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(57) Abstract: The present invention herein refers to a
synchronous electrical concentrated coil machine or otherwise
called with tooth coils. In one of its embodiments the
synchronous electrical concentrated coil machine comprises:
a plurality of teeth positioned on the stator; a plurality of
concentrated coils wound around said teeth, suitable for
constituting at least one cycle; a plurality of inductor poles;
characterised in that the difference between the number of said
plurality of poles and the number of said plurality of teeth of
said at least one cycle is two times less in absolute value than
the number of the phases; the electrical angle acf between the
first coils of successive phase-cycles is ag= (Ngs + v/Ny) 180°,
where Ndcf is the number of teeth per phase-cycle, Nt is the
number of phases and v is the difference between the number
of said plurality of poles and the number of said plurality of
teeth of said at least one cycle; and the phase associated to said
first coils of successive phase-cycles and the winding direction
of said first coils of successive phase-cycles are determined
by the phasors separated from each other by an angle equal to
said electrical angle ac f of the phase sequence of the number
of phases of said machine.
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“Synchronous electrical concentrated coil machine.”
k Kk ok
DESCRIPTION

The present invention herein refers to a synchronous electrical
concentrated coil machine or otherwise called with tooth coils and to a
method for determining the assignment of the phase and the winding
direction of the coils of a synchronous electrical concentrated coil machine.

The functioning of the category of electrical tooth coil machines is
based on physical laws and principles in common with those on which the
functioning of every synchronous type of electrical machine is based: the
law of electromagnetic induction and the principle of alignment of the
magnetic fields within the air-gap.

In the traditional types of electrical machines, fitted with armature
windings distributed in slots, the maximum effort is made to make the
presence of the teeth negligible, considered a discretized magnetic
disturbance, to attenuate with suitable clamping devices, that is with “spatial
filtering”. Among said devices there is the adoption of a high number of
slots and the relative inclination between the field poles and the armature
teeth opposite. In addition, it is believed to be necessary to choose a high
number of slots/(pole-phase) so as to achieve quality electromagnetic
performances (sinusoidal induced electromotive force waveform; constant
electromagnetic torque, with negligible ripple).

A frequent attempt to resolve the problems linked to the presence of the
slots is to eliminate them, adopting magnetic configurations in which the
winding, positioned with the active conductors directly opposite the gap, is
usually wound around rotoric toroidal structures, with methods that are
similar to those of the Pacinotti armature.

The main defects of these solutions (that have the advantage of
elimiﬂating the harmonic electromotive forces and the parasitic torques due

to the presence of the teeth, for the fact that they eliminate the teeth) are the
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following.

The winding with Pacinotti structure is constructively awkward to
produce, as it has to be “sewn” around the toroidal ferromagnetic core, thus
making hundreds of insertions, that can create constructive difficulty and
irregularity of laying (both in the radial direction, with the risk of
overlapping, and in the peripheral direction, with an uneven peripheral
positioning of the turns of different phases, above all if the dimension of the
machine is high).

The space occupied in the air-gap by the dimensions of the conductors
and the relative insulating thicknesses drastically reduces the efficiency of
the magnetization; in fact, while the mechanic air-gap is the space of air
comprised between the surface of the permanent magnets and the most
external surface of the toroidal core wound, the magnetic gap is much
greater, also comprising the radial dimension occupied by the conductors.
This reduces the flux delivered by the permanent magnets compared to what
occurs in machines with toothed core (where the magnetic air-gap is equal to
the mechanic air-gap between permanent magnets and teeth heads); thus, at
equal torque requested, the presence of minor flux at the air-gap implies
circulation of more intense currents, thus the development of greater losses
in the windings.

In addition, as the windings are directly hit by the main magnetic flux
delivered by the permanent magnets (differently from what happens in the
machines fitted with slots, where only the leakage flux goes through the
conductors, with a considerably lower intensity), said windings must be
made with conductors accurately subdivided and transposed. Actually if
conventional conductors were used (such as the rip cords, normally of the
toothed-structure rotating machines, used for medium-large power
applications) the above-mentioned flux, variable in time, would induce eddy
currents (and therefore losses) intolerable from the thermal aspect and the

performance.
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We also have in the loaded operation, when current passes through said
conductors and they are immersed in the flux delivered by the permanent
magnets, mechanical actions (corresponding to the electromagnetic torque
transmitted between stator and rotor) are applied directly on the same
conductors, mechanically stressing them to a very intense extent (in the
machine fitted with teeth, the forces between stator and stator are discharged
on the teeth, a lot more robust, while the mechanical stresses on the
conductors are limited).

