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Abstract: The paper deals with a high frequency model of
inorganic coils used to build high temperature (HT∘) mo-
tor. The HT∘ wire has a nickel layer that protects the cop-
per against oxidation and a thin inorganic coating, which
has poor electrical and mechanical properties. Therefore,
the coils must be designed with a special care for getting
a good distribution of turn-to-turn voltage during the fast
transients excited by the steep fronted voltages of the PWM
inverter. A specific coil structure is proposed and ahigh fre-
quency (HF) equivalent circuit able to compute the turn-to-
turn voltages during transients. The voltage distribution
between the coils of a stator phase is also detailed.

Keywords: Inorganic coils design, high frequency equiva-
lent circuit, voltage spikes in stator coils
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1 Introduction
Generally speaking, electrical machines are widely used
formanyapplicationsbecauseof their accurate torque con-
trol capabilities and high power volume ration. However,
the organic nature of their electrical insulation system
(EIS) has a limited operating temperature, which depends
on the expected lifetime. This concept is defined in stan-
dards by the temperature index [1]. A lot of research has
been done to push this limit [2–4]. The very high temper-
ature environments are until now forbidden for machine
made with organic EISs, except for applications requiring
a very short life times as smoke evacuation during the first
minutes of fires [5, 6].
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For surpassing the temperature limit imposed by poly-
mers, it is possible to use inorganic EIS made without any
polymer. Large machines are designed with thick textile
EIS made with mica and fiberglass [7]. For small compact
machines, wires are insulated with a thin ceramic layer
[8] of more or less 10µm. This thin layer is not perfect; it
has many microscopic cracks (6 1µm) [9]. For both cases,
the high temperature (HT∘) insulating layers are not water-
proof, they cannot protect the copper wire against oxida-
tion at it is performed at lower temperatures by polymers.
A nickel layer is added on the copper wire for avoiding cop-
per oxidation.

Compared to the standard organic enamelled wires,
the HT∘ wires have poor mechanical and electrical prop-
erties. The maximum turn-to-turn voltage is more or less
200VRMS at 500∘C [9]. This limit must be compared to the
usual values, which is more or less 600VRMS for standard
enameledwires at room temperature. Consequently for op-
erating at standard voltages, the machine windings must
provide a better voltage distribution between turns. The
thin ceramic insulating layer is brittle; the wires must be
protected by a HT∘ cement. Consequently, the inorganic
coils are inflexible objects; this constraint must be consid-
ered for designing the stator core of HT∘ machines.

Soft magnetic laminated cores can operate up to
500∘C when the designer accepts a slight reduction of
the flux density. the magnetic sheets must be insulated by
their natural oxidation [10, 11].

A recent studies dealing with HT∘ machines show the
limits of each structure. For the induction motor, the first
limit is the complex shapes required for the distributed
windings [12, 13]. The second one is related to the rotor
cage resistance which increases with temperature. The ro-
tor losses increase the temperature and the resistance; this
cumulative effect may cause a lack of stability in addition
of a poor efficiency. These drawbacks do not exist with
permanent magnet synchronous machines (PMSM). More-
over, thewinding can bemadewith one coil per stator slot,
which is convenient with rigid inorganic coils [14].

With an inorganic HT∘ concentratedwinding, the tem-
perature limit of the PMSM depends on the magnet. The
only magnets able to operate up to 500∘C are metallic
ones, which have a very low coercive field, so they cannot
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be used in PMSMs. Only few specific alloys of samarium
and cobalt can be used in PMSMs up to 300 − 350∘C, but
the limits of a reduced coercive field at high temperatures
must be accepted [15]. Moreover, the rotor design must be
made considering the high electric conductivity of these
metallic magnets, theymust be fragmented for getting lim-
ited losses due to flux density harmonics [16].

For exceeding the maximum temperature imposed
by magnets, the synchronous reluctance machine (SRM)
topologies can be used. The stator is similar but the rotor
is only made of soft magnetic materials [17]. This machine
is magnetized by the stator currents, the filling factor of
stator slots becomes a more critical element of the design.

