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Abstract—In many applications electrical energy has to be transferred
to rotating parts. Usually a cylindrical transformer with a rotating and a
stationary part is used, which are separated by a small air gap. In order
to achieve a high magnetic coupling, on both parts a highly permeable
core material is employed. In high-speed applications the diameter of
the rotary transformer should be small since the mechanical stresses
can be high. Therefore, a high electrical frequency has to be selected.
This high switching frequency would result in high core losses; ferrite
would be the best suited material. However, ferrite is brittle and has
a limited mechanical strength. Therefore, in this paper two concepts of
rotary transformers are analyzed, where no core material is used on the
rotating part. The major advantage of these concepts is a simple and
mechanically robust design with a lightweight construction resulting in
very small unbalanced mass.

I. INTRODUCTION

In grinding processes of hard ceramics, usually spindles with
rotational speeds of up to 100’000 rpm are used. There, the processing
time and the cost of the diamond equipped grinding tools are high.
In order to reduce the processing time and the abrasion of the
expensive tools, new approaches are investigated, where, in addition
to the rotation of the grinding tool, an axial ultrasonic vibration is
superimposed [1]-[3]. The generation of the ultrasonic vibration is
realized with a piezo-electric resonator attached to the rotating part
of the spindle, whereby the electrical energy is supplied from the
stationary part.

The electrical energy transfer to the rotating part is usually realized
with a rotary transformer, where most concepts presented in the
literature [4]—[8] are based on the two structures shown in Fig. 1 a)
and b), where depending on the mechanical arrangement the air gap
is either radial or axial. With the magnetic core material employed
on the rotating and stationary parts, and the small air gap, a high
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Fig. 1. Cross section of the basic rotary transformer concepts with a) axial

and b) radial air gap.
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Fig. 2. Cross section of analyzed rotary transformer concepts without

magnetic material on the rotating part. a) concept 1: secondary winding
arranged in the air gap. b) concept 2: secondary fully enclosed by the major
part of the magnetic flux.

magnetic coupling is achieved, which is the major advantage of
these concepts. In high-speed applications, however, due to the high
mechanical stresses, the diameter of the rotary transformer has to be
minimized, which on the one hand results in a long transformer with
a small core cross section. On the other hand, to down-size the overall
dimensions of the transformer a high electrical frequency has to be
selected, which demands suited magnetic materials to keep the core
losses low. Sintered ferrite-cores, however, are brittle and show only
a low mechanical strength. In addition, compared to the windings,
the core material’s mass is high, which leads to a high unbalanced
mass in the rotating part.

To overcome these limitations, two rotary transformer concepts
for high-speed applications (one concept was basically proposed in
[9]) are analyzed and compared in this paper, where no magnetic
material is employed on the rotating part. These concepts feature a
simple and mechanically robust design with a lightweight construc-
tion resulting in very small unbalanced mass, which is presented in
Section II. Based on the derived reluctance model, in Section III, the
magnetic and electrical performances are evaluated for both concepts.
There, also the mechanical stabilities are analyzed. An experimental
comparison of both concepts with prototypes for an output power of
200 W, an electrical frequency of 70 kHz, and a rotational speed of
60’000 rpm is finally done in Section VI.

II. DESCRIPTION OF ROTARY TRANSFORMER CONCEPTS

In Fig. 2 the cross sections of the analyzed rotary transformer
concepts for high speed applications are shown. The rotating part
consists of a strong non-magnetic bobbin, e.g. based on PEEK. It is
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designed as a hollow cylinder with thin walls carrying the secondary
winding and is extended into the stationary pot core. The primary
winding - wound on a plastic bobbin - is also placed inside the pot
core and either arranged next to (concept 1, Fig. 2 a)) or around
(concept 2, Fig. 2 b)) the secondary winding. Depending on these
winding arrangements, different magnetic couplings are achieved.
However, due to mechanical stability reasons, for both concepts,
the rotor’s walls are limited to a certain minimum thickness, thus
resulting in a relatively large air gap Aair,tot (cf. Fig. 3 a)) and low
magnetic coupling compared to the basic concepts shown in Fig. 1. In
order to improve the magnetic coupling, for concept 2 a ring core is
placed next to the primary winding. Thus, the air gap width is mainly
defined by the ring core width [, (cf. Fig. 8 a)) and all turns of the
secondary winding are linked with the major part of the magnetic
flux. However, due to the additional ring core the rotor is elongated
which can result in a worse mechanical stability.