In view of the state of the technique described, the object of the present
invention is to provide for a synchronous electrical concentrated coil
machine that does not contrast the presence of the teeth, but instead uses
them suitably, supporting the natural tendency to convey the flux exchanged
with the excitation poles of the inductor structure.

In accordance with the present invention, said object is achieved by
means of a synchronous electrical concentrated coil machine comprising: a
plurality of teeth positioned on the stator;-a plurality of concentrated coils
wound around said teeth, suitable for constituting at least one cycle; a
plurality of inductor poles; characterised in that the difference between the
number of said plurality of poles and the number of said plurality of teeth of
said at least one cycle is two times less in absolute value than the number of
the phases; the electrical angle o between the first coils of successive
phase-cycles is oor= (Ngcf + V/Np)-180°, where Ny is the number of teeth
per phase-cycle, N¢is the number of phases and v is the difference between
the number of said plurality of poles and the number of said plurality of
teeth of said at least one cycle; and the phase associated to said first coils of
successive phase-cycles and the winding direction of said first coils of
successive phase-cycles are determined by phasors separated from each
other by an angle equal to said electrical angie acf of the phase sequence of
the number of phases of said machine.

In accordance with the present invention, said object is also achieved by
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means of a method for determining the assignment of the phase and the
winding direction of the coils of a synchronous electrical concentrated coil
machine comprising the operations of: determining the electrical angle ocf
between the first coils of successive phase-cycles, equal to acr = (Ngef +
v/Ny)-180°, where Ny is the number of teeth per phase-cycle and Ny s the
number of phases; determining the phasors separated from each other by an
angle equal to said electrical angle af on the basis of the phasor sequence
corresponding to the number of phases of said machine; associating to said
first coils of successive phase-cycles the names of said phasors previously
determined; associating to the coils of each phase cycle the phase of said
first coils of phase-cycles.

Thanks to the present invention a synchronous electrical concentrated
coil machine can be produced with a progressive spatial staggering between
poles and teeth. In fact, the numbers of the armature teeth and the inductor
poles are not very different from each other; this configuration implies the
achievement of electromagnetic and mechanical performances of higher

quality than that of traditional machines, also resulting in numerous

constructive advantages (low number of teeth, ease of winding, less length

of the endwinding connections).

- The use of tooth coil machines, in accordance with the present
invention, presents various constructive and operational advantages,
herewith described.

The concentrated coils windings are intrinsically tidier, due to the
absence of overlayering of the endwindings among the active sides in the
slots.

The endwindings of the tooth coils are very short, with a saving of
copper, reduction of the ohmic losses and of the heating of the machine, and
improvement of efficiency.

The use of concentrated coils facilitates the construction of the

windings, both in small machines (in automated series production), and in
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medium-large machines (until now constructed manually or with semi-
automatic procedures).

As the coils are all the same, their separate construction is possible and
convenient as occurs in transformers: this is particularly useful in the
double-side structures, without stator magnetic yoke, whose teeth can be
wound one by one and then mounted in the statoric frame structure.

The adoption of production technologies similar to those of the
transformers foreshadows the raising of the voltage limits in large rotating
machine (now of a few tens of kilovolts): therefore, the interposition of
transformers could be avoided.

Indicated with N¢ the number of phases, Ng = ¢ the number of teeth, N,
= p the number of poles, Ng, the number of teeth per cycle, Ny the number
of poles per cycle, is as follows: considering that a slot corresponds to each
tooth, the no. of slots/(phase-pole) q of a tooth coil machine equals: q = ¢/
(p-Nf) = Ng / (Np'Ng) =Ngc / (NpcNy). In the hypothesis (more
advantageous for the quality of performance) that Ng. and N, differ from
each other only by one unit, it follows that: q = (1:1/Npe)-(1/Ng) ~ 1/N¢.
Therefore, in a tooth coil three-phase machine we have q ~ 0.33
slots/(pole-phase). With a traditional machine we achieve good quality of
waveform of electromotive force and a low ripple of the torque (or thrust)
developed adopting armature structures with a no. of slots/(phase-pole) q
around 5-6, while a tooth coil machine presents similar quality performances
with q = 1/3: thus machines with a determined no. of poles can be made with
armature structures having a very low no. of slots. In correlation, in tooth
coil machines there are high numbers of poles, with reduced dimensions.

The high number of poles gives these machines special operational
characteristics and that is, they rotate (or translate) at low speed, producing
high torques (thrusts) and if the torque and inertia characteristics of the
mechanical load are adequate, it is also possible to start up from zero speed,

with synchronisation directly at the network frequency.
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They can function as generators: these machines are capable of
producing electromotive force of significant magnitude and frequency of
industrial interest at very low rotation speed.

