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Abstract: Self-bearing machines do not contain physical bearings but magnetic bearings. Both rotor
rotary and spatial positions displacement are required in these types of machines to control the rotor
position while it is levitating. Self-bearing machines often use external sensors for x (horizontal) and
y (vertical) spatial position measurement, which will result in additional cost, volume, complexity, and
number of parts susceptible to failure. To overcome these issues, this paper proposes a xy-position
estimation self-sensing technique based on both main- and cross-inductance variation. The proposed
method estimates x and y position based on inductive saliency between two sets of three-phase coils.
The proposed idea is applied on a combined winding self-bearing machine which does not require
additional suspension force winding. No additional search coil placement for xy-position estimation
is required. Therefore, the proposed algorithm can result in a compact size self-bearing machine that
does not require external sensors for xy-position measurement and suspension force winding.

Keywords: bearingless permanent magnet synchronous machines (BPMSMs); high-frequency signal
injection (HFI); rotor translational displacement; rotor eccentricity; spatial position; xy-position
self-sensing

1. Introduction

Conventional rotary machines only allow movement in one degree of freedom (DOF)
typically in a rotation axis, i.e., 6, shown in Figure 1. Self-bearing machines (bearingless
machines), which do not have physical bearings, require controlling spatial xy-position
of the rotor in Figure 1 (i.e., xy; x- and y-axes being horizontal and vertical axes) [1]. The
remaining axes of the rotor could be controlled actively by a combination of more than two
cascade-connected self-bearing machines, or passively by using reluctance forces [2—4].

Conventional self-bearing machines typically comprise two sets of independent wind-
ings in the stator for producing torque and suspension force, i.e., separated winding (a
torque winding and a suspension winding). For compact size self-bearing machines, com-
bined winding that uses the same coils to create both suspension forces and torque current
have been developed [5,6].

Position sensors for closed-loop rotor spatial (xy) position control can be classified
into: eddy current based [1,7,8], Hall effect based [9], and optical based sensors [10]. All
these sensors result in additional cost, volume, complexity, and number of parts susceptible
to failure [10,11]. In [12], model reference adaptive system (MRAS) is proposed to enable
position self-sensing in a high speed region. In a zero-to-low speed region, high-frequency
injection (HFI) has been demonstrated to be a viable option for xy-position estimation
both in magnetic bearings [13-16] and self-bearing machines [17-20]. However, previously
published HFI techniques applied to self-bearing machines are limited to: (i) In [17,18], sep-
arated winding machines utilizing suspension force windings mutual coupling inductances
are proposed; (ii) In [19,20], separate search coils are installed to reduce input signal noise
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level by enabling differential mode for spatial rotor position estimation. In [20], search coil
placement arrangement is investigated for minimizing the unwanted influence between
suspension windings and pulse-width modulation (PWM) noise. It can be concluded that
the previously proposed HFI techniques in the literature require additional windings or
hardware which will result in increasing system volume and cost. Table 1 summarizes the
existing HFI position self-sensing technique for self-bearing machines.

by

Figure 1. Four-pole, six-slot, combined winding self-bearing machine.

Table 1. HFI spatial position self-sensing methods comparison.

Methodology
Input Signal Require Additional .1
Mode Winding Winding Type
[17,18] Common No Separated
[19,20] Differential Yes ! Separated
Proposed Differential No Combined

! Additional hardware placement is required.

This paper proposes an HFI based xy-rotor position self-sensing technique for com-
bined winding machines, therefore, achieving a compact size self-bearing system mini-
mizing cost, volume, and reliability issues since it does not require additional winding
or hardware. The combined winding machine has each phase connected to an inverter
terminal that carries both suspension force and torque current. The target self-bearing ma-
chine winding is classified as multi-phase (MP), which has two sets of three-phase winding
with two neutral points as in Figure 2 to enable dual field-oriented control for independent
torque and force control [6,21]. The high-frequency (HF) signal will be injected in both sets
of three-phase coils to enable use of differential mode input for xy-position estimation in
a stationary reference frame. It will be shown that main- and cross-inductances variation
depend on the rotor x- and y-positions, respectively, which will enable xy-position esti-
mation self-sensing. The proposed HFI based self-sensing technique will be evaluated on
a combined winding, 4-pole, 6-slot surface permanent magnet bearingless synchronous
machine (SPMBSM).

