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Abstract

One of the chief obstacles to constructing a reliable, low-cost, prac-
tical magnetic bearing is designing a suitable position sensor. A ho-
mopolar magnetic bearing that uses the same cails to stabilize the
rotor and sense its position is introduced. A prototype bearing has
been built and successfully used to stabilize arotor. The electromag-
netic analysis of the self-sensing function, the implementation of the
prototype design, and experimental results verifying the theoretical
analysis of the self-sensing scheme are presented in this paper.

1 Introduction

Sensors are a critical element in al active magnetic bearings,
but unfortunately, they are costly and frequently represent the
weakest point of the system with respect to reliability. As part
of an effort to design an economical flywheel energy storage
system, a self-sensing homopolar bearing has been designed
and developed. In a self-sensing bearing, the same coils used
for stahilizing the rotor are also used to sense its position.
This eliminates problems with aigning and locating sensors
in tightly confined and possibly environmentally hostile areas,
reduces cost, and improves reliability by reducing part count
and complexity.

Aninductive sensing scheme similar in some respectsto that
described hereis discussed in [1]; however the sensor in [1] is
not integrated into a self-sensing bearing and uses a sinusoidal
carrier rather than a PWM waveform. In addition, the scheme
in[1] addresses only sensing along one axis.

In the present paper, the basic principles of operation for
a homopolar magnetic bearing, the electromagnetic anaysis
of the self-sensing scheme, the design of the prototype bear-
ing, and experimental results of the prototype bearing are pre-
sented.

2 Principles of Operation

The magnetic flux paths of the prototypebearing are essentially
the same as those in a conventional homopolar bearing [2, 3];
however, in our design rotor losses are minimized by using a
slotless stator and atoroidal winding scheme. A cutaway view
of thebearing isshownin Fig. 1, showing the two stator stacks
and the magnet used to provide dc bias flux. Four coils are
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Figure 1: Cutaway view of homopolar magnetic bearing.

wrapped toroidally around each of the stator stacks, with each
coil occupying one quadrant. There are two phases on each
stator, each consisting of two coils in opposite quadrants, con-
nected in series with their magnetic flux in opposition. Figure
2 shows a cutaway view with the ac and dc flux paths super-
imposed. For clarity, only the ac control flux path through the
upper stator is shown; asimilar pattern exists in the lower sta-
tor. Force is applied to the rotor when the ac flux reinforces
the dc permanent magnet bias flux on one side of the rotor and
reduces the field on the opposite side of the rotor. Varying the
currents in phases AC and BD controls the direction and mag-
nitude of the ac control flux, and thus the force on the rotor.
Since force is proportional to the square of flux density, the
bias flux reduces the power needed to operate the bearing.

3 Electromagnetic Analysis of Self-
Sensing Operation

The sensing function of the magnetic bearing is analyzed, and
it is shown here that position measurement in both axes can
be accomplished by sampling voltage at the midpoint of only
one of the two phases. Throughout the analysis, variables sub-
scripted with a capital A,B,C, or D indicate values pertaining
to coil A, coil B, coil C or cail D, respectively. Subscripts AC
or BD indicate values pertaining to the phase AC or phase BD,
where phase AC consists of coils A and C connected in series
and wound in opposition, and phase BD consists of coils B
and D also connected in series and wound in opposition. Defi-
nitions for several of the variablesare indicated in Fig. 3

The distance between the rotor and the inner diameter of the
stator at angle 6, and its corresponding inverse, can be approx-
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Figure 2: 3D cutaway view showing flux paths.
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Figure 3: Schematics of stator and coils. For clarity, phase BD and the ac control flux it induces have been omitted in the diagram

on the left.

imated to first order as:
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where g, indicates the nominal gap. For ease of analysis, the
MMF distribution in the stator is approximated as sinusoidal

MMFsoto0r = MMFosc+ MMFpp (3)
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where N isthe number of turns per coil. To calculate the MMF
of the rotor, we first solve for B(6), the magnetic flux density

through the gap at angle 6:

MMFstator (6) - MMFrotor
9(0)
We then combine (2), (4), and (5), and then solve Maxwell’s

magnetic flux continuity equation by integrating over the sur-
face of the rotor to find the rotor MMF:

B(0) = poH(0) = o ®)
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(NIycAy — NIgpAzx) (7)

Now to relate the displacements to the inductance, we solve
for the flux linkage in each winding. First the flux through a



cross-section of the stator at ¢ is defined as ® () (consult Fig.
3):
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Here h representsthe height of the stator, and R itsinner radius.
The flux linkages for coil A and coil C are then calculated by
taking the definite integral of the flux over the length of the
winding:
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Theterm &, where N is the total number of turnsin the coil,

iss the turns dens ty. The constant &, representstheflux at ¢,
and is canceled out in the definite integral. The resulting flux
linkages are:
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Therefore, the difference in the flux linkages of the two coils
in phase AC is proportional to the position of the rotor and the
current in phases AC and BD. For now, we neglect the resistive
dropsto obtain;

d(As — A
Vo — Vg = % (14)
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under the assumption that A2 and Ay change slowly. To first
order, the total inductance of phase AC,
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Aa+ Ao ~ Iyc = Laclac (16)

is constant with respect to Az and Ay. A similar analysis can
be done to obtain Lpp = Lac. We then substitute 44 —

dt
2ag and 4 — 280 gnd and L pp into (14) arriving at:

1
VA — Vo =
4T WA,

[AZ"UAC+Ay'UBD] (17)
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Figure 4: System diagram of prototype.