Another important quality, in consequence of the progressive spatial
staggering between excitation poles and armature teeth, is the practical
absence of disturbances due to the toothing (distortion of the waveform of
the electromotive force and torque (or thrust) ripple; in the traditional

permanent magnet machines the effect of “cogging” is also present with

. armature not powered, so much so that to attenuate it is necessary to adopt

suitable values of the relative inclination between slots and poles of the
opposite structures.

The characteristics and advantages of the present invention will appear
evident from the following detailed description of an embodiment thereof,
illustrated as non-limiting example in the enclosed drawings, in which:

Figure 1 shows the basic structure of a portion of a synchronous
electrical concentrated coil machine of the type with single-side inductor
with permanent magnet excitation poles, in accordance with the present
invention;

Figure 2 shows the basic structure of a portion of a synchronous
electrical concentrated coil machine of the type with double-side inductor
with permanent magnet excitation poles, in accordance with the present
invention; |

Figure 3 shows a front view and a view from above of the controverse
coils phase windings, in accordance with the present invention,;

Figure 4 shows a front view and a view from above of the equiverse
coils phase windings, in accordance with the present invention,

Figure 5 shows the basic structure of a synchronous electrical
concentrated coil machine of the type with single-side inductor, with
permanent magnet excitation poles, with windings in double layer and with

controverse coils, in accordance with the present invention;

PCT/EP03/05599
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Figure 6 shows the basic structure of a synchronous electrical
concentrated coil machine of the type with double-side inductor, with
permanent magnet excitation poles, with windings in double layer and with
controverse coils, in accordance with the present invention; '

Figure 7 shows the basic structure of a synchronous electrical
concentrated coil machine of the cylindrical gap type with two-layer three-
phase controverse winding, in accordance with the present invention;

Figure 8 shows the basic structure of a synchronous electrical
concentrated coil machine of the single-side flat air-gap linear type, with
two-layer three-phase controverse winding, in accordance with the present
invention;

Figure 9 shows the basic structure of a synchronous electrical
concentrated coil machine of the double-side flat air-gap linear type, with
two-layer three-phase controverse winding, in accordance with the present
invention;

Figure 10 shows the basic structure of a synchronous electrical
concentrated coil machine of the cylindrical air-gap linear tubular type, with
ring magnets radially magnetized and with two-layer three-phase
controverse winding, in accordance with the present invention;

Figure 11 shows the partial basic structure in prospective of a
synchronous electrical concentrated coil machine of the rotating flat air-gap

type, with two-layer controverse winding, in accordance with the present

~ invention;

Figure 12 shows a graph with the current absorbed by a motor upon
variation of the torque applied, in accordance with the present invention;

Figure 13 shows a graph with the waveform of the electromotive force
measured in a probe coil wound around a tooth in a rotating machine,
operating at no-load, in accordance with the present invention;

Figure 14 shows a graph with the waveform of the electromotive force

measured at the terminals of the phase winding of a rotating machine,
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operating at no-load, in accordance with the present invention;

Figure 15 shows a graph with the simulation of the start-up transient
from zero spéed of the motor, with progressive increase of the load torque.

The present invention deals with a new type of synchronous electrical
machines characterised by windings only constituted by concentrated coils
of armature, wound around the teeth of the magnetic structure.

In reference to Figure 1, that shows the basic structure of a synchronous
electrical concentrated coil machine of the type with single-side inductor,
the yoke 10 of the armature of the stator with the stator teeth 12 can be seen
on which the coils 13 are wound connected to each other; the yoke 11 of the
mobile inductor on which the excitation poles 14 are placed made for
example by means of permanent magnets. The arrow placed on the
excitation poles 14 indicates their polarity, in particular they are placed so
that the excitation poles 14 adjacent have opposite polarity.

In Figure 2 a basic structure of a synchronous electrical concentrated
coil machine of the type with double-side inductor is shown. Thus there are
two yokes 11 of the mobile inductor on which the excitation poles 14 are
placed made for example by means of permanent magnets. There are the
statoric teeth 12 on which the coils 13 are wound connected to each other.

In both the figures 14 indicates the pitch of the statoric teeth 12 and 7y,
indicates the pitch of the magnets (or excitation poles) 14.

In principle, with both the types of the Figures 1 and 2 rotating or linear
machines can be produced, with flat or cylindrical air-gap, with single-side
or double-side magnetisation, operating as motors or generators. The
permanent magnets of the excitation poles 14 can be replaced with polar
bodies fitted with windings, they also concentrated, which in such case can
be denominated teeth of the mobile part (rotor or slider).

Figure 3 shows a front view and a view from above of the controverse
coils phase windings and that is one coil 13 is wound on each statoric tooth

12, wound in the direction of the arrows and that is so that the adjacent
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coils 13 are wound controversely. In the two views the connection between
one coil and the other can also be seen.