The paper is organized as follows: HF voltage model of the target BPMSM for xy-
position self-sensing is developed in Section 2. Section 3 introduces an analytical model
that relates inductive saliency and rotor xy-position displacement. Section 4 presents the
xy-position self-sensing method and its implementation. Section 5 presents experimental
results; Finally, in Section 6, conclusions are drawn.
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(a) (b)
Figure 2. abc to a3 transformations: (a) a1, by, ¢1, and a1, B1; (b) az, by, 2, and ay, B».

2. High-Frequency Model of a Self-Bearing Machine

The self-bearing machine voltage characteristic model is presented in this section.
The inductive saliency model as a function of x and y displacement, later, will be used for
the proposed self-sensing algorithm. The 4-pole, 6-slot combined winding self-bearing
machine shown in Figure 1 will be used in this paper. Both the stator and the rotor core are
soft magnetic material. The machine has two sets of three-phase windings (a1, by, ¢1, and a5,
by, cp) with separated neutral points to control direction of flux induced from armature
current. The two sets of three-phase windings are placed 180° mechanical angle apart from
each other:

Van = Rpian + d:}% 1
Van = Rpian + Lanan(, y)d + Lanpn (%, }/)

+ Lanen (x, y)d + Lanam (%, y) —2= dl“m + Lunbm(x Uk Zb’"

+ Lanem (%, Y) d;f" + kee,,m(x,y)% +Kexan (%, ) Zf

T eyan () 2 @

dt
2.1. Phase Voltage Model

Phase a,, voltage characteristic model is shown in (1), where Ry, Uan, ian, and Agy
represent phase resistance, phase voltage, current, and flux linkage, respectively. n and m
represent the first and the second sets of three-phase coils in Figure 2. Phase a, voltage
characteristic equation can also be expressed by (2), where Lyuqy, is self-inductance, L,,p;,
and Lgyc represent mutual-inductances, Lanam, Laypm, Lanem, are cross-coupling inductance
between coil sets n and m. keg,an, kexan, and keyqn are back-EMF variables with respect to
6,-, x-, and y-position movement [1,9]. Note that the self- and mutual-inductances vary
when the rotor spatial position (x, y) change. This is due to the unbalanced air-gap length
between phases [22].

2.2. afy,-Axes Voltage Model

Six-phase voltage models can be presented as two sets of af3,-axes (4) and (5). When n
is equal to 1, m is equal to 2, and vice versa. Clark transform, K, in (3) is used.
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[n]=§[ V3 ﬁan = Kc | by ®)
Bn 0 5 -2, c
dz di
Oan = Rplzxn ~+ Lanan (x y) il + Lomﬁn(x y) ﬁn
dl di
+ Lanam(x ]/) =+ Locnﬁm(x y) ﬁm
9
+ kge,gm(X, y)—r + kexzxn(x y) + keyan(x y) (4)
di di
Upn = Rplﬁn + L/gn/gn(x ]/) d'B + L/Snocn(x ]/) dﬂ;ﬂ
di dl
+ L/Snﬁm(xr]/) /3 + L/Smxm(x ]/) =
d
ket () T Ko (,9) +keyﬁn<x 0k (5)

2.3. High-Frequency Voltage Model

The HF voltage characteristic model in stationary reference frame is represented
by (6) and (7), obtained from (4) and (5) after neglecting the resistance terms, eliminating
back-EMF terms, and cross-coupling inductances between three-phase coil sets. If the
frequency of the HF signal feeding the machine is sufficiently high, the resistive terms can
be safely neglected as the inductive terms dominate the machine impedance. The back-
EMF term can also be eliminated as it does not contain HF component. The cross-coupling
inductance between three-phase coil sets are small and insensitive to xy-position variation
(see Figure 3).
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Figure 3. a3, three-phase cross-coupling inductance results from FEA: (a) L,,1; (b) Lyzp1; () Lpoat;
(d) Lpop1-
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It will be shown in Section 3 that Ly, L/gn/gn, Lmﬁn, and Lﬁmm are a function of
the x- and y-spatial rotor position displacement. This dependency will be used for rotor
xy-position estimation:

di di

OanHF = Lanan(x ]/) lan + sznﬁn(x }/) ﬁn (6)
d' dl

OpnHF = Lgnpn (X, y) dﬂ + Lgnan(x,y) dp;n @)

Finally, since a3, is rotated 180° with respect to a1, the relationships shown in (8)—(11)
exist among inductances in a1 and af, reference frames.