For every HT∘ motor topologies, the poor insulation
properties of the ceramic coated wire must be compen-
sated by a specific turn arrangement in coils [18]. The pa-
per proposes a winding structure which makes it possible
to feed themachine with usual voltages produced by PWM
inverters despite the poor electrical performances of the
ceramic coated wire. The method for building these coils
is developed. The electrical stress distribution inside the
coils and between coils is analyzed with high frequency
(HF) equivalent circuits.

2 Synchronous reluctant machine
topology

The inorganic coils are rigid objects without any flexibil-
ity. The stator slots must be opened for accepting prefab-
ricated coils. The stator teeth must have a cuboid shape
adapted to rigid coils. Thereby, themachinemust be a dou-
bly salient synchronous reluctance one. For a three-phase
motor, the combination 12 slots - 10 poles is widely used
for many applications. The 12 stator coils are divided into
3 phases which gives 4 coils per phase. But, with cuboid
teeth in a cylindrical stator, there is a fairly large empty
space between coils at the bottom of each slot. With 24
smaller teeth, this lost space is divided by about 2.

It it not obvious to produce rotating magneto-motive
force (mmf) able to interact with the rotor for producing an
average torquewith a 24-slot stator and a very simplewind-
ingmadeof one coil per slot. This problemhas beendeeply
studied for designing fractional-slot concentratedwinding
usually made with standard enameled wires [19, 20]. The
principle consists in applying Fourier series to the mmf
produced by the currents in coils. This analysis is made
with two variables: the position of any point in the ma-
chine air-gap and the time. The Fourier analysis shows the
existence of many mmf components; the only useful one,

able to produce an average torque, must have a number of
magnetic poles equal to the rotor mechanical poles. The
other ones contribute to the torque ripple.

For a 3-phase 24-slot stator, the scientific literature of-
fers 3 rotor possibilities for a doubly salient synchronous
reluctancemotor: 16 poles, 20 poles or 28 poles and the as-
sociates specific coil connections [20–23]. The torque rip-
ple is an important parameter to consider; especially be-
cause large vibrations candamage the rigid inorganic coils.
Consequently, it is important to choose a structure that
limits the torque ripples without increasing the complex-
ity of the prototype. 2D simulations by finite elements (FE)
were made for the three topologies, with the same geomet-
rical input. The simulations show that the lowest torque
ripples are obtained with the configuration 24 coils - 28
poles. However, this configuration requires a higher elec-
tric frequency at imposed speed because this motor has a
higher pole-pair number. Eddy currents losses in iron are
higher. Thus, the choice of 24-20 configuration is an accept-
able compromise, which has torque ripple lower than the
24-16 configuration. After choosing the topology 24-20, the
shape of the rotor teeth must be chosen. An optimization
approach is adopted considering three parameters: the an-
gular rotor teeth θ width, the sides of teeth inclination α
and air-gap extra thickness e. A parametric study made
it possible to obtain elements that limit torque harmon-
ics and the Figure 1 shows the three optimization param-
eters. Optimization results are θ = 8.1∘, α = 10∘ and
e = 0.05mm [24].

Two solution have been implemented a massive rotor
(Figure 2) and a laminated one (Figure 3). The massive ro-
tor is made of steel, longitudinal slits have been added in

Figure 1: Rotor shape optimization parameters
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Figure 2:Massive iron rotor with longitudinal slits for limiting eddy
currents.

Figure 3: Laminated rotor made of FeSi magnetic sheets insulated
by they natural oxidation.

the poles for limiting eddy currents due to rotating field
harmonics. The laminated rotor is made of FeSi sheets
insulated by their natural oxidation; their thicknesses is
0.5mm. Themassive rotor has the advantage of being very
strong and relatively easy to build with today’s machine
tools. However, the main drawback of this technology is
the higher eddy currents induced by the harmonic rotating
fields. The laminated version is more difficult to manufac-
ture; the FeSi sheets are cut by laser; they are compressed
between two stainless steel flanges.