Figure 4 shows a front view and a view from above of the equiverse
coils phase windings and that is for each couple of statoric adjacent teeth 12
only one tooth 12 is wound, resulting that the coils are wound equiversely.
In the two views the connection between one coil and the other can also be
seen. In this case consecutive teeth wound receive inductor fluxes almost in
phase; therefore the equiverse connection permits the maximizing of the flux
linkage and thus of the electromotive force of the phase winding.

Common characteristics of the machines described above are the almost
equality between tooth pitch 4 and the excitation poles pitch Ty, In
particular it can be tq > Ty, 0 T < Ty (With 19 # 7).

Windings in double layer can also be produced, in which each statoric
tooth 12 of armature possesses two coils, belonging to the same phase or to
different phases.

Figure 5 shows the basic structure of a synchronous electrical

concentrated coil machine of the type with single-side inductor, with

" permanent magnet excitation poles, with windings in double layer and with

controverse coils, (the type with equiverse coils can also be adopted).

In this Figure, the yoke 10 of the armature of the stator can be seen with
the statoric teeth 12 on each of which are wound two coils 13, the yoke 11 of
the mobile inductor, and the excitation poles 14.

Figure 6 shows the basic structure of a synchronous electrical
concentrated coil machine of the type with bilateral inductor, with
permanent magnet excitation poles, with windings in double layer and with
controverse coils, (the type with equiverse coils can also be adopted).

In this Figure, the statoric teeth 12 can be seen, on each of which are
wound two coils 13, the yoke 11 of the mobile inductor, the excitation poles
14, and a support 22 for the teeth 12, that does not have to be ferromagnetic.

In Figures 5 and 6 a first feed phase of the coils is indicated with the
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‘letters a and A, a second feed phase of the coils with the letters b and B, and

a third feed phase of the coils with the letters ¢ and C. The capital letter
represents one winding direction of the coil for example anti-clockwise and
the small letter the opposite winding direction of the coil for example
clockwise.

Figure 7 shows the basic structure of a concentrated coil synchronous
rotating electrical machine of the type with cylindrical air-gap with two-
layer controverse three-phase winding, in accordance with the present
invention. It is characterised by 34 poles with permanent magnets, the
different polarity is represented in Figure with the presence or the absence of
the dotted line, 36 teeth, 2 cycles along the periphery, Ng.f = 6 teeth per
phase-cycle, with displacement of layer of Ng, =3 teeth, with the single-side
inductor. The winding characteristics of the stator in Figure 7, where, for
reasons of graphic simplicity the relative letters of the phases are not shown,
correspond with those illustrated in Figure 5, which in this sphere can be
seen as its linearised version. In addition, only the active sides of each coil
wound around the teeth are shown.

A rotating machine with flat air-gap can be imagined looking at Figures
5 and 6 as the side view of a structure with rotation symmetry (with rotation
axis positioned vertically in the drawing plane); the coils of armature are
positioned in couples around statoric cores in the shape of axially laminated
parallelepipeds: in the double-side case of Figure 6, in front of them two
circular rotoric yokes slide integral and aligned with each other, that support
the permanent magnets, enclosing the stator like a sandwich. A particular
characteristic of the double-side type is the absence of a ferromagnetic yoke,
operating as a closing path for the tooth fluxes.

Figure 8 shows the basic structure of a synchronous electrical
concentrated coil machine of the linear type with flat single-side air-gap,
with two-layer controverse three-phase winding, in accordance with the

present invention. It has an inductor fitted with an uneven number of ‘
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. permanent magnet excitation poles, with Ng.f= 6 and Npc = 17 poles/cycle.

The statoric magnetic circuit is made of aligned E cores.

Figure 9 shows the basic structure of a synchronous electrical
concentrated coil machine of the linear type with single-side flat air-gap,
with two-layer three-phase controverse winding, in accordance with the
present invention. It has an inductor fitted with an uneven number of
permanent magnet excitation poles, with Ngcf = 6 and Npe = 17. Thfe statoric
magnetic circuit is formed of aligned E cores. In such cores, the yokes only
carry out the function of mechanical support, as they are not crossed by
fluxes.

Figure 10 shows the basic structure of a synchronous electrical
concentrated coil machine of the tubular linear type with cylindrical air-gap,
with ring magnets magnetized radially (alternatively towards the inside and
towards the outside) and with two-layer three-phase controverse winding, in
accordance with the present invention. It has an inductor fitted with an
uneven number of permanent magnet excitation poles, with Ngc¢= 6 and

Np

a central core in ferrite, or other ferromagnetic material with high electric

- = 17. The statoric magnetic circuit is cylindrical, internal, splined, with

resistivity, and disk teeth, laminated and piled on said core. The coils are
bobbin-wound in the grooves of the central cylindrical armature structure.

