angular resolution offered by each individual encoder, 
beneficial for the precision pointing system. Refer to 
Fig. 4, the pointing angle α/β around y/x axis is 
calculated as: 

, ,, , , sy b sy tsx t sx b
s s

t t

V VV V
V arctg V arctg

L Lα β

−−   
= =   

   
     (3)  

 
 
ISSUES INVOLVED IN THE ENCODER SYSTEM 

One problem experienced with the tape encoder 
system during experiments is initialization. Whenever 
the controller is restarted, the incremental encoder 
readings would begin with 0 no matter where the rotor 
resides. Eq. (2) would give 0 in all the five DOF, 
corresponding to the rotor at the desired angular home 
position and centered radially at both ends, but it most 
certainly is not the case in reality as magnetic bearing 
systems are open loop unstable. Therefore a mechanism 
to determine the initial rotor position and compensate 
the initial encoder readings has to be provided for the 
system to function properly. A desired angular position 
can be marked as home position and started with each 
time. One solution for the radial part is to apply open 
loop forces at both SBMs first, to enforce the rotor 
always start at a known position, such as that against 
one side of the radial backup bearings at both ends, 
once the system is restarted. Then encoder readings can 
be corrected inside the controller to correspond to that 
position, before the feedback controller takes over. Still 
another option is to provide index markings on the 
incremental encoder tape that act as home positions (the 
present system does not have these index marks). The 
open loop forces would then be applied to the actuators 
to drive the rotor to the home position and all sensor 
readings will be relative to that position. The addition 
of the index pulses would also provide signals during 
operation that may be used to correct for missed counts, 
resulting in increased accuracy. Another solution to the 
startup problem is to use an absolute type tape encoder. 
However, the lower resolution given the required radial 
travel prohibit the use of this solution for this 
experiment. 

As illustrated in Fig. 7, when the top (bottom) plate 
moves in x, or y direction, encoders eSU2 and eSU4 (eSL2 
and eSL4), or eSU3 and eSU1 (eSL3 and eSL1) see a same 
amount of change in counts but of opposite sign. When 
the rotor rotates, all the eight encoders experience the 
same amount of change in counts, but the top and 
bottom four change in opposite directions. The 
following mapping from the rotor positions to the 
encoder readings results: 
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        (4) 

The mapping matrix [M] can be used for initial 
encoder reading correction. On the other hand, the rotor 
positions at any time can also be determined from the 
eight encoder readings by means of the Moore-Penrose 
pseudo inverse [M+] of [M], with T being the transpose. 

 

[ ] [ ][ ]( ) 1T TM M M M
−

+  =    (5) 

 
It can be shown that [M+] is equivalent to the 

proposed decoding logic in Eq. (2). The angular/radial 
encoder sensing scheme is thus invertible and provides 
a one-to-one correspondence between the encoder 
reading and rotor position vectors. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Approximation in the radial measurement 
 
As illustrated in Fig. 8, when the circular plate with 

tape passes by the encoder read heads, what the read 
heads really see is not the linear radial displacement, 
but the curved arcs. Eqs. (2) and (4) approximate the 
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desired linear radial displacements by curved arcs seen 
by encoder read heads. Eq. (6) gives the error induced 
from this approximation, where d is the actual radial 
displacement, C is its arc approximation. 
 

100%, arccos
2s

s

C d de C R
d R

π  −
= × = −  

  

  (6) 

 
When the plate moves from one side of the radial 

air gap all the way to the other, e reaches its maximal 
calculated value of 4e-4 %, which is negligible and thus 
the radial positional measurements are very accurate. 

As shown in Fig. 9, there exists a discontinuity in 
the metal tape glued to the outer diameter of each plate. 
If the discontinuity is sufficiently large, whenever the 
gap passes by an encoder read head, a significant 
number of counts are missing from that encoder. The 
±45° azimuth requirement of this system allows to 
avoid such gap passes. When the existing system is 
used with angular travels exceeding 90°, care should be 
taken to match the encoder pitch thus maintain the line 
spacing at the discontinuity and compensate such 
losses. The effects of the tape gaps on sensing accuracy 
without alignment of lines as is and any compensation 
mechanism are discussed in the next section. 