For concept 1 the air gap is distributed over the whole length of the
secondary winding lw2, which is in general larger than /., and would
lead to a better coupling. However, since in concept 1 also the mag-
netic flux is evenly distributed over the whole length [. - assuming an
ideal core material - not all turns of the secondary winding are fully
linked with the primary’s magnetic flux; accordingly, the magnetic
coupling is again reduced. On the other hand, the rotor length can
be kept small resulting in improved rotor dynamics. Therefore, to
compare these two concepts, a detailed magnetic, electrical and
mechanical analysis is performed in the following.

III. TRANSFORMER DESIGN
A. Magnetic Design

In order to describe the magnetic behavior of the rotary transformer
concepts, first, the magnetic field distribution in the air gap has to
be derived. Due to the rotationally symmetric design, cylindrical
coordinates (r, z, ) can be used for the magnetic field, whereas
due to symmetry reasons for both rotary transformer concepts the
magnetic field A has no ¢-component (H, = 0).

In Fig. 3 a) the cross section of concept 1, the qualitative dis-
tribution of the magnetic fields H,; and H, 2 of the primary and
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Fig. 3. Cross section of the rotary transformer (drawing not to scale),

schematic H-field distribution H(z) and mag. reluctances for concept 1.

Fig. 4. FEM-Simulation of the magnetic field H,(z) for concept 1.

secondary winding respectively, and the resulting magnetic field H,
(found by superposition of H, ; and H, 2) are shown. Inside the core
window over the length [, the magnitude of the magnetic fields H; 1
and H. o - assuming an ideal core material (4 — 00) - can be found
by Ampere’s law with a rectangular closed loop path, whereas the
loop path’s width is continuously enlarged in z-direction as illustrated
in Fig. 3 a). With the number of turns enclosed by the loop path,
the current value and the air gap length within the loop path, the
magnetic field’s magnitude in radial direction can be calculated, if it
is assumed that the radial component of the magnetic-field is constant;
this is a good approximation as long as r1 > (r2 —r1) (drawing not
to scale). Thus, inside the primary winding the magnitude of H; i is
linearly increasing to approximately N1 I1/hair,tot and stays constant
inside the core window over the length .. On the other hand, the
magnitude of H; > is zero over the length l,,1 and I - no secondary
current is enclosed - and decreases linearly along the z-axis inside
the secondary winding to approx. —NaI2/hair tor When all secondary
turns are enclosed (cf. Fig. 3 a)). Outside the core window with
increasing distance all magnetic fields show a monotonic decay to
Zero.

The resulting magnetic field H, is calculated by superposition of
H,1 and H, >, or could also be directly derived from Ampere’s
law. As shown in Fig. 4, the derived magnetic field distribution is
verified by FEM-simulation. For both, simulation and calculation,
it is assumed that N1Iy > Na2l2, which is always the case for
transformers with low magnetic coupling and resistive loads, since
the primary source has to deliver the active power for the load and
the reactive power of the transformer. Therefore, N1/1 = N2l2 can
only be assumed for transformers with a high magnetic coupling
and a high magnetizing inductance. However, as will be shown later,
depending on the load behavior it is also possible that N1I; < Nala;
the magnetic field distribution is significantly influenced by the load.

For the sake of completeness, if r1 > (r2 — r1) is not true, the
magnetic field is depending on the radius r: H.(r) = ¢/(uo27r),
whereas ¢ is derived based on Ampere’s law,

9:/T2Hr(r)dr— ¢ - In(

- Lo 27 1

) = (1) = s

1

» (D

where O is the magnetomotive force which equals the total ampere-
turns enclosed by the loop path.

With the derived magnetic field distribution and the given cross
section of concept 1, the corresponding reluctance model is deduced,
which describes the magnetic properties of concept 1. Since both,
the magnetic flux ¢ and flux density B, show the same direction as
the magnetic field H, in the reluctance model only reluctances in
r-direction are used. There, each reluctance is defining the magnetic
flux portion which is flowing through a certain area of the cross
section. For concept 1, the total magnetic flux is split into a flux
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portion (fringing flux) outside the core window, which is considered
with the reluctance Ry, and a flux portion inside the core window.
The flux portion inside the core window is further split into three flux
portions, where the fluxes flowing through the primary or secondary
winding are described with the reluctances R, and R, respectively,
and the flux flowing in between the two windings is considered with
the reluctance Rs (cf. Fig. 3 ¢)).

In the reluctance model the spatial arrangement of the primary
winding over the winding length [,,; and of the secondary winding
over the winding length lw2 has to be considered. Therefore, to get
an accurate description of the magnetic behavior, the magnetomotive
forces (MMFs) ©; and ©3 are split into k1 and k2 series connected
portions ©1,; = Nili/ki and ©2; = Nalz/ko respectively. For
this reason also the reluctances Ry, and R, have to be split into kq
and kg parallel reluctances Rspi = ki - Rsp and Ra.i = k2 - Ra
respectively as shown in Fig. 5 a).