Laa2(x,y) = Lata1(—x, —y) 8

Laopa (%, ) = Larp1 (—x, —y) 9)
Lpog2(x,y) = Lprpr (—x, —y) (10)
Lpoa2(x,y) = Lpra1 (—x, —y) (11)

3. HF Inductance Dependency and Rotor xy-Position Displacement

This section presents the inductance dependency in rotor spatial position displacement
(i.e., xy-position). A simplified air-gap reluctance model is developed for the analysis
of the self-bearing machine inductances sensitivity on rotor xy-position displacement.
The conclusions drawn from the analysis are verified using finite element analysis (FEA).

3.1. Inductance Dependency Analysis Based on Air-Gap Reluctance Model

Equivalent inductance, Leg, is shown in (12) as a function of reluctance, where N4
represents the number of turns. The reluctance in the air-gap is defined by (13), where
o, Aeq, and Iy are the absolute permeability of the air, equivalent area, and air-gap
length, respectively:

NZ
Leq = % (12)
leg
= 13
o Ae (13)

Simplified magnetic equivalent circuit of the first set of three-phase coils, abc, is
developed, assuming the air-gap reluctances are the dominant components in the flux-
path. The reluctance components in the flux path of the rotor and stator are negligible and
not included in the machine model. Infinite relative permeability of soft-iron is assumed.
The relative permeability of PM is set equal to air. The three-phase magnetic circuit is shown
in Figure 4, where 1,1, Iy1, 11, ¢a1, $p1, and @1 are abcq phase currents and abe; fluxes.

The abc; phase flux-linkage can be expressed by (21), solving Figure 4 using superpo-
sition [23], where phase flux-linkages A1, Ap1, and A, are obtained from multiplying the
number of turns to the phase flux.

The phase flux-linkages in (21) can be expressed in an a8 reference frame as in (22)
applying Clark transformation. The HF inductances, Ly141, La1g1, Lg1a1, and Lgip1 in (6)
and (7) are derived using the phase air-gap reluctances. It is important to note that each
phase reluctance is a function of the air-gap length (13). Therefore, if the rotor xy-position
varies, the HF inductances will vary. The rotor should be designed with the least dg-axes
inductive saliency to utilize the xy-position inductive saliency based on air-gap length
variation for xy-position self-sensing.
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Figure 4. Simplified magnetic equivalent circuit of abc; based on air-gap reluctance.

3.2. aBy Inductance Sensitivity Analysis

In this subsection, inductance sensitivity analysis is performed. Air-gap length in each
phase is modeled as in (14) using Euler’s formula to correlate each phase air-gap length in
polar coordinates to the xy-position variation in Cartesian coordinates. 6, is the angle of
the phase reluctance referencing the location of phase a1 as in Figure 4. r is the per-unit
air-gap length. Ax and Ay are the per-unit rotor displacement in x- and y-axes. The effect
of Ax and Ay on two sets of three-phase air-gap is modeled using the relative angle, 6,

in Table 2.
leg = |r — (Ax + jAy)exp(joy)|

Table 2. Phase equivalent air-gap length model.

(14)

Air-Gap Length 04 [rad] Air-Gap Length 04 [rad]
I 0 I T
Iy 27/3 Ipo T+27/3
1 —2m/3 I mw—2m1/3

Taking the dominant components, per unit air-gap length is calculated in (15)-(20):

In=v1—-2Ax
Iy = \/1+Ax+\@Ay
lp = \/1+ Ax —V3Ay

lp = V1+2Ax
Iy = \/1— Ax — V3Ay
lo = 1/1—Ax +/3Ay

Nequul
= Neq(Pbl
Neq¢c1
N2 (Rp1 + Re1) —Ra —Rp1
— _Rcl (Rul + Rcl) _Rul
R,1R R,1R Ry1R
all\pl + Ra1Re1 + b1\ c1 _Rbl _Ral (Ral + Rbl)

iul
Ip1
L1

|

(15)
(16)

(17)
(18)

(19)

(20)

(21)
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iixl
ig1

2
_ Neg [ 3(Rp1+Ra)  V3(Rp —Ra) }
2(Ra1Rp1 + RaaRe + RyiRe1) |V3(Rp1 — Ra)  4Ra1 + Rpp + Ra

Aw1 _ La1a1 Lalﬁl
Ap1 Lgiar  Lpip

ig1

ile‘| (22)