 
Figure 9. Encoder tape gap 

 
EXPERIMENTAL EVALUATION 

The premise of the tape encoder system is that the 
read head literally reads its position along the linear 
tape scale. By wrapping the scale around the cylindrical 
plate, that linear position is easily transformed to an 
angular position. The linear resolution of the encoder is 
1µm, so its theoretical angular resolution is: 

 

( )
1 4.908 0.8

lin
ang

s

Res mRes radR in mm
µ µ= = =+

    (7) 

      
By manually rotating the rotor for a certain angle 

and averaging the corresponding count changes of the 
eight encoders, the angular resolution is experimentally 
determined to be approximately 4.96 µrad.  

Experiments are carried out to evaluate the 
angular/radial encoder scheme. Since precision pointing 
is a key feature of the system, measuring accuracy of 
the rotational movement plays the most important role 
on the system performance. The first set of experiments 

is to verify that the decoded Vsθ from Eq. (2) truly 
indicates the actual angular displacement θ. The rotor is 
manually rotated for 1/16 revolution each time, the 
estimated θ and corresponding Vsθ are recorded. In Fig. 
10, the solid line having a slope of 1 deg/deg is 
desirable with Vsθ and θ perfectly matching each other, 
solid data points are taken for the counterclockwise 
rotation up to 360°, and hollow ones clockwise back to 
0°. Surprisingly, the data shows good agreement, 
accuracy, linearity and repeatability, even with the 
crude test method. Also notice that the collected data 
points are not perfectly located on the desired line, the 
closer the solid point is towards 360° the further below 
the desired point, the closer the hollow point towards 0° 
the further above the desired point. The slope of the 
best fit line (not shown in Fig. 10) is 0.9902 deg/deg, 
deviated from the desired value by 0.98%. 

Figure 10. Vsθ  VS.  θ 

Figure 11. Esθ  VS. θ  and  Esθ /θ  VS. θ 
 
To identify the source, absolute and relative 

differences are shown in Fig. 11. In both plots, on the 
way up to 360° a local maximum occurs every 90°, 
exactly when each tape gap passes by one of the four 
read heads around each plate. Therefore tape gaps 
contribute the difference most significantly. Each such 
pass causes two out of eight more encoder readings 
corrupted, a local maximum results, and the difference 
is averaged out partially right after the pass and then 
increases again due to the accumulation. At the end of 
full 360° excursion all the encoder readings are 
corrupted, the absolute difference reaches its global 
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maximum 3.80°. On the way back to 0°, starting at 
337.5° one pass occurs again every 90°, this count loss 
partly compensates the previous difference at the same 
location and makes the data point closer to its desired 
one, so hollow points are always lower than the solid 
ones at these locations. Relative difference reaches its 
global maximum 1.30% at 90° on the way back.  

Figure 12. Effects of tape gaps 

Figure 13. Repeated rotation without gap 
 
To further investigate how the tape gaps affect 

accuracy, a set of data is collected when the rotor is 
rotated back and forth between 0° and 45° with tape 
gaps in between, the results are shown in Fig. 12. As 
expected, as the number of passes increases, the 
decoded signal is further away from 0° and 45°. Test 
results with rotor rotating between 0° and 45° but no 
gap in between are shown in Fig. 13, difference is 
clearly reduced significantly compared to Fig. 12. Since 
the optics in each read head use an average of at least 
10 encoder lines a pre-made tape with a gap less than 3 
lines would allow sensing over large excursion angles. 
For applications where a pre-made unit is not available 
and the total rotational excursion exceeds 90°, if the 
accuracy compromise due to the large discontinuity is 
not acceptable, a compensating scheme has to be 
applied to the encoder readings.  

Similar experiments are intended to validate the 
radial motion sensing scheme. Top or bottom SBM 
coils are energized to generate open loop radial forces 
to move the rotor back and forth radially against sides, 
meanwhile different shims are applied inside the radial 
clearance gap to limit the total movement allowed, and 
a dial indicator is located next to a encoder read head 
aligned with the motion axis. After each movement, the 

dial indicator readings and encoder results are recorded. 
Figs. 14 and 15 show the results for bottom x and top y 
movement respectively, where the solid line having a 
slope of 1 mil/mil is desirable with Vsx,b and xb or Vsy,t 
and yt perfectly matching each other, solid and hollow 
data points are taken with dial indicator located at either 
side of the encoder read head, the dashed line best fits 
the two data sets by averaging the two best fit lines. 