3 Structure of HT∘ inorganic coils
The brittle ceramic coated wires must be embedded in a
HT∘ cement. The cement protect the conductors and con-
tributes to the electrical isolation. The choice of a cement
made of small grains (between 1µm and 44µm) and a cor-
rect application procedure is a necessary procedure for fill-
ing the voids between turns. After the thermal cycles, this
cement becomes very hard and protect the ceramic insu-
lated wires [25]. However the turn-to-turn breakdown volt-
age remains much lower than for low temperature organic

Figure 4: Turn position inside the HT∘ inorganic coil inspired form
the high voltage transformer technology.

Figure 5: Plastic support defining the position of the tuns of a layer.

enameled wires [9]. A good voltage distribution between
turns is compulsory; it is ensured by a specific turn ar-
rangement. Figure 4 presents such an arrangement for a
24 turn coil made of 8 transverse layers of 3 adjacent turns.
The inputwire is at the beginning of the inner turnnear the
stator tooth. The position of the output wire depends on
the layer number : for a even layer number the the output
wire is near the stator tooth; for an odd one it at the end
of the outer layer. With 8 layers of 3 turns, the maximum
turn-to-turn voltage corresponds to the induced voltage in
5 turns.

This structure is realized with the plastic support of
Figure 5 made by a 3D printer. The upper part defines the
position of each turn in a layer; it can be removed from the
lower part made of several "U" that correspond to the half
of the stator slot width. When the upper part is removed,
the three turn layer falls in the lower part of the plastic sup-
port. The picture of Figure 5 is made when the upper part
is in the position for receiving the turns of an even layer;
it is returned for making the odd ones. When the 8 layers
have been placed in the lower part of the plastic support,
they are carefully transferred in a stainless steel mold de-
signed for defining the coil sizes. Figure 6 shows the mold
containing a coil. The output wire is placed in front of the
outer turn, for a even number of turn it must cross the end
of the coil creating a small extra height of the coil end.

A strict protocol, based on the acquired experience
and the instructions of the cement data sheet, must be ap-
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Figure 6: Stainless steel mold defining the shape of inorganic coils.

Figure 7: Example of a HT∘ coil at the size of the 24-20 SRM proto-
type.

Figure 8: Spice equivalent circuit of a HT∘ coil.

plied for getting a coil without any crack and few residual
voids. The cement hardening must be progressive in the
mold. The process of cement grain growth, which makes
the final hardness, is achieved by the last thermal cycle at
370∘C. The 10 phases of the protocol can be summarized
in the following list.

1. turn placing in the plastic support;
2. preparation of a small quantity of HT∘ cement;

3. laying a sheet of mica (50µm) on the internal walls
of the mold;

4. transfer of the coil in the mold;
5. injection of the cement ;
6. 24 hours in a dry low pressure atmosphere;
7. first thermal cycle of 7 hours at 50∘C;
8. second thermal cycle of 5 hours at 70∘C;
9. third thermal cycle of 2 hours at 120∘C;
10. final hardening cycle of 4 hours at 370∘C.

Figure 7 shows an example for HT∘ coil. Small surface
irregularities subsist, they are cause by an imperfect injec-
tion of cement into the mold. However the coils are very
hard objects without any deep crack; it is very difficult to
scratch them with a screwdriver.

4 Turn-to-turn voltage distribution
in a coil

4.1 Fast phenomena analysis with an
equivalent circuit

Transient phenomena due to the fast-fronted voltage of
PWM patterns. These fast phenomena can be analyzed
with a full wave 3D electromagnetic model. This approach
is rather complex and time consuming; a simpler one can
be used considering that each turn of the coil is much
shorter than the wave length at the the highest frequency
of the analysis. In these conditions, the analysis can be
made with equivalent circuits defined at the turn level.
Supposing that the wave length must be at least 10 times
the average turn length, the minimum wave length is
1.2m. For an insulatingmaterial, which permittivity is 10,
the propagation speed of a plane wage is 95 106 m/s; the
maximum frequency for the analysis at the turn level is
79MHz, which is very high for the transient analysis of a
motor coil.

Each turn is considered as an indivisible entity cou-
pled to the others by the magnetic field (self and mutual
inductances), and electric fields (capacitances). Figure 8
shows the part of this equivalent circuit corresponding to
the first 9 turns of the HT∘ coil. The nodes with a number
are the turns inputs defined in Figure 4. For each turn, an
additional node connects the equivalent resistance repre-
senting the HF losses. The mutual inductances between
turns are not presented but they are taken into account by
a 24x24 inductance matrix. This equivalent circuit can be
simulated by a Spice processor.
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Figure 9: Impedance spectra of two HT∘ coils. The main resonance
is at more or less 10Hz.