Equivalent air-gap area, A¢y, and air-gap permeability are assumed equal for each
phase. Substituting the phase reluctance to (22), taking Taylor’s series expansion near
center position, (23) is calculated as function of x and y rotor position displacement, Ax and
Ay. Similarly, the second set of inductances is calculated in (24). The sensitivity analysis
based air-gap reluctance is verified using FEA in Figures 5 and 6 in Section 3.2:

[Lalal L/xlﬁl] _ NgzAeqhto {6+3Ax 3Ay }

Lgis1  Lpip 2%3 3dy  6—3Ax (23)
Lozaz  Lazp2| _ NequeqP‘O 6—3Ax —3Ay 24
Lgoaz  Lg2po 2%3 —-3Ay  6+3Ax

The conclusions of inductance variation in x and y rotor position displacement from

the simplified inductance model can be summarized as follows:

. Main inductances, Ly, and Lﬁnﬁn, are sensitive to x-axis rotor movement. For x-
position self-sensing, main inductances are required.

e  Cross-coupling inductances, Lyyp, and Ly, are sensitive to y-axis rotor movement.
For y-position self-sensing, cross-coupling inductances are required.

*  Cross-coupling inductances, Lyp, and Lgpqy,, are equal.

¢ The main and cross-coupling inductances in the first and the second set of three-phase
coils have opposite sensitivity to xy-axes rotor movement.

0.01

-0.01

Loip1[mH]
(]

y[mm] -1l z[mm] y[mm] -1-1 x[mm)

(@) (b)

Lﬁlnl [mH]
(e

y[mm] -1 x[mm] y[mm] -1l x[mm]

(0) (d)

Figure 5. a7 inductance results from FEA: (a) Ly141; (b) Ly1g1; (€) Lg1a1; (d) Lg1p1-
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y[mm] -1 x[mm) y[mm] -1 -1 x[mm)

() (d)
Figure 6. a3, inductance results from FEA: (a) Lyaa2; (b) La2g2; (€) Lg2az; (d) Lpzpo-

3.3. Inductance Dependency Verification Using FEA

Two-dimensional static finite element analysis (FEA) is performed to verify the conclu-
sions from the simplified reluctance model. A stacking factor of 0.95 is used for the stator
with N35 grade NdFeB permanent magnet on the rotor. Self-bearing machine geometry
and simulation conditions for FEA analysis are summarized in Table 3, where Dys, Djs, Doy,
wy, tpp, and Lg; are stator outer and inner diameter, outer diameter of the rotor, teeth width,
thickness of the magnet, and stack length; see Figure 7. 0.2 p.u. of HF current is injected
in the first set of three-phase coils, n, while the other set of three-phase coils current, m,
are set to zero (25) and (26). Inductances are calculated based on FEA by taking partial
derivative of HF flux-linkage with respect to the HF current (27)—(30). Givenn=1,m=2,i
=1, j =1, main and cross-coupling inductances shown in Figure 5 are calculated for the
first set of coil inductances whilen =2, m=1,i =1, j =1 calculates the second set of the
coil inductance in Figure 6. The trends of inductance variation are matching with analysis
based on air-gap reluctances in Section 3.2.

Figure 7. Cross-section of target SPMBSM and relevant geometric variables for FEA.
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Table 3. FE analysis conditions and self-bearing machine.
Poles 4 Dys 50 [mm]
Slots 6 Djs 26.8 [mm]
Turns 16 Doy 19.6 [mm)]
Permanent magnet N35 wy 6 [mm)]
Soft material M-19 tpm 1.4 [mm]
Lgt 24.5 [mm] Lated 5[A]

Xmax 42 [mm] X —1to1in 0.5 [mm] step
Ymax 42 [mm] y —1to1in 0.5 [mm] step

The cross-coupling inductance between the first and the second set of three-phase
coils, shown in Figure 3, are calculated using n =1, m = 2,i =1, j = 2. Note that the
magnitude of the cross-coupling inductances between three-phase coil sets are much
smaller (about 1/5 times) than the self inductances shown in Figures 5 and 6. Moreover,
the inductances are not sensitive to xy-position variation. This is because the air-gap
reluctance sensitivity of abcl and abc2 to xy-position variation are in opposite directions
(see Table 2 with angle offset, 6y, of 7T between abcl and abc2). This is due to the air-gap
reluctance sensitivity of a1 and a2 are in 7t shifted (opposite) relations (see Table 2).
Therefore, the coupling inductances between three-phase coil sets are not included in the
xy-position self-sensing model.