In Figures 8, 9 and 10 for reasons of graphic simplicity, the windings
are represented without indicating their assigned phases of the coils; in
addition, only the active sides of each coil wound around the teeth are
shown. For the succession assigned to the phases, refer to that in Figures 5
and 6.

The partial basic structure in prospective of a synchronous electrical
concentrated coil machine of the rotating type with flat air-gap is shown in
Figure 11, with two-layer controverse winding, in accordance with the
present invention. Some statoric cores are shown in this figure, of which, as

an example, only one wound with a couple of coils. The inductor poles (not
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shown), mounted on rotoric yokes, are aligned to the cores of the coils at one
end (single-side structure) or to both ends (double-side structure).

In the single-side case, less convenient, the ends of the cores positioned
on the opposite side in relation to the corona of inductor poles must be
connected to each other by means of a statoric yoke.

In the double-side case, the statoric cores are magnetically separated
from each other (only a non-magnetic support is required, not shown in the
Figure); conceming the rotor, there are two rotoric yokes integral with each
other: the inductor poles axially counter-posed are aligned to each other.

An important peculiarity of the linear tooth coil machines with flat air-
gap (for example those of Figures 8 and 9) and cylindrical (like that of
Figure 10) is the excellent operating symmetry, both at no-load (symmetry
of the phase electromotive forces) and in loaded conditions (balance of the
circulating currents): this property (linked to the action of 2 number of
inductor poles exactly the same as that of one cycle, Npc =17 in the Figures
mentioned) does not find correspondence in the linear machines with
windings distributed traditionally, typically affected by dissymmetry and
operating imbalances between the various phases.

In general, for the tooth coil electrical machines the following
definitions and properties are valid (see Figures 5 and 6).

With reference to the relative arrangement between armature teeth and
excitation poles facing the air-gap, the cycle 20 is the part of the magnetic
structure (or periphery) at which distance two couples (tooth — pole) present
the same common position: therefore the distribution of the coils to the
various phases and their winding direction is repeated from one cycle to the
next.

Basically, the number of the cycles could be any (the examples of the
Figures 8, 9, 10 refer to the structure with only one cycle): nevertheless, in
the case of structures of rotating machines (with cylindrical or flat air-gap),

it is advisable that such number exceeds or is at least equal to 2, to avoid
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non-compensated magnetic attractions between stator and rotor.

The phase-cycle 21 with reference to one layer, is the portion of one
cycle to which adjacent coils of the same phase extend.

Ngc = (No. of armature teeth)/(cycle).

Np = (No. of armature coils)/(cycle).

Ny and Ny, must be multiples of the no. of phases Nt.

Ngcf = (No. of armature teeth) / (phase-cycle).

Npcf = (No. of armature coils) / (phase-cycle).

Ngc = NpNgcf -

Npe = N Npef:

In the case of controverse windings Nyf = Nycf -

In the case of equiverse windings, having to be Nycf= N2, thus
Ngcf must be an equal whole number.

Npcf can be any whole number.

Npc = (No. of excitation poles) / (cycle).

v = module of the difference between Np¢ and Ngc.

Thus we can write: Npc = Ng¢ £ v. The best choice corresponds to v =
1; nevertheless, with progressive worsening of the performances (reduction
of the winding factor of the main field), whole values of v higher than the
unit can be adopted, up to a limit value vy ,x = 2-Ng¢ (in correspondence with
this value the annulment of the aforesaid winding factor occurs, which
corresponds with a nil electromotive force resulting at the terminals).

Therefore, with reference to the best choice, corresponding to v =1,
choice can be made between the following conditions, higher or lower N =
Ngc + 1= Npcs, 0r Npg =Nge — 1 = Npci-

The no. of excitation poles N, = Np¢-N¢ of a rotating machine must be
even,; therefore, if Npc is even, the no. of cycles N, can be any whole
number; vice versa, with Ny uneven, N it must be even.

The no. of excitation poles Nj, = NpcNg of a linear machine can be

uneven; in such case, there are no constrictions for N¢.
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As the cycles are identical to each other, the no. of cycles N is also
equal to the maximum no. of paths of each phase in parallel.

Said X’s, x the armature coils of the phase X (X=A, B, C;x=a, b, ¢),
for assigning the layer coils with the phases and the definition of the path
direction, the electrical angles &, linked to mechanical angles p of the well-
known relation: £ = (Np/2)-p, are taken into consideration; as the electrical
angle ag between adjacent teeth equals og = (Npe/Ngc)-180°, the following
rules are obtained.