Since the derived reluctance model is impractical for the calcula-
tion of the magnetic behavior, the distributed reluctances Rsp i and
R, ; as well as the distributed MMFs O ; and ©2; are summarized
again, resulting in a lumped equivalent reluctance model. For exam-
ple, to calculate the equivalent reluctance Ra..q of the distributed
reluctances R, ; the magnetic voltage source ©; has to be shorted
out (/1 = 0) which leads to the reluctance model shown in Fig. 5 c).
There, on one side all distributed reluctances R, ; are connected to
the ground potential and on the other side to the voltage i-O5 ;. This
arrangement of reluctances R, ; and MMFs O ; can be simplified
to one reluctance R, oq Which is only connected to ©2, where it has
to be guaranteed that the total flux for both circuits is the same, i.e.
@21 + P22 + ¢2,3 + ... = ¢2,cq- According to (2), this results in
Racq = 2Ra.

k i k
2 (12]]:]22 )_ IQNQ 2 _IQNQ ! IQNQ

ko
;d’“ - Z:« ko Ra B3R, 2" 2R, ~ Ruuq @

As was shown in Fig. 3 c), however, the reluctance of the air gap
over the length ly2 is Ra, which is also found with the reluctance
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Fig. 5. Description of magnetic behavior of concept 1 based on a)

reluctance model with distributed reluctances Rsp ; and R, ; and distributed
magnetomotive forces MMFs ©1 ; and ©2;, b) lumped reluctance model
and c) simplification of the reluctance model by summarizing the distributed
reluctances.
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Fig. 6. Calculation of 3D-reluctance of the fringing flux R?D based on the
analysis detailed in [10] by describing a complex air gap geometry with an
assembly of basic geometries.

model in Fig. 5 a), if the MMF O3 is shorted out (I = 0). This
means that for concept 1 the secondary winding is only coupled with
half of the primary flux within ly2; this could also be calculated
by summing up the induced voltages in each secondary’s turn. As
a consequence, this results in a low magnetic coupling of the two
windings. In the reluctance model for concept 1, this fact has to be
considered by splitting the reluctance R, into two parallel reluctances
2R., whereas the secondary winding’s MMF O has to be placed in
between these two reluctances (cf. Fig. 5 b)).

The distributed reluctances Rsp,; can be summarized based on the
same procedure, shorting out ©2 (I = 0), resulting in a equivalent
reluctance Rsp.eq = 2Rsp as shown in Fig. 5 b).

The reluctance values of the simplified reluctance model for
concept 1 can be derived from the dimensions of the corresponding
cross section. The 2D-reluctances R., Rs and Rsp inside the core
window can be easily calculated by

2D l:v
R =— 3
Mo - hair,tot

where [, has to be adapted to the corresponding dimension: ly2
for R2P, I for R2P and ly, for Rfl?. For (ro —r1) < 71, as a good
approximation, the 3D-reluctance can be calculated by multiplying
the 2D-reluctance with the average circumference of the air gap
rave = (72 + 71)/2. The accurate calculation of the 3D-reluctance
results in

1

R3D _
* 27 - po - g

In(™2). (4)

Ti

The 3D-reluctance R of the fringing flux is derived based on
the analysis in [10], whereas first the corresponding 2D-reluctance
R?D has to be determined. As shown in [10], the reluctance of a
complex air gap geometry can be substituted by an assembly of basic
geometries (cf. Fig. 6 a)), whose 2D-reluctance is calculated based
on the conformal Schwarz-Christoffel transformation;

1

polz; + 2(1+In(Fp))]°

The air gap geometry of concept 1 can be realized with two basic
geometries which are lying upon another as shown in Fig. 6 b). Thus,
the reluctance RZP of the air gap of concept 1 is equal to the series
connection of the two basic reluctances Rﬁlajsicyl and Rﬁgsic’g, where
the corresponding dimensions | = hqir,t0t/2 and w/2 = . for both
reluctances, h = h; for Rﬁ‘;ic,l and h = hs for Rl%]zi)sic,Q have to be
considered.