Figure 9 shows the impedance modulus of two inor-
ganic coils measured with an impedance analyzer from
100kHz to 100MHz. The curves are superimposed up to
about 5MHz; the natural frequencies are very close to
10MHz, with a small difference due to variations of the
actual turn positions which change the turn-to-turn ca-
pacitances. The main phenomena are observed at about
10MHz, which is much under the model principle limit.
The transient analysis can be made with wit an equivalent
circuit built at the turn level.

The capacitances values are estimated using a specific
coil made of two unconnected sets of 2 layers of 3 turns
is used as a test bench. The building process is the same.
Because of the 3 adjacent turns of the test bench, the turn-
to-turn capacitance, estimated to 1/3 of the experimental
value, is 7 pF. This value is confirmed by a 2D electrostatic
simulation of two adjacent ceramic coated wires placed in
a HT∘ cement.

4.2 Magnetic couplings

The inductance matrix is computed by a linear magneto-
harmonic 2D finite element simulation. The laminated
magnetic tooth in the center of the coil is not taken into ac-
count because a short experimental investigations shows
that the coil natural frequency does not change signifi-
cantly when it is placed on a stator tooth. This phenom-
ena is explained by the strong skin effect in the stator mag-
netic tooth [26]. It is considered for the analysis made at
the level of the full stator winding. However the influence
of the nickel layer protecting the copper from oxidation is
considered. The meshmust be very thin in the nickel layer
for taking skin effects into account. The size of the mesh

Figure 10: Color map of the flux density produced by 1Apeak in the
turn 1.

Figure 11: Y component of the flux density along a straight line at
the center of the first layer for 1Apeak in turn 1.

must under 1/3 of the estimated skin depth in nickel. By
supplying a single turn, the self-inductance andmutual in-
ductances are determined by calculating the flux of each
turn.

The materials are supposed linear and defined
by their resistivities and relative permeabilities (ρ =
1.7210−8 Ω.m and µR = 1 for the copper; ρ =
8.710−8 Ω.m and µR = 25 for the nickel [27]); the thick-
ness of the nickel layer is 65 µm; the wire diameter is
1mm. Figures 10 and 11 show the simulation results when
the first turn is supplied by a sine current of 1A peak.
These figures show the flux density at t = 0, which is null
at the centre points of the fed wires; it is positive inside
the coil and negative outside. The nickel layer of each
wire concentrates the flux density because of its relative
permeability. This concentration has an influence on the
inductance values and on losses.

Generally speaking, the inductance between the turns
i and j, Lij, is defined as the ratio between the magnetic
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flux ϕj in the tun j and a current Ii in the same turn (i = j,
self inductance) of in another one (i ≠ j, mutual induc-
tance) (1). Noting l the length of the coil and neglecting
the end effects, the flux in a turn is given by (2).

Lij =
ϕj
Ii

(1)

ϕ =
∫︁
B(x) l dx (2)

The inductance matrix is computed using (2) and (1)
when a current I flows in the single turn i. The eddy cur-
rents in the nickel layers create a phase shift between the
flux and the current; consequently, (1) yields a complex
number that imaginary parts are not always negligible. Ta-
ble 1 presents the self inductance of the turn 1 and the
23 mutual inductances between the turn 1 and the others
ones. The imaginary parts can be neglected for turns far
from the fed one (over the 4th layer). Results are similar for
results obtained when another turn is fed. Computations
has been made at several frequencies between 100kHz
and 800kHz, for the frequencies range where the turn-to-
turn capacitance effects canbeneglected.At these frequen-
cies, the inductances matrix is almost constant.