Thus, it has been shown that to first order the differencein
voltage between coil A and coil Cislinear with respect to the
voltage applied at the terminal s of phase AC and phase BD and
both displacements Az and Ay. An analogousresult holds for
phase BD and vg — vp.

1
vp —Up =
4/2g,

Sampling the midpoint voltage of phase AC, for example,
allows one to deduce the individua coil voltages v 4 and v¢.
Notethat since v4 — v contains information on both Az and
Ay it is possible to sense both displacements Az and Ay by
sampling the voltage at only the midpoint of phase AC, or
equivalently, by sampling at only the midpoint of phase BD.
There are a variety of PWM drive schemes that can facilitate
this, but the most strai ghtforward method and the method used
in our prototype senses Az by sampling whenvgp = 0 and
senses Ay by sampling when v 4 = 0.

The analysis shown here is not limited to bearings with our
winding configuration or homopolar bearings. Following the
analysis through for bearings with a typical active magnetic
bearing winding configuration would lead to similar results.
The only restriction is that the opposing coils need to be con-
trolled such that their currents are equal. This requirement is
automatically met in bearings where opposing coils are con-
nected in series.

[Az - vac + Ay - vBD] (18)

4  Prototype Implementation

4.1 System Overview

A prototype self-sensing bearing was constructed and its self-
sensing function has been successfully demonstrated and used
to stabilize a 1.5 kg rotor. Fig. 4 shows the components
of the system. The diagram shows both phases of the ra-
dia bearing, where phase AC controls motion along the y-
axis, and phase BD controls motion along the x-axis. In or-
der to remove the common mode signal, an analog differential



Figure 5: Example PWM waveform.

amplifier was used to compare v Ac,mia and vac,ref 10 Cre-
ate vac,qifr. The amplifier also scaled and biased the signal
into the correct range for the A/D converter, which sampled
vac,aiff- A proportional-derivative (PD) controller and other
control logic was implemented using a field programmable
gate array (FPGA).

As noted earlier, voltages only need to be sampled at one of
the two midpoints, thus only one A/D channel, and one analog
front end is necessary. However, asis shown in our diagram, a
second sensing channel was implemented in our prototype for
testing purposes and to verify our model.

4.2 Error canceling sampling scheme

Example PWM waveforms for v 4 and vpp as implemented
in our prototype are shown in Fig. 5. Waveform v 4¢ is shown
at 65% duty cycle and v g is shown at 50% duty cycle. Note
that v 4 iIscommandedto bezeroat times kT +¢1 and kT +t»
for all integers k, independent of duty cycle. Likewise, vpp is
always commanded to be zero at times kT" + t3 and kT + t4.

From inspection of (17), it may seem that the easiest method
of sensing position Ay would beto sample v ac g4ir¢ & t1, and
then use the assumption that V, = v4 + ve and the fact that
VAC,ref = Vi/2toariveat vy —ve = 2vac,qiff. HoOwever,
the assumption that V; = v 4 + ve ignoresresistive drop of the
coils, which can be significant since these coils are also used
to actuate the bearing.

An intuitive way of understanding how the sensing is af-
fected by the resistance of the coils is to think of the bearing
model developed earlier as ablack box with two leads from the
terminals of each phase and one lead from the midpoint of each
phase (see Fig. 6). Placing aresistor in series with each termi-
nal lead will not affect the inductance relationships inside the
box, therefore (17) and (18) still hold. However, in this model,
when currents are applied, the voltages the bearing model sees
arevac — iAc(RA + Rc) andvgp — iBD(RB + RD), which
changes (17) to:
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Figure 6: Model of bearing with resistances.

+ Ay - (vgp —ipp(Re + Rp))]

Clearly, an unwanted current dependence has appeared. How-
ever, these currents are associated with stabilizing the rotor
and therefore change slowly in comparison to the sampling fre-
quency.

To remove this current dependence in the prototype imple-
mentation, vac,qi7¢ 1S sampled at times¢; and ¢». Examining
Fig. 6 yields:

1 1 .
VAC,diff = §(Uc —wva) + E(RC — Ra)iac (20)

Thus:
vac,giff(t2) —vac,airs(t1) (21)

= 3 oa(h) —ve(t)] — 3 [a(t2) — ve (t2)]

+ %(RC _ RA)(iAC(tZ) — Z'AC'(tl))

To see the current dependence of [va(t1) —ve(t1)] —
[va(t2) — vo(te)], (19) isevaluated at times ¢, and ¢o, which
leads to:

[oa(t) - ve(t1)] - [va(ts) — ve(ts)]
= ﬁ {As - [(=iac(t) + iac(t) (Ra + Ro)]