The calculated reluctance RZC includes the reluctance Ry of the
fringing flux outside the core window and the reluctance RZP of

2D
Rbasic =

(&)
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the flux inside the core window over the length [.. Since the 2D-
reluctance R2P is given by (3), R?P can be deduced from RZP and
RZP,

2D p2D
Rfa Ra

2D
Rf = TS 50
R2D R2D
a T Al

Q]

The impact of the fringing field on the total flux can be described
with the fringing factor o, introduced in [10], which is just the
ratio of the two 2D-reluctances R7- and R2P, where the fringing
field of the air gap is either considered or neglected,

2D 2D
0_213 _ Rfa _ Rf
> R® + R

@)

As a result, for 02 ~ 1 the fringing flux can be neglected
and for decreasing values of o2” the impact of the fringing flux
is increasing. Due to the cylindrical shape of the proposed rotary
transformer concepts, this fringing factor 2P can now be used to
calculate the 3D-reluctance R?" of the fringing flux, since in this
case the 2D- and 3D-fringing factor are the same. Thus, the 3D-
reluctance R:P is found as

B 2P R3D
T 1— 2D’

With the calculated 3D-reluctances R3P, RZP, R3P and RSE the
magnetic behavior of concept 1 is fully described. However, instead
of the reluctance model, the magnetic behavior of a transformer
is usually described with the general transformer model, shown in
Fig. 7 a), consisting of the two self-inductances L; and L2 and the
mutual inductance M. These values can be directly deduced from
the corresponding reluctance model.

In order to calculate the self-inductances L, and Lo either the
secondary winding (for L) or the primary winding (for L2) has to
be shorted out in the reluctance model. The sum of the remaining
reluctances leads to the corresponding self-inductance L; or Lo,

R ®)

N2 N3

1= —————— and [ = —————.
"7 Re[[Ral[Rs[12 - Rep 7 Re|2-Ra

&)

For the calculation of the mutual inductance M also the voltage

transfer ratio V2/V; is needed, which is - due to the low magnetic

coupling - not equal to the turns ratio No/N7. However, the voltage

transfer ratio V2/Vi is given by the reluctances Rgen,nh and Rgen,s

of the two winding transformer’s general reluctance model (cf. Fig.
7 b)),

No Rgs R
M= V2 L, =22, Zles teh
‘/1 N 1 Rg,s + Rg,h

For concept 1 this results in Rgs = 2Ra||Rs||2Rsp and Rgn =
R¢||2Ra.

- Ly. 10)

Li-M  Ly-M
I
" MV, no
a) b) J N ld>|
Fig. 7. a) General transformer model defined by the two self-inductances L1

and Lo and the mutual inductance M, b) general reluctance model of a two
winding transformer coupled with the electrical circuit in order to calculate
the voltage transfer ratio Vo /V;.
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Fig. 8. a) Dimensions of the rotary transformer (drawing not to scale) and

schematic H-field distributions Hy(z) and H,(r) and b) magnetic reluctances
of concept 2.

In order to improve the magnetic coupling, in concept 2 the station-
ary primary winding is placed around the rotating secondary winding,
both having an equal winding length [, (cf. Fig. 8 a)). Additionally, a
separate air gap [, is inserted, thus, in contrast to concept 1 almost all
turns of the secondary winding are linked with the whole primary’s
magnetic flux. However, due to the modified winding arrangement,
the derivation of the magnetic field’s distribution is difficult, since
between the two windings of concept 2 the magnetic field H has a
r- and a z-component.

In Fig. 8 a) the cross section of concept 2 and the resulting
magnetic field, separated in - and z-direction, is illustrated. The
distribution of H.(z) and H,(r) can be deduced from Ampere’s
law again, however, for each magnetic field’s component a separate
rectangular closed loop path is used (cf. Fig. 8 a)).

As was already shown for concept 1, the distribution of the
magnetic field in radial direction H,(z) is found by continuously
increasing the loop path’s width in z-direction, hence, continuously
enclosing more and more turns of the primary and secondary winding.
This leads to linearly increasing magnitude of H,(z) inside the
core window [,, (assuming again N1I; > Nal>) whose maximum
is (N1l1 — Na2I2)/(hairtot + hp). In the air gap width [, the
magnetic field has only a radial component, which is constant and,
due to the smaller air gap, higher than in the winding window
(N1I1 — N21I5) /(Rair,tot ) - Outside the air gap the field monotonically
decays to zero again.

The z-component H,(r) is determined with a second loop path
having a constant width /., and a continuously increasing height
in r-direction. Inside the stationary primary winding H,(r) linearly
increases to N1/l / lw, stays constant between the two windings and
decreases linearly inside the secondary winding to (N111 —N212)/ls.
Between the secondary winding and the middle limb of the pot core
the magnetic field H,(r) decreases to zero.