[itm k
. Ton
Lpn icn

o | _ [0 26
igm| M (26)

ian

=K, (25)

e @)
Lyipj(x,y) = a)\ﬂgl(;y) (28)
Lgigi(x,y) = M[Zl(;y) (29)
Lginj(x,y) = 8)\551(:1/) (30)

4. HFI Based xy-Position Self-Sensing

xy-position estimation based on the injection of an HF signal is presented.

Equations (6) and (7) can be expressed as (31), where s is the differential operator. Park
transform in (32) with reference frame offset angle 0;,; is defined to rotate the stationary
reference frame. Pulsating HF voltages are injected in between af-axes (33) where 6;,; of
45°is chosen to excite both a- and B-axes simultaneously (as shown in Figure 8) [24]. The
same magnitude HF voltage command is used for both sets of three-phase coil set (n =1,
n = 2) as in (33) to use differential information to enhance position estimation accuracy.
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OxnHF — |:£aumom ianﬁn:| {%“"HF} (31)
VpnHF Bran Bnpn 1nHF
[ cos(0ij)  sin(6inj)
Kp(gll’l]) - |:_Sin(9inj) COS(Qinj) (32)
veinhP 1
an
o | = Vircos(27 fyrt) [0} (33)
UBnHF
U* _ vein/'
[ imHF _ Kp(45)_1[ gnHF] (34)
UBnHF | Uﬁl;ZJHF
-ein' 7 /
ZIXVLJI_IF l{XTZHF
.einj - Kp (45> )
LgnHF- tpnHF
_ sin(27furt) [L’o;ﬂ (35)
Ii1n
Lanan+Lgngn Lanpn+Lgnan
Lion | _ VHr ( JZFM)_( ﬁ;ﬁ ) (36)
Iitn ZﬂfHF(Lamanﬁnﬁn - LwnﬁnLﬁMm) - (Lanan;Lﬁnm) - (L“nﬁn;LﬁnM)

. . . . . 9,‘,,' 9,‘,«,‘ . .
Figure 8. HF pulsating voltage injection reference frame, a8, "and aB," with 9mj/ and stationary
reference frame, aff, and af3;.

Vur and fyr represent the HF voltage magnitude and frequency. fyr should be
selected far apart from the controlled torque or force current frequency to minimize the
interference. The HF voltage command input in the stationary reference frame will be (34).
The resulting stator HF current response will be Park transformed to the HF injection
reference frame as in (35), where I[jy, and I;;,, are injection reference frame HF current
magnitude defined in (36).

This question arises: How can this HF current response can be used to estimate x
and y rotor position? This may be explained referring to (23), (24), and (36). The main
inductances, Lyuq., and L Bnpn, are proportional to Ax. On the other hand, the cross-coupling
inductances, Lyyp, and Lgyay, are sensitive to Ay. The inductance term in the denomina-

Vyr 36
tor Of (36), 27TfHF (lenwlL/Sn/Sn*thnﬁnLﬁnan) Aeqﬂﬂ)(36_9(Ax)2_9(Ay)z)
term is insensitive to small Ax and Ay. Ny, Aeq, po, Vur, and fur are assumed to be
constants. Therefore, Ijp, and I;;, have the xy-position dependency relationship shown
in (37) and (38).

since the

Vur
becomes 5 frir (Nep
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Exciting both a1 and a8, with (33) as in Figure 8, x and y rotor position are estimated,
from the HF current responses, (39) and (40). Figure 9 shows FEA based results of differ-
ential HF currents in (39) and (40). The definitions of k¢yx and k,x are shown in Figure 9a,
where kg is x-axis proportional gain for unit conversion from HF current, i.e., amperes (A),
to position, e.g., millimeter (mm), given HF injection conditions, i.e., Vyr, fur. kox is the
x-axis offset constant to calibrate the x-axis referencing position. The procedure to select
the self-sensing gains is as follows:

* first, kgx and kg, are set to 1 while searching for the values of kyx and ko, that will
result in £ = § = 0 in (39) and (40) at the rotor position x = y = 0 mm. koy and koy are
non-zero values if the two sets of three-phase are not in perfect symmetry.

* second, k¢x and kgy are selected to convert the estimated position unit to the unit
in millimeters.