Table 1: Self and mutual inductances relative to the first turn

layer inner turn middle turn outer turn
1 163− j11.6 nH 54.3 − j2.2 nH 35.0 − j1.0 nH
2 53.1 − j2.3 nH 45.2 − j2.3 nH 31.4 − j0.5 nH
3 32.6 − j0.5 nH 31.3 − j0.4 nH 25.0 − j0 nH
4 22.5 − j0 nH 22.4 − j0 nH 19.8 − j0 nH
5 16.3 − j0 nH 16.6 − j0 nH 15.4 − j0 nH
6 12.2 − j0 nH 12.5 − j0 nH 12.2 − j0 nH
7 9.0 − j0 nH 9.5 − j0 nH 9.6 − j0 nH
8 6.6 − j0 nH 7.1 − j0 nH 7.4 − j0 nH

Since all the imaginaryparts arenegative, thenotation
adopted is Lij = LijR − jLijI . The physical meaning of the in-
ductance imaginary parts can be explained with an exam-
ple that considers only the first turn and its impedance Z1
(3). It can be seen that the real part of the inductance pro-
duce the classical imaginary part of the impedance while
the imaginary part correspond to a resistance due to eddy
currents.

Z1 = jL11ω = jωL11R + ωL11I (3)

The real parts of the inductance matrix correspond to
the Lii elements of the spice equivalent circuit presented
in Figure 8 and of the magnetic couplings between these

elements. The imaginary parts are used for estimating the
Ri resistance values. These values are supposed to be the
same for each turn. The turn resistance value is estimated
neglecting the influence of the turn-to-turn capacitances.
With this hypothesis, Figure 8 shows that the current is the
same in all the turns. The matrix formulation (4) becomes
simpler because I1 = I2 = ... = I24; the total flux ψ is ψ =
ϕ1 + ... + ϕ24; therefore (5) gives the equivalent complex
inductance L of the coil.⎡⎢⎣ ϕ1

.
ϕ24

⎤⎥⎦ =

⎡⎢⎣ L1,1 . . . L1,24
. . . . .

L24,1 . . . L24,24

⎤⎥⎦ ·
⎡⎢⎣ I1.
I24

⎤⎥⎦ (4)

L =
ψ
I =

24∑︁
i,j=1

Li,j (5)

The turn resistance is the sum of the dc resistance Rdc
and the effect of the imaginary part of the equivalent in-
ductance. For a 24-turn coil this resistance is estimated by
(6).

R = 1
24

[︀
Rdc + ωℑ(L)

]︀
(6)

The experimental verification is not possible at the
turn level because of the parasitic inductances introduced
by connection wires. Therefore, it is made at the coil level
comparing the global impedance computed with Spice
and the measured one with an impedance analyzer. Re-
sults are presented in Figure 12

Figure 12: Spice model validation by a spectrum analysis of a whole
coil.

The differences between the computed impedance
and the measured one can be interpreted by the difficult
estimation of the turn-to-turn capacitance,which depends
on the average distances between turns.
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Figure 13: Transient voltage at the nodes of the Spice equivalent
circuit.

Figure 14: Transient turn-to-turn voltage for a coil voltage pulse of
100 V.

The Spice model is used for computing the turn-to-
ground voltage at each node of the equivalent circuit. Re-
sults are presented in Figure 13 for an input voltage of
100V −150 ns pulse imposed between the first turn input
and the last one output. The rise and a fall times are set to
10 ns. The steady states are nearly reached at the end of
the pulse; they show a linear voltage distribution between
turns with steps of 1/24 (4.16%) of the pulse voltage.

The turn-to-turn voltages at any points of the coil are
also computed. Figure 14 shows the voltage between suc-
cessive adjacent turns. This figure presents two sets of
curves depending to the difference between the turn num-
bers. The higher turn-to-turn voltages are obtained for dif-
ferences between the turn numbers of 5 (solid lines); they

Figure 15:Motor phase coil connections for getting a 24-20-SRM.

are lower when this difference is 3 (dotted lines). For a
100V input pulse, the maximum peak voltage is 30V
(30%) between turns 10 and 15 at the coil centre, for a
steady state of20.8V (5×4.16%). The results are very simi-
lar for a slightly larger distance between turns because the
turn-to-turn capacitances decrease while all the self and
mutual inductance increase.