With reference to the coils of only one layer, the electrical angle a.f
between the first coils of successive phase-cycles, hereinafter called parent
coils, is agp = (Ngef + V/Ng)-180°: the evaluation of o (to reduce to inside
0° - 360°, subtracting the suitable whole number of round angles) enables
such parent coils to be attributed correctly to the different phases.

For three-phase and two-phase windings there are well-known phasor
sequences - esaphase AcBaCb and tetraphase ABab, respectively with
staggering of 60° and 90° electrical between adjacent phasors.

When the attribution of the parent coil of a first phase-cycle (which we
presume corresponds to the name Y, among those of the phasor diagram) to
a certain phase has been defined (including winding direction), the parent
coil of the adjacent phase-cycle is attributed to the phase whose name Z is
that of the phasor which, in the phase sequence considered (AcBaCb for
three-phase machines; ABab for two-phase machines), stands o, electrical
angles from Y (in one direction or in the other); similar attribution is made

for all the successive phase-cycles (always with the same path direction as

 the phasor diagram, for example clockwise). For example, attributing the B

to the first parent coil, in the case in which Ngc.r=6, v =1, Ny=3, we have
0gf= 60°, the name 60° distant from B will be attributed to the second
parent coil and thus a, and so on consecutively.

The sequence of the coils of one cycle-phase (for example Nycr = 6)

will be with controverse winding XxXxXx (or xXxXxX); and with

PCT/EP03/05599
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equiverse winding XXXXXX (or xxxxxx), starting from the parent coil.

In the above example, with controverse winding, the first phase-cycle
will be with the names BbBbBb and the second phase-cycle the names
aAaAaA.

In the case of windings in two layers, the second layer presents the same
phase denominations as the layer already attributed, but with a peripheral

displacement of Ngp, teeth (the winding direction of each coil of each cycle-

phase of the second layer coincides with that of the phase-cycle of the same

phase of the other layer in the case of N, even, while it is inverted if Ngp, is
uneven): the displacement of layer carries out the same electromagnetic
fuﬁction which, in the distributed windings of the traditional machines, it is
consequent to the shortening of the pitch of the windings, that is the
attenuation of the winding factors of the electromotive forces of the
harmonic fields of lower order. For example, in the case of three-phase
structures, with v = 1, the choice of Nsp that optimises the waveform of the
electromotive force at the terminals is the closest to Ngcf/2.

From the expression of as the impossibility to adopt v = Ny, which
would correspond to parent coils of successive phase-cycles with multiple
staggering of 180° appears evident: in fact, this result (which would
correspond, regardless of the winding direction, to belonging to the same
phase) is incompatible with the hypothesis of a structure with N¢ phases.

From the study of the vector diagrams representing the composition of
the electromotive forces of the coils of one cycle-phase (which is associated,
for the order harmonic h=1, 3, 5, 7, 9,... to a distribution factor kgy,) and of
the composition of the layer electromotive forces (which is associated, again
for the harmonic h, to a displacement factor kgpp) the following expressions

result:
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sin[h-90°-1—\;}—] 000
kdgn = { ; ksph=cos h-NSp-V'——— ;
. ( v-90° ) N¢ - Ngcr
Npef -sin| h+ ———
Nt -Npef
the winding factor is given by:
Kah = kdh'ksph-
5 From simple elaborations it can be deduced that, for the main field

(which corresponds to the fundamental component for h = 1 of the
electromotive force), the highest values of the winding factor are obtained
for v = 1; in addition, again for v = 1 said values correspond to those of the
winding factors of the traditional machines with distributed windings, where
10 however a number of slots/(pole-phase) q is considered and a shortening of
the pitch of the windings numerically equal respectively to the number Nyf
and to the displacement of layef Ngp, of the tooth coil machines.
Thus, for the three-phase tooth coil rotating machines, with v = 1, Table
1 gives the values of Ng and Ny, for the Jower values of Ngcf and N; the
15 attribution succession S;f to the phases of the parent coils of the phase-
cycles of 2 adjacent cycles (said succession of the phase-cycles) is also
given: in the Table, S.f indicates the succession S relating to the choice of
the low poles number Np¢; = Ngg — 1, while Scfg is the succession Scf
relating to the choice of the high poles number Npoq = Ngg + 1.
20 Once the parent coils of all the phase-cycles have been assigned to the
phases, the successive coils of each cycle-phase assume the same letter as its
own parent coil, with equiverse path direction (XXX or xxx, with Npcr = 3)
or with controverse path direction (XxX or xXx, with Nycr = 3).
Similar Tables can be adopted for two-phase machines, or with no. of

25 phases different from 2 and 3.
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TABLE 1