Ly1a +L w11+ Lp1a
Loy 11 tlpip) (L 1ﬁ12 pla1)
I lxllxl L/Slﬁl _ (Lap—Lpia)
2
Ax Ax) Ay+Ay) _
(Ax+Ax . Ay Ay) —Ax
2
a Q. +L . —-L Q.
- 202tLppp) (L 2;;22 p242)
Lo vc2a2 L/sz;zz _ (Laopp—Lpoa2)
2
Ax+Ax _ (=Ay—Ay)
« 2 _ By (38)
Ax Ax)  (=Ay+Ay) Ax
2
= kex((Inz — Ti11) + kox) (39)
§=kg (( i02 — Lior) + koy) (40)

"o

-0.28 A

(Linz — Iin1)[A]

y[mm]| -1-1 x[mm)

@)

(Tio2 — Lion ) [4]

y[mm] -1l x[mm]

(b)

Figure 9. FEA results of differential HF currents, Vyr =1V, fgr = 1000 Hz, and gain and offset
constant, k¢x and kox. (@) (I — Ii1); (b) (Lioa — Lio1)-
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HF voltage input

xy-Position Self-Sensing Implementation

Figure 10 presents the overall xy-position self-sensing block diagram. An HF pulsating
voltage is injected in 45° injection reference frame, i.e., in between a1 and a8, as shown in
Figure 8. The commanded HF voltages are input into a self-bearing machine in (6) and (7)
using a PWM voltage source inverter (VSI). Two sets of three-phase current responses
are measured using 6-current transducers and Clark transformed. HF current responses,
Iion and Ij,, containing xy-position information, are rotated back to a8; and a3, reference
frame. The HF current is demodulated with a low pass filter (LPF) after multiplying HF
current with sine wave at injected frequency, fyr. Finally, x and y rotor positions are
estimated using (39) and (40).

Inverter

Lo i
aB/dq anHF@‘COS(ZﬂfHFt)
T Oinj Y |
-45° ~BnHF ]
________ HF model o Demodulation """""""""""""E
SiTl(ZT[pr t) Spatial position estimation
2 koy
Oinj ] u
L T i 0 L §
! o Oinj —s| ; i
Inverter ade i +£1_5° l/;;rzp § — LPF, 3
Oinj : S
p La2nF '_’§ — LPF} 3
[4 ! |
| B/dq — | : :
Yinj '
+tl_50 i x [ LPF:
v 1 1

Figure 10. xy-position self-sensing block diagram, HF voltage injection in between a-axes (blue),
HF model of the self-bearing machine (gray), HF current demodulation block diagram (green), and
xy-position estimation block diagram (orange).

5. Experimental Results

This section shows the experimental results of the xy-position self-sensing algorithm.
The experimental setup shown in Figure 11 is used. Figure 11a is the test self-bearing
machine. To drive the test machine, two sets of 3-phase inverters with 6-current transducers
are used, as shown in Figure 11b. The rotor is mechanically coupled with a DC machine
that is fixed to the base, as shown in Figure 11b. The self-bearing machine stator is fixed
to the xyz-mover of the position controlled linear motion stage. The linear motion stage
shown in Figure 11c is position controlled by switched reluctance (SR) motors and drivers.
The controlled position precision for x- and y-axes is 0.1 mm. The center position of the
rotor with respect to the stator is position controlled by the linear motion stage, and used
as an absolute position reference during the xy-position self-sensing experimentation.
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Figure 11. Experimental setup. (a) self-bearing machine; (b) self-bearing machine driver; (c) xyz
linear motion stage.

The self-sensing experiment conditions are summarized in Table 4. Inverter DC link
voltage is set to 40V. HF voltage (v, p, Uy s Ugopps and UZZHF) shown in Figure 12a are
injected. The resulting HF currents, when x = 0 mm and y= —1 mm, are shown in Figure 12b.
Taking Park transformation at +45°, HF currents are measured. Iy, Ii11, liop, and I;1, are
shown in Figure 13a, which are obtained following demodulation procedure (green) shown
in Figure 10. The pulsating HF current will result in pulsating HF torque and force that
will not impact the average torque and force. Nevertheless, the HF injection condition,
i.e., fyr and Vyr, should be chosen carefully to minimize the interference between HF
injection induced torque and force and the controlled torque and force. The fpr is chosen
as one-tenth of the switching frequency to minimize the impact of the switching voltage
of PWM. The Vyr of <3% of the DC link voltage of the inverter can be selected for the
proposed self-sensing algorithm. The proposed algorithm is tested in open-loop assuming
that the voltage excitation results in minimal impact to the drive system in closed-loop.
Finally, Figure 13b illustrates the estimated x and y positions, £ and §, using (39) and (40).
Using 500 Hz bandwidth LPF, the estimated position converges to the steady state value
in 2 ms. Steady state position estimation error was 4%, and peak to peak estimation error
was £8% for maximum operating range of =1 mm. The peak to peak error is due to a
voltage synthesize error from PWM VSI. The position estimation bandwidth, which affects
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position feedback control, is limited to LPF bandwidth. To achieve high bandwidth for the
self-sensing, a higher PWM switching frequency should be used.