5 Coil voltage estimation for an
actual motor phase

5.1 Experimental approach

The voltage distribution between the stator coils during
transients following the fast fronted voltages is measured
experimentally. The 8 inorganic coils are placed on the sta-
tor teeth and connected as it is schematized in Figure 15.
The star sign (*) denotes the coil winding direction: when
a current enter in the star side, it creates a magnetic flux
that enter in the corresponding stator tooth. The connec-
tions are made following the SRM 24-20 rules defined by
the literature on fractional-slot concentrated-windingsma-
chines for providing a 20-pole rotating fundamental field
when the stator is fed by a balanced 3-phase currents [20].

The experimental set-up consists of a high voltage
pulse generator connected between the input of the mo-
tor phase (coil 1); its output (coil 7). The ground point of
the pulse generator is connected to the output of themotor
phase and to the frame. The connection cable length is1m.
The voltage pulse must be over 360V, which is the maxi-
mum pulse magnitude of the Phase-to-neutral voltage for
a motor fed by a PWM inverter connected to a standard
540V dc bus.
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Figure 16: Input pulse used for measurements.

Measurements are made with a fast oscilloscope syn-
chronized on the output voltage of the pulse generator (v0
in Figure 15). For this channel, measurements are made
with a 1/100 − 350MHz passive probe. The ground point
of the oscilloscope is connected to the ground point of
the generator. The motor coil-to-ground voltages v1 − v8
are measured with the same broadband differential probe
(100MHz). The pulse generator is tuned for producing
400V − 4 µs pulses at a frequency of 10 kHz. The time lag
between pulses is long enough for demagnetizing the sta-
tor core. Figure 16 presents the input pulse in a large time
window. It can be seen that the pulse produced by the gen-
erator is not perfect; its magnitude is only 370V for a gen-
erator tuned at 400V because of the generator internal
impedance. The voltage drop increase with time because
of the current increase. The pulse slew rate is 4.28 kV/µs
(the voltage reaches 300V in 70 ns).

Figure 17 shows the cable input voltage (v0) and the
voltages at each coil input (v1 − v8) in a time window cor-
responding the the transient state. The motor phase in-
put voltage v1 has a fast ac component due to the con-
nection cable transient superimposed to the source pulse
voltage v0. The cable transient has a slight influence on v2
but none on the other voltages that has a slower transient
state.

A careful observation of Figure 17 shows that thewave-
forms are not classical damped sine waves with a natu-
ral angular frequency β, a damping factor α and a shift φ
(e−αtsin(βt + φ). The system linearity must be tested. The
same measurements were made for several pulse genera-
tor electromotive forces (emf). Figure 18 presents results.
The coil-to-ground peak voltages are proportionals to the
generator emf. Therefore, the system can bemodelled by a
linear equivalent circuit for voltages up to 450V.

Figure 17: Transient voltage measurements at the coil level.

Figure 18: Peak voltage of the transient of each coil.

Figure 19 shows the voltages between the coil termi-
nals. The first coil withstands a higher voltage than the
other ones : 250Vpeak rather than≃ 120Vpeak for the oth-
ers. This phenomena is the same for classical organicwind-
ings; the commonmode capacitance (coil to ground) of the
second coil remains uncharged during the pulse rise time;
consequently, a large voltage appear at the terminals of the
first coil during the very beginning of the transient.

5.2 Spice simulation

Figure 20 presents the Spice equivalent circuit of a motor
phase. Every coil is modeled by RLC circuit; the resistance
is computed considering the core HF losses; mutual induc-
tances, which are not represented on the equivalent cir-
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Figure 19: Transient voltage for each stator coil foe an actual pulse
magnitide of 370 V.

Figure 20: Spice equivalent circuit of a motor phase defined at the
coil level.

Table 2: Self and mutual inductances relative to the first coil

L1 M12 M13 M14
angle (∘) 0 15 90 105
(µH) 116 −31 −2.6 −2.13

M15 M16 M17 M18
angle (∘) 180 195 270 275
(µH) −2.0 −2.1 −2.6 −3.0

cuit, are taken into account. The magnetic core adds com-
mon mode capacitances, which are modelled by the ca-
pacitances Cm connected between each coil terminal and
ground. The voltage measurement points (v1 − v8) defined
in Figure 15 are reported in the Spice equivalent circuit.