Three-phase controverse windings

Ndcf [Nbef Nde Npci Npcs Ne [Ng Npi Scfi Nps Scfs

2 2 6 |5 7 (2 1210 |AcBaCb |14 |AbCaBc

9 |8 10 (3 {27124 |ACBACB|30 |ABCABC

12|11 |13 |2 [24]22 |AcBaCb |26 |AbCaBc
3
2

15|14 |16 45142 |ACBACB |48 |ABCABC
18 |17 |19 36 |34 [AcBaCb |38 |AbCaBc

AW W
N[k W

Three-phase equiverse windings

Ndcf Nbef Nde Npci Npcs Nc Ng Npi Scfi Nps Scfs

2 1 6 |5 7 2 |12 |10 [AcBaCb |14 |AbCaBc
4 2 12|11 |13 |2 |24|22 |AcBaCb |26 |AbCaBc
6 3 1817 |19 |2 |36 |34 |AcBaCb |38 |AbCaBc
8 4 24123 |25 |2 |48 |46 |AcBaCb |50 |AbCaBc
10 |5 30 129 [31 |2 |60|58 |AcBaCb |62 |AbCaBc

A cylindrical air-gap prototype has been constructed, of small size,
obtained from a commercial asynchronous motor, in which the stator has
5 been rewound, while the rotor has been totally redone, making it with
permanent magneté.
In regard to thé stator winding, this is of the controverse type in two
layers (each tooth wound by two coils), according to the diagram of Figure 7
(in linearized form, the configuration of Figure 5).

10 The main characteristics of said machine are those in Table 2.



WO 03/103114

10

15

PCT/EP03/05599
-18 -

TABLE 2

Stator outside diameter [mm] 220

Diameter at the air-gap [mm] 140

Length of lamination stack [mm] 85

No. stator slots 36

No. permanent magnets 34

Dimensions of the permanent magnets [mm] |85x10x3

Residual flux density B; [T] 1,2
Coercive force H [kA/m] 700
Mechanical air-gap [mm] 0,4
No. turns/tooth coil 46
Diameter of statoric wire [mm)] 0,63

Numerical simulations and experimental tests have been carried out on
this machine.

The calculated curve is shown in Figure 12, on the basis of the
equivalent circuit, of the RMS value of the phase current absorbed in
operating as a motor, upon increasing the torque applied, up to the loss of
synchronised operation, together with the measured points (x), for operating
with null, nominal and “pull out” torque. The excellent correspondence
confirms the validity of the type of electrical tooth coil machine.

Figures 13 and 14 show the waveforms measured of the electromotive
forces in no-load operation, at a speed of N = 176,47 g/min (to which the
frequency is equal to 50 Hz); in Figure 13, e; is the electromotive force
measured in a probe coil of 10 turns, wound around a stator tooth; in Figure
14, efis the electromotive force measured at the ends of a phase winding. As
can be seen, while the tooth electromotive force has a waveform
approximately trapezoidal, that of the phase is considerably sinusoidal,
thanks to the effect of composition due to the staggering between the
electromotive forces of tooth coils, that give a resulting ef .

The simulation of the start-up transient of the machine is represented in
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Figure 15, fed at Vijpea = 380 V, 50 Hz, with initially nominal resistant
torque (53 Nm) and the synchronisation from still; successively the torque
increases, until the pitch is lost. The good operating stability is evident, also
as confirmation of the “pull out” torque limits.

The tooth coil machines, in accordance with the present invention,
present interesting elements in many application sectors, hereinafter ~
described.

Motor for low speed and high torque (force), without the use of gearing:
direct drive can be achieved, in alternative to gearmotors, both with mains
feeding and start-up and through inverter. The permanent magnet excitation
guarantees that high power factors are achieved and that satisfying
performance values are maintained.

Ground propulsion motors: particularly suitable is the flat air-gap
rotating type because it can be easily integrated in the wheels (motor-
wheels) and is capable of achieving high torque/mass and torque/inertia
ratios.

Large motors for electrical ship propulsion and for large industrial
drives: synchronous motors are presently used in theée sectors, which to
avoid the use of mechanical reduction gears, must be powered at low
frequency, by means of cycle convertors; the use of tooth coil motors
permits them to be powered by inverter, with considerable advantages in
terms of waveforms, torque and speed regulation, low harmonics of current
and torque.

Generators with high number of poles for waterpower plants with slow
turbines and for aero generators without speed multipliers: the excellent
quality of the waveform of the voltage at the terminalé, both in no-load
operating and in loaded operating, makes tooth coil machines an interesting
competitor for classic salient pole alternators. In this case, for the need of
regulating the voltage, it is more suitable to adopt inductors with excitation

windings. Therefore, the tooth coil machine assumes the appearance of a
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double salient structure, in which all the windings are of the concentrated
type, and there is very little difference between the no. of stator and rotor
teeth.