Table 4. xy self-bearing experimental conditions.

Voo 40 [V] kgx 23.5
Vir 0.015 [p.u] Kox 0.0058
fur 1000 [Hz] kgy 235

LPF bandwidth 500 [Hz] Koy —0.0006

To further show viability of the xy-position self-sensing, a series of experimental
results on £, i are shown in Figures 14 and 15. In Figure 14, the center of the rotor is held at
constant y-positions while the x-positions are varied from —1 mm to 1 mm in incremental
steps of 0.5 mm, see Figure 11c. Experimental conditions are summarized in Table 4.
xy-position self-sensing block diagram shown in Figure 10 is used. Steady state value of
demodulated HF currents and estimated £-, {-position are shown in Figure 14. It can be
observed that I;1; and I, in Figure 14c,d are reverse-sensitive to the x-position variation
while [jo,, in Figure 14a,b is insensitive. Using (39) and (40), £ and # positions are estimated,
simultaneously, and shown in Figure 14e f. Figure 14g,h shows the estimation error.

I = Vgl = Va2 ~— Up1 = Up2 = Vel = VUc2 |

0 0.5 1 1.5 2
(a)

| — a1 — i1 = la la2 = 2 ic2

— ’

= 0 ”M\“W

Id
05 \\w// \-./"j \\w/’/ \-./f

- i i i
0 0.5 1 1.5 2

(b)
O Oinj O Oinj
| T lanr T 'siEF T Ya2HF T 'g2HF |

0 0.5 1 1.5 2

Time [ms]
()
Figure 12. HF pulsating voltage injection and current response, x = 0 mm, y = —1 mm. (a) HF
phase voltage command, abc; and abcs; (b) HF phase current response, abcy and abcs; (¢) HF current

: Binj Hinj Oinj Oinj
response Of i,1yp, igypyps by pps and IgoHE-
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Figure 13. xy-position estimation experimental results, x = 0 mm, y = —1 mm. (a) demodulated «
and B HF current, lip1, Ij11, lig2, and I;1p; (b) estimated xy-position, £ and 7.
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Figure 14. Experimental results varying x from —1 mm to +1 mm in steps of 0.5 mm at constant y
position. (a) Lig1; (b) Lipas (€) Iint; (d) Lina; (€) %5 (£) 9 (g) errorf; () errory.
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Figure 15. Experimental results varying y from +1 mm to —1 mm in steps of 0.5 mm at constant x
position. (a) ior; (b) Lipo; (¢) Ly () Lino; (&) %; () 9; (g) errors; (h) errory.

Figure 15 shows analogous results, but this time, the y-position is varied while holding
the x-position constant. Iy, is sensitive to the y position as expected in (37) and (38).
The estimated x- and y-position results are shown in Figure 15e,f, respectively. Figure 15g,h
shows the estimation error. The position estimation error increases as the rotor moves away
from the center position due to other machine nonlinearity, e.g., magnetic saturation effect.

6. Conclusions

Rotor xy-position estimation based on the injection of an HF signal in combined
winding self-bearing machines has been proposed. The proposed xy-position self-sensing
algorithm does not require additional windings, e.g., suspension winding or search coils.

The model for machine inductances’ sensitivities with respect to the xy-rotor position
displacement are developed, based on the air-gap reluctance model, verified by FEA
and experimental results. An HF pulsating voltage is injected between a- and B-axes to
enable estimation of x- and y-rotor position, simultaneously utilizing both main- and cross-
coupling inductance variation. The excitation frequency is carefully selected to minimize
the interference to the closed-loop operation of the bearingless machine drive system.
Demodulating the coupled HF current, £ and § rotor positions are estimated. Experimental
results have been provided to support the viability of the proposed technique.
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