Figure 14. Vsx,b  VS.  xb 

Figure 15. Vsy,t  VS.  yt 
 
In both plots, the dashed line is very close to the 

solid one, which clearly shows the decoded signal truly 
depicts the appropriate radial motion. Specifically, the 
slope of the dashed line, 0.9789 mil/mil for bottom x   
and 0.9887 mil/mil for top y, is different from the 
desired value only by 2.11% and 1.13% respectively, 
therefore the performance of the radial sensing scheme 
is satisfactory. Also notice that the two data sets scatter 
on either side of the desired line, and the overall trend is 
the larger movement, the bigger difference. This is due 
to the inherent problem with the experimental setup. 
The actual rotor motion inside the radial and thrust 
clearance gap can be very complicated, but the dial 
indicator can’t be located at exactly the same location 
as the encoder read head. Even though the radial force 
is applied, it’s not guaranteed that the rotor actually 
moves perfectly along the intended axis, non-
collocation between the encoder and dial indicator 
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along the cylindrical plate would then very possibly 
cause one data set from encoders always higher than the 
dial indicator readings, but the other set lower. 

Figure 16. Vsz  VS.  z 
 
The final experiment carried out evaluates the 

thrust hall effect probe scheme. The thrust clearance 
gap is shimmed differently to limit the total axial 
movement, top or bottom thrust coils are energized to 
pull the rotor up or push it down, the z displacement 
from shims and its corresponding decoded Vsz from Eq. 
(1) are recorded and shown in Fig. 16. Solid line is the 
best fit line, solid data points are collected from bottom 
up and hollow ones from top down. The data shows 
good linearity and repeatability. Sensitivity for the hall 
effect probe system is determined to be 136.5 V/in.  

The performance of the proposed sensing scheme 
for feedback control purpose of the six DOF magnetic 
actuator, as discussed above, is summarized in Table 1. 

 
Table 1. Feedback performance summary 

 Property Symbol Unit Value 
Linear resolution per encoder Reslin µm 1 

Angular resolution per encoder Resang µrad 4.90 

T
he

or
et

ic
al

 

Max. error in linear 
approximation by arc e % 4e-4 

Angular resolution Resang-exp µrad 4.96 
Sensitivity Vsθ /θ for θ 

(0°→360°→0°) Ksθ deg/deg 0.9902 

Relative difference in Ksθ 

(0°→360°→0°) (Ksθ -1)/1 % 0.98 

Max. absolute difference in Vsθ  
(0°→360°→0°) Esθ deg 3.80 

Max. relative difference in Vsθ  
(0°→360°→0°) Esθ /θ % 1.30 

Max. absolute difference in Vsθ 

(0°↔45° with 14 gap passes) Esθ-gap deg 2.14 

Max. absolute difference in Vsθ  
(16 0°↔45° with no gap pass) Esθ-nogap deg 0.31 

Sensitivity Vsx,b / xb for bottom x Ksx,b mil/mil 0.9789 
Relative difference in Ksx,b (Ksx,b-1)/1 % 2.11 
Sensitivity Vsy,t / yt for top y Ksy,t mil/mil 0.9887 
Relative difference in Ksy,t (Ksy,t -1)/1 % 1.13 

E
xp

er
im

en
ta

l 

Sensitivity Vsz / z for z Ksz V/in 136.5 

CONCLUSION 
A novel sensing strategy is proposed and applied to 

a six DOF electromagnetic gimbal prototype system. 
The unique combination feedback technology combines 
the sensing functions for the angular and radial motions 
of the rotor, thus eliminating the need for additional 
radial position probes. The experimental results 
presented in this paper prove that this sensing scheme 
results in a workable feedback system and is adequate 
for the test rig demonstration. Such a combined angular 
and radial sensing strategy has potential applications in 
combined magnetic motor bearings and other precision 
contactless angular and radial positional measurements. 
The remaining challenge for this system is the estimate 
of the initial position at startup. 
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