Figure 21: Spice simulation results for a motor phase.

Figure 22: Comparison of Spice simulation results (dotted lines)
and experimental ones (solid lines).

Theparameters of the Spice equivalent circuit aremea-
sured with sine waves at 1MHz; Table 2 presents the self
and mutual inductances relatively to coil 1 and the corre-
sponding coil relative angular position. With the sign con-
vention adopted (* signs in Figure 15) all themutual induc-
tances are negatives. The actual connections are consid-
ered in the Spice equivalent circuit in Figure 20. The self in-
ductances of the other coils have the same value (116 µH);
themutual inductances relative to the other coils have also
the values of Table 2 for identical relative angular posi-
tions.

The coil resistance takes the core losses into account.
The common mode capacitances are measured with an
impedance analyzer the average result is Cm = 43 pF with
a measurements dispersion of about 5%. The actual wave-
form produced by the pulse generator is taken form exper-
imental results; the Spice source voltage vs is defined by
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segments joining points extracted from the experimental
curve v0. Figure 21 presents the simulation results and Fig-
ure 22 compare the simulation results with the experimen-
tal ones.

6 Discussion
Figure 22 shows a global correspondence of Spice sim-
ulation results and measurements. However, differences
are be observed on the damping of each transient voltage.
These differences can be interpreted considering the equiv-
alent circuit parameter, which aremeasured in sine waves.
The Spice equivalent circuit uses them in the time domain,
which supposes constant parameters in the frequency do-
main. The inductances and the capacitances measured
values are nearly constant in the useful frequency range
(100 kHz−20MHz) but not the resistances because of skin
effects in the wire and in the stator core. The Spice simula-
tion were made with average values that do not consider
all the complexity of the electromagnetic problem.

However, the Spice simulation estimates the peak volt-
age at the terminals of each coil for making technological
pertinent choices at the design level. It shows also that
the transient state, for every coils, except the first one, are
about 1µs long. They are 10 times shorter for the transient
inside the coil defined at the turn level. Consequently the
coils 2 − 8 must withstand only 100Vpeak for a machine
phase fed by 370V pulses. Inside these coils, the maxi-
mum turn-to-turn voltage is only 30Vpeak, which is much
under the capabilities of a ceramic coated wire operating
at 500∘C, which is 200VRMS [9]. However, a special care
must be taken for the first coil that withstand 250Vpeak
during about 200 ns. The transient analysis made at the
turn level (Figure 14) estimates that the turn-to-turn volt-
age at 30% of this value (75V), which remains under the
limits with a large safety margin.

The proposed turn arrangement for designing coils
can be used for machines fed by a standard PWM inverter,
when the turn-to-turn voltage must be very low. With such
a turn arrangement and standard organic low temperature
wire, the motor can be fed by high voltages. For HT∘ ap-
plications, the coil design compensates the poor electrical
properties of the ceramic-coated wire.

7 Conclusion
The design of high temperature compact machines re-
quires a specific approach because the machine must be

fully inorganic, without any polymer. The use of magnets
is also forbidden. Consequently, the only possible topol-
ogy is the synchronous reluctant machine made with one
rigid inorganic coils per stator tooth. These coils are made
with a ceramic insulated embedded in a HT∘ cement. The
ceramic insulated wire has poor electrical and mechan-
ical properties compared to the standard organic enam-
elled wire. These poor properties must be compensated by
a specific topology that consists inmaking large number of
transverse layers of few turn. The proposed topology is the
opposite of the classical one consisting in building coils
with a small number of longitudinal layers made of many
turns.

After sharing the experience for building HT∘ motor
coil, an analysis of the voltage distribution inside the coil,
at the turn level, is proposed. The proposed method is
based on a Spice solver. The results show a good voltage
distribution between turns during the fast transients fol-
lowing each fast fronted voltage pulse of the PWM.

Another analysis, made at the coil level, shows that
the first coil withstands higher voltages than the others
at the very beginning of the transient states following the
PWM fronts.

The global discussion on the results of the two analy-
ses shows that the proposed coil topology can be used for
building motors, fed by standard PWM inverters and able
to operate up to 500∘C inside coils.
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