At any position inside the core window, the magnetic field H can
be calculated by the superposition of H,(z) and H,(r). For example,
the magnetic field H along the secondary winding shows a constant
z-component and a linearly increasing r-component resulting in a
rotation of the magnetic field vector which is verified by FEM-
simulations (cf. Fig. 9).
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Fig. 9. FEM-simulation of the magnetic field components Hy(z) and H(r)
for concept 2.

The magnetic behavior of concept 2 can also be described with
the corresponding reluctance model. There, the flux in the air gap
is considered with the reluctance R, and the fringing flux outside
the pot core with the reluctance R¢, both only in r-direction. Inside
the core window, the magnetic flux between the two windings has
to be modeled with the two reluctances Ry, in r-direction and R,
in z-direction. Since the primary and secondary winding are again
spatially arranged over the winding length [,,, the MMFs ©; and
O3 are split into k3 distributed MMFs ©1; = ©1/ks and O2; =
O2/k3 as well as the two reluctances R, and Rs, into k3 distributed
reluctances R ; = ks Rs and Rs,,; = k3 Rs, (cf. Fig. 10 a)).

As shown with concept 1, the reluctance model of concept 2 can
be simplified by summarizing the distributed reluctances R ; and
Rs..,i - shoring out ©1 or ©2 - which leads to the lumped reluctance
model shown in Fig. 10 b). Depending on the mechanical dimensions
the corresponding reluctance values are calculated based on (4) and
(8). Instead of the reluctance model, the magnetic behavior of a
transformer is again described with the general transformer model.
The two self-inductances L1 and Lo are

N? N2
=——————— and Ly = —"—.
R[RalR:J2 - ey *= R Fa
The mutual inductance M of concept 2 is again determined by the

voltage transfer ratio V2/V4 which is calculated based on the two
reluctances Rg s = Rs;||2Rsp and Rgn = Rt||Ral|2Rsr.

Ly an

IV. ELECTRICAL DESIGN

In addition to the magnetic behavior, also the electrical design
of the rotary transformer concepts is presented. For the winding
losses, the skin and proximity-effects have to be considered, since

ks
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e

Fig. 10. Description of magnetic behavior of concept 2 based on a) reluctance
model with distributed reluctances Rgp; Rs,; and Rg; and distributed
MMFs O ; and ©2 ; and b) lumped reluctance model.

the electrical frequency and the H-field in the air gap can be high. In
many applications a high electrical frequency is selected in order to
make the transformer small, which is also desired for the proposed
rotary transformer concepts in high-speed applications, since with
smaller cross sections and/or circumferences also the centripetal
forces are decreased. However, in ultrasonic applications, like in
grinding processes of hard ceramics, the piezo-electric resonator has
to be operated at its mechanical resonance frequency. Thus, for these
applications (pure sinusoidal waveforms) the electrical frequency is
already determined, which is in this case 70 kHz. However, the elec-
trical analysis can also be performed for non-sinusoidal waveforms
based on a Fourier series calculating the losses for each harmonic
component.

A. Winding Losses

The influence of the skin and proximity-effects (eddy currents
induced by an ext. field) on the winding losses at a certain excitation
frequency can be expressed with the two coefficients F' and G re-
spectively, which can be translated into an increase of the conductor’s
DC-resistance R, pc and thus to higher winding losses [11], [12].

Pw,i = RW,DC -F- fiQ + RW,DC -G - I::ngt' (12)

There, the coefficients /' and G only depend on the conductor
material, the selected conductor type (solid wire, stranded wire, or
foil) and the excitation frequency. The accurate calculation of these
coefficients is found in [11], [12]. Since for the primary and secondary
winding different conductor types can be used and the current rating
I; as well as the external magnetic Hey are different, the losses have
to be calculated separately for each winding. In addition, usually Hex
is varying over the winding length. Therefore, the winding losses
per turn have to be calculated which are then summarized in order
to determine the total winding losses. The difficulty of the winding
loss calculation is mainly the determination of the magnetic field
distribution Hex(r, 2, ¢) inside the windings. The magnetic field
distributions for the proposed rotary transformer concepts, however,
were already derived in the previous section.

Due to the relatively large air gap hair,tot Of the proposed rotary
transformer concepts only small self-inductances are achieved. Ad-
ditionally, the winding arrangement of concept 1 results in a low
magnetic coupling. Therefore, the electrical source on the primary
side has to deliver the active power for the load (assuming a purely
resistive load) and the reactive power drawn from the rotary trans-
former which can be dominant. Consequently, the electrical source
has to be over-designed. This is true even for the rotary transformer,
since the needed magnetizing current leads to a higher current rating
of the primary winding (losses due to skin effect increase) and to a
higher magnetic field’s magnitude which increases the losses due to
proximity effect in both windings. In Fig. 11 a) the electric circuit
with a purely resistive load Ry, (output power: 200 W, output voltage:
1000 V) for the built prototype of concept 1 and the corresponding
distribution of the magnetic field (n.c.) is shown. Inside the primary
winding the magnetic field’s magnitude is steeply increasing; due to
the fact that N11; > NI, inside the secondary winding it is only
slowly decreasing.