+ Ay - [2V; + [(=iBp(t1) +iBD(t2))(RB + RD)]]}

Using the assumption that the currents change slowly in com-
parison to the sampling period impliesi 4¢:(t,) & i ¢ (t2) and
ipp(t1) ~ igp(t2). Then, expression (22) smplifiesto:

(22)

[oalt) — ve(t)] — [alts) — vo(ts)] = ngovs Ay (29)
Substituting back into (21) leads to:
vac,giff(t2) —vac,airs(t1) (24)

1
42,

Using the assumption of a slowly changing current again
yields:

Ve- Ay + 5(Ro = Ra)(iac(t) — iac(t)

L 2y
s

i1 (t2) = vacirs () = —= 25
vac,diff(t2) —vac,aifs(t) W (25)



Figure 7: Photo of self-sensing homopolar bearing.

Analogously, the above analysis can easily be modified to show
that:

1 Az
vac,aiff(ts) — vacaifs(ts) = —=— - Vq 26
ac,diff(t3) —vac,aify(ta) 3 g V. (26)
Therefore, it has been shown that our self-sensing scheme
cancels out errors from resistive drops due to both phase cur-
rents i4c and ipp When sensing position along both the x
and y axes. By sampling vac,qirs twice and subtracting, not
only were the errors in (22) due to the total phase resistance
removed, but the errors in (24) due to imbalances of the coil
resistances in each phase were also canceled out.

5 Experimental Results

A photo of the prototype appearsin Fig. 7., and some param-
etersfor the prototype are presented in Table 1. The prototype
was constructed using two stator stacks and two rotor stacks
built up from 0.014” M19 stedl laminations. The rotor stacks
were attached to a solid steel body. A ferrite permanent mag-
net provided the dc bias flux. The coils were constructed from
solid copper pieces bent around the stator stacks. The mea-
sured inductance was significantly higher than that predicted
by (16) due to leakage inductance. A simple digital controller
was implemented with an FPGA.

Some oscill oscope traces of signalsin the system are shown
inFigs. 8,9, 10. Fig. 8 shows v 4¢ at its minimum, no-load,
50% duty cycle. The notches cut into the waveform at ¢; and
to are approximately 2.5us long.

In Fig. 9, the top trace displays alogic output from the con-
troller that indicates whether position data for the x-axis or y-
axis is being sampled. The lower trace is v ac,a;zr. NoOtice
how vac,qif s isOffset fromits nominal voltage at timest; and
t4, which corresponds to a large x-axis displacement. The y-
axis displacement is much smaller, therefore at times ¢, and ¢,
vac,aiff Stays much closer to its nominal voltage.

Fig. 10 shows a closeup of v ac,qifs at time ts. The 1us
time period ¢ iswhenthe A/D samplesv ac,qif -

Design values

Rotor diameter 53cm
Stack height lcm
Nominal gap 1 mm (radial)
Laminations M19 Stedl (14 mil)
# Turng/Coil 10

# Coils/Phase 2

PWM switch frequency 20 kHz
Calculated design values

dc biasfield strength 08T

Max. force 500 Ibf
Inductance 30uH
Sensing gain 2.6V/mma V, = 15V

Measured values
Inductance of each phase
Resistance of each phase
Sensing gain

62uH
0.091Q
0.75V/mm a Vs = 15V

Table 1; Self-sensing homopolar bearing design summary.

Figure 8: Photo of v 4 waveform on oscilloscope.

Data from the self-sensing output is graphed in Fig. 11.
As shown in the graph, the outputs of the sensing system,
vac,diff(ta) —vac,aiff(t3) andvep dips(ta) —vBD,aifr (t3),
arelinear with respect to Az. Asisevident from thefigure, the
response was similar regardless of which phase was sampled,
whether it be phase AC at timest, and t3 or phase BD at times
t4 and t3.

This agrees with equations (17) and (18) of the analysis,
which predicted that the magnitude of the sampled voltage
would be linearly proportional to the displacement, and the
same on both phases. In addition, no measurable cross-axis
coupling was observed, i.e. motion along the y-axis did not
influence the x-axis signal, and vice-versa. These observations
all agree with our analysis.

The gain of the sensing scheme as shown in Fig. 11 is ap-
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Figure 10: Close up of v ac,qir ¢ @t timets with sampling time
t, marked.

proximately 0.75V/mm, and was obtained with V, = 15V
The gain predicted by Eqgn. (26) is 2.6V /mm. The discrep-
ancy isduein large part to the large |eakage inductanceswhich
reduce the effective voltage on the windings. For example, the
measured inductance was morethan twice the computed induc-
tance, accounting for at least a factor of two. Other contribut-
ing factors may be additional lead inductance, spatial winding
harmonics, and three-dimensional effects.

Sensor Performance
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Figure 11: Graph of sensor output versus rotor displacement.

6 Conclusion

A self-sensing homopolar magnetic bearing has been con-
structed and successfully used to stabilize arotor radialy. An
electromagnetic analysis of the self-sensing scheme has been
presented, and measurements confirming the analysis and suc-
cessful operation of the sensor have been described.
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