Motors for linear drives: the adoptability of modular stator structures,
using standard “E” shape laminations, commonly used for constructing
small monophase ironclad transformers, permits the easy and economical
construction of linear guides of any length. In addition, the adoption of the
double-side structure enables the high transversal attraction to be
neutralized, typical of the single-side configurations, doubling the
propulsion force.

Tubular motors for linear drives: this configuration, in which it is
possible to couple the parts in relative motion by the means of the use of
contact cylinders in antifriction material (for example teflon), presents a
cylindrical symmetry that very satisfactorily annuls each side thrust. In
addition, this configuration, quite compact, can be used very well as actuator

in many robotics, mechatronics and bio-mechanics applications.
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CLAIMS

1. Synchronous electrical concentrated coil machine comprising:

a plurality of teeth positioned on the stator;

a plurality of concentrated coils wound around said teeth, suitable for
constituting at least one cycle;

a plurality of inductor poles;

characterised in that A

the difference between the number of said plurality of poles and the
number of said plurality of teeth of said at least one cycle is two times less in
absolute value the number of the phases;

the electrical angle a.f between the first coils of successive phase-cycles
is agr = (Ngef + V/Ny)-180°, where Ngcr is the number of teeth per phase-
cycle, N¢is the number of phases and v is the difference between the
number of said plurality of poles and the number of said plurality of teeth of
said at least one cycle; and

the phase associated to said first coils of successive phase-cycles and
the winding direction of said first coils of successive phase-cycles are
determined by the phasors separated from each other by an angle equal to
said electrical angle o of the phasor sequence of the number of phases of
said machine.

2. Synchronous electrical machine in accordance with claim 1
characterised in that the phase of said first coils is assigned to the coils of
each cycle.

3. Synchronous electrical machine in accordance with claim 1
characterised in that it represents a generator.

4. Synchronous electrical machine in accordance with claim 1
characterised in that it represents a motor.

5. Synchronous electrical machine in accordance with claim 1
characterised in that said plurality of poles is constituted of permanent

magnets.
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| 6. Synchronous electrical machine in accordance with claim 1
characterised in that said plurality of poles is constituted of wound polar
bodies, fitted .with suitable shaped pole shoes.

7. Synchronous electrical machine in accordance with claim 1
characterised in that said plurality of concentrated coils are equiverse.

8. Synchronous electrical machine in accordance with claim 1
characterised in that said plurality of concentrated coils are controverse.

9. Synchronous electrical machine in accordance with claim 1
characterised in that said plurality of concentrated coils wound around said
teeth include two coils for each tooth.

10. Synchronous electrical machine in accordance with claim 1
characterised in that said electrical machine is rotating with cylindrical air-
gap.

11. Synchronous electrical machine in accordance with claim 1
characterised in that said electrical machine is rotating with flat air-gap, with
single-side structure.

12. Synchronous electrical machine in accordance with claim 1
characterised in that said electrical machine is rotating with flat air-gap, with
double-side structure and statoric teeth without ferromagnetic yoke for
closing the fluxes.

13. Synchronous electrical machine in accordance with claim 1
characterised in that said electrical machine is linear with cylindrical air-gap.

14. Synchronous electrical machine in accordance with claim 1
characterised in that said electrical machine is linear with flat air-gap, with
single-side structure.

15. Synchronous electrical machine in accordance with claim 1
characterised in that said electrical machine is linear with flat gap, with
bilateral structure and statoric teeth that do not need ferromagnetic yoke for
closing the fluxes.

16. Method for determining the assignment of the phase and the
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winding direction of the coils of a synchronous electrical concentrated coil
machine comprising the operations of:

determining the electrical angle o, between the first coils of successive
phase-cycles is agf = (Ngcf + V/Np)-180°, where Ngcr is the number of teeth
per phase-cycle and Ny is the number of phases;

determining the phasors separated from each other by an angle equal to
said electrical angle a.f on the basis of the phase sequence of the number of
phases of said machine;

_associating to said first coils of successive phase-cycles the names of
said phasors previously determined,

associating to the coils of each phase-cycle the phase of said first coils
of phase-cycles.

17. Method for determining the assignment of the phase and the
winding direction of the coils of a synchronous electrical concentrated coil
machine in accordance with claim 16 characterised in that the phase of
associating the coils of each phase-cycle to the phase of said first coils of
phase-cycles comprises the phase of associating a winding direction to the
adjacent controverse coils.

18. Method for determining the assignment of the phase and the
winding direction of the coils of a synchronous electrical concentrated coil
machine in accordance with claim 16 characterised in that the phase of
associating the coils of each phase-cycle to the phase of said first coils of
phase-cycles comprises the phase of associating a winding equiverse

direction to the adjacent coils.
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