To reduce the apparent power of the source, one could think to
choose a higher number of turns N; and N2 in order to increase
the self-inductance. However, due to the small dimensions of the
rotary transformer, considering mechanical forces the space for the
windings is limited. Therefore, increasing the number of turns would
result in a lower primary current but also in a disproportional
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Fig. 11. a) Electrical circuit with resistive load (not compensated) b)
compensation of reactive power with additional capacitors Cp, and Cs
(fully and partally compensated, with C, = 835pF,Cs = 1pF and
Cp = 475pF,Cs = 0.37 uF respectively) and corresponding runs of the
magnetic field.

higher DC-resistance of the winding. Additionally, the magnetic
field is proportionally reduced with I;, however, increases with N;.
Nevertheless, an optimum of the transformer design for a resistive
load can be found.

Instead of adjusting the number of turns, the apparent power drawn
from the source as well as the generated losses in the transformer
can be significantly influenced by the load. For example, the reactive
power of the transformer can be fully compensated with a capacitor
Cp, parallel to the load resistor Ry, to compensate the self-inductance
Lo, and a capacitor Cy in series to the transformer’s primary winding,
to compensate the primary’s leakage inductance as shown in Fig.
11 b), whereas the capacitor values are calculated according to
(13). For the sake of completeness, also other arrangements of
compensation capacitors would be possible: parallel-parallel, series-
series and parallel-series. Usually the capacitor arrangement with the
most reasonable capacitor values is selected,

_ and Cs = !
(27chlcc)2 : L2 T (27rfclcc)2 : (Ll - M) '

As a result, the electrical source only has to deliver the active
power for the load Ry; the reactive power is fully carried by the
compensation capacitor C, on the secondary side. This completely
changes the distribution of the magnetic field, since now Nolo >
N1I; (cf. Fig. 11). As can be noticed, the magnetic field in the air
gap is now changing its direction. The power demand and HF-losses
on the primary are drastically reduced. On the secondary, however,
the losses are increased again by approximately the same amount.

Both described possibilities (not compensated and fully compen-
sated) are extreme cases where the whole reactive power is either
covered from the primary or secondary side. In order to improve the
current and magnetic field distribution, which would result in reduced
total winding losses, the reactive power can also be shared to both
windings. Therefore, the value of C,, which was found according to
(13), is continuously reduced; thus, more and more reactive power is
drawn from the primary since the self-inductance Lo is only partially
compensated by C},. However, the increasing reactive power drawn
from the primary can again be compensated with an appropriate
capacitance Cs in such a way the that total impedance seen from
the source is still purely resistive. For each combination of C}, and
Cs, with the given load specification and the magnetic behavior of
the rotary transformer, the primary and secondary currents and the
magnetic field distribution can be calculated. With this iteration the

Cp = 13)

best combination of C}, and Cs resulting in the lowest total losses can
be found. However, for the optimal compensation also the resulting
core losses have to be considered, which is done in the following
subsection.

Instead of adjusting the capacitors to the given magnetic behavior
of the transformer, with a piezo-electric resonator, which is already a
capacitive load, the transformer could be designed in such a way
that the resonator’s capacitance can be directly used for proper
compensation on the secondary side. Hence, a low magnetic coupling
is even desired in order to compensate the reactive power drawn from
the capacitive load.

In Fig. 11 the distribution of the magnetic field with optimal
compensation is shown. It has to be mentioned that for the calculated
magnetic field distributions a constant output power and output
voltage are assumed. Since the transfer ratio of the circuit will change
depending on the selected capacitor values C}, and Cs, the primary
current /7 and the magnetic field generated by the primary winding
will also change even if the input power stays constant.

It also has to be mentioned that in transformers with low self-
inductances and low magnetic coupling the primary and secondary
current and consequently also the magnetic fields H,i(z) =
|Hy1(2)|cos(wt+@m,1) and Hy 2(2) = |Hr2(2)| - cos(wt 4+ ¢m,2)
are not in phase with each other, which means ¢r 1 # @m,2. For
large phase differences this can result in significant errors if for
the magnetic field distribution only the magnitudes of the magnetic
fields H:1(z) and H:2(z) are considered. For the prototype of
concept 1 with optimal compensation, the phase difference of the
magnetic fields Hy1(z) and H,2(z) is almost 90 °. If one would
calculate the difference of the magnitudes, this would always result
in a value which is smaller than the magnitude of the larger field
vector. However, with a phase difference of almost 90 ° this leads to
a value which is even bigger than the magnitude of the larger field
vector.

The same considerations have to be done for concept 2, whereas
the two magnetic field components in r- and z-direction can be
considered separately due to the orthogonality principle. However,
the phase difference of the primary and secondary current has to be
considered for both field components.

B. Core Losses

As was already mentioned, in ultrasonic applications the piezo-
electric resonator is operated at its mechanical resonance frequency
with a purely sinusoidal waveform, which allows the calculation of
the core losses per volume P based on the Steinmetz equation,

P.=k-f* B° (14)

where f is the excitation frequency, B is the peak flux density
and k, o and (B are the Steinmetz parameters which are found by
curve fitting of datasheet values. For a non-sinusoidal flux density
waveforms the improved generalized Steinmetz equation proposed in
[13] has to be used.

Due to the constant frequency of the underlying application the
term f¢ can be merged with the parameter k. Thus, the core losses
are only depending on the peak flux density B. For the proposed
rotary transformer concepts the flux density B3 in the stationary
pot core is not constant, however, the flux density distribution can
be deduced from the derived magnetic field distribution in the air
gap. The flux density inside core window is proportional to the
corresponding magnetic field H, which is B; . = po - H, and only
has a radial direction for concept 1 and additionally a z-direction
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Fig. 12. a) Schematic view of the flux densities inside the air gap and the
pot core with the corresponding cross sections, b) the resulting flux density
profile Bzﬁmc(z) in the middle limb of concept 1 for non, full and partial
capacitive compensation.

for concept 2. In order to calculate the flux density in the core
material, the pot core is split into three parts, an outer and middle
cylindric limb and a bottom core part (cf. Fig. 12 b)), where it is
assumed that the flux densities B, oc and B, mc in the outer and
middle cylindrical limbs have only a z-direction and the flux density
B; ve in the bottom part has only a radial direction. As shown in
Fig. 12 a), the magnetic field in the air gap enters the middle limb
radially through the lateral area Ay, 1 = 2771 -dz with an infinitesimal
width dz resulting in a magnetic flux change d¢ = By s - Am,1. The
same magnetic flux change d¢ is penetrating the middle limb in z-
direction and is assumed to be uniformly distributed over the area
Am,cs. Consequently, the change in flux density in the middle limb
is calculated as

do 27y poHra(r)
Am,cs - Am,cs

Since the magnetic field in the air gap H, is entering the middle
limb over the whole length [., the distribution of the flux density
inside the middle core B, mc(z) is found by integration of d B, mc.
Additionally, the magnetic flux in the fringing field ¢r = (N11; —
Nz1I5)/Rs has to be considered,

®27ry - poHy,a(r) ot
Bz mc = - .
’ (Z) /(; Am,cs dz+ Am,cs

dByme = dz. (15)

16)

In Fig. 12 b) the resulting flux density B, mc(z) in the middle limb
for concept 1 and for the three presented capacitive compensation
options, i.e. not compensated, fully compensated and partially com-
pensated, is shown. Since the capacitive compensation is influencing
the magnetic field in the air gap H, also the distribution of the flux
density B; mc(#) in the core material is changed. As can be noticed,
with optimal compensation not only H, is changing the direction
inside the air gap but also the flux density B, mc(2)-

The flux density B, oc(z) in the outer cylindrical limb has the
same flux distribution as B, mc(z), whereas the core cross section

Ao,cs instead of Ap cs has to be used. In the bottom part of the
pot core the magnetic flux ¢ is constant. The cross section A, s in
radial direction, however, is linearly increasing. Thus, the flux density
B bc(r) is proportional to 1/r.

With the calculated flux densities in all three parts of the pot
core, the core losses can be calculated according to (14). The
same procedure is applied to concept 2 where both magnetic field
components H,(r) and H,(z) in the air gap have to be considered.

V. MECHANICAL DESIGN

Besides the magnetic and electrical design also a proper mechani-
cal analysis is needed. For the mechanical design the rotor dynamics,
i.e bending vibrations at the resonance frequencies and the centrifugal
forces, and a stress analysis for the different materials have to be
considered. For the estimation of the centrifugal forces a two dimen-
sional analytical analysis according to [14] is carried out. There, the
tangential stresses should be well below the tensile yield strength
of the materials. Concerning rotor dynamics, for safe operation, the
resonant frequencies of the rotor (including spindle and transformer)
must be higher than the maximum fundamental rotational frequency
of the rotor. The resonant frequencies are computed using a one
dimensional numerical model based on the Euler-Bernoulli beam
[15].

VI. EXPERIMENTAL MEASUREMENTS

In Fig. 13 the exploded views of both rotary transformer prototypes
are shown. The transformers were designed for an output power of
200 W, an electrical frequency of 70 kHz, and a rotational speed of
60’000 rpm.

As shown in Table I, the calculated self-inductances L, and Lo
for both concepts based on the derived reluctance models only differ
slightly (< 10 %) from the measured values.

In Table II the calculated losses in the winding and the core
material for both concepts are listed. For both concepts almost the
same total losses are calculated.

For the mechanical design the tangential stresses in the copper
winding and the winding bobbin made of PEEK were calculated (for

a)

\ Pot core, part 2

Primary

Pot core, part 1

Fig. 13. Realized prototype of a) concept 1 with N1 = 6, N2 = 202 and
b) concept 2 with N1 = 10, N2 = 200.

3268



TABLE I
COMPARISON OF CALCULATED AND MEASURED INDUCTANCE VALUES
FOR BOTH ROTARY TRANSFORMER CONCEPTS.

Calculated ~ Measured  Relative Error
L1 of concept 1 13.9 uH 14.0 uH —-0.2%
L2 of concept 1 7.1mH 6.5 mH 9.7 %
Ly of concept 2 23.3 uH 25.5 uH —8.6%
Lo of concept 2 8.6 mH 8.3mH 3.6%
TABLE II
COMPARISON OF CALCULATED LOSSES FOR BOTH ROTARY TRANSFORMER
CONCEPTS.
Concept 1~ Concept 2
Losses in primary winding 0.5W 0.25 W
Losses in secondary winding 0.3 W 0.6 W
Core losses 1.65 W 1.2W
Total losses 2.45W 2.05 W

concept 1/2: 33 MPa / 26.7 MPa in the copper winding and 4 MPa
/ 3.1 MPa in the PEEK bobbin), which are expected to be less than
10% of the tensile yield strength of the materials. Moreover it is
found that already a small preload of approx. 1 N is sufficient while
winding the copper wire on the bobbin in order to prevent the winding
from lifting off during operation.

For both concepts the first resonant frequency of the rotor (in-
cluding the spindle) is expected to be at 2.6 kHz which corresponds
to a rotational speed of 156’000 rpm. The reason can be found in
the lightweight and small construction of the rotary transformers; the
rotor’s weight for concept 1 is only 8 g and for concept 2 it is 6 g.
Thus, due to the much larger dimensions and weight of the grinding
spindle, the influence of the rotary transformer on the mechanical
behavior is small. This was also verified with an over-speed test as
shown in Fig. 14, where the vibration velocity was measured for both
concepts for different rotational speeds up to 60’000 rpm without
balancing the rotor. Also a reference measurement without any rotary
transformer was performed. As can be noticed, the vibration velocity,
is only slightly changed with attached transformer and is well below
3 mm/s, which is the maximum allowed velocity of the used grinding
spindles.

VII. CONCLUSION

Due to the rotating core material and its limited mechanical
strength, conventional rotary transformer concepts are not suitable for
high-speed applications. Therefore, two rotary transformer concepts,
where no magnetic material is employed on the rotating part, are an-
alyzed in this paper. These concepts feature a simple and mechanical

1.2
£ 1.0
g
2038
§ 061 Spindle with rotor of concept 2
2 Spindle with rotor of concept 1
o . .
.S 0.4 | Spindle without any rotor
g Pp—
1<)
=024 == -

0 . . .
0 15’000 30°000 45’000 60’000

Rotational speed [rpm]

Fig. 14. Measured vibration velocity in the performed over-speed test for
both transformer concepts and without any transformer.

robust design with a lightweight construction resulting in very small
unbalanced mass. In the paper a detailed magnetic, electrical and,
mechanical analysis of the proposed rotary transformer concepts is
presented. The feasibility and performance of the concepts are proved
with experimental results of a built prototype. Both concepts show
a similar mechanical and electrical behavior. Due to an improved
winding arrangement concept 2 features a higher magnetic coupling
compared to concept 1. This, however, can be compensated with
additional capacitors. Concerning costs, since for concept 2 two
separate core parts are needed, the manufacturing of concept 2 is
more expensive. Accordingly, in a first step concept 1 should be
considered for an industrial application.
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