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Abstract

The perspectives of employment of submersible in-
duction motors with solid iron rotor in pumping drives for
raising water from deep wells are analysed, considering
the inverter supply.

Starting from an equivalent circuit valid for solid ro-
tors, possibly equipped with a conductive coating, the
influence of various design and operation motor parame-
ters is investigated, by a comparative analysis among the
solutions with solid rotor and cage rotor, in case of supply
frequency higher than the mains frequency.

1. Introduction

The use of adjustable speed drives is going to be pro-
gressively extended to a lot of application sectors, thanks
to the increasing availability of reliable and low cost con-
verters, to the easier regulation of the process, to the in-
crease of the energy efficiency of the plants. For example,
in the sector of liquid pumping, where the induction mo-
tors are widely employed, it is well known that the flow
regulation by means of the frequency variation represents
a very advantageous solution, compared with the adjust-
ment using shutters, inherently energy wasting, com-
monly adopted in the past.

Explicit reference is made to the so-called submersi-
ble motor, employed for raising the water from under-
ground wells: it is a motor class with special features,
whose sizing is usually quite different from that of the
standard motors, mainly because of high values of the
length/diameter ratio, necessary for limiting the well di-
ameter.

Indeed, the opportunity to be de-coupled by the mains
frequency introduces some degrees of freedom, not only
in the drive control strategy, but also in the design of each
plant component, in particular as regards the motor-pump
system.

The most important design choice is the maximum rota-

tional speed; an increase of it, compared with the value

obtainable by the mains supply, is surely convenient [7],

because:

— being equal the total head and flow of the plant, the
size of the pump (to be coupled with the motor sup-
plied at an increased frequency) is significantly lower
than that of the needed pump in case of mains supply;

— being equal the core geometry, the output of the motor
supplied at an increased frequency is higher compared
with that obtainable at mains frequency.

As regards the pump, there are important advantages con-

ceming cost, size, reduction of the shaft length, increase

of the lowest critical speeds.

Conversely, as regards the motor, the advantages are par-

tially reduced by a concurrent increase of the losses with

the frequency, in particular the mechanical losses, that in

these machines are significantly higher than those in the

standard induction motors, for the following reasons:

- inside, the machine is full of water (with the double
function of cooling fluid and of support for the hydro-
dynamic bearings),

- the rotor peripheral speed and the significant extension
of the surfaces in relative motion produce an important
friction loss within the water in the gap, roughly pro-
portional to the third power of the rotational speed and
to the fourth power of the rotor diameter [7];

~ while the rotor is a roughly smoothed cylinder, the sta-
tor surface is not regular, due to the slots, with signifi-
cant development of turbulence, and then of losses.

The contrasting exigency of a speed increase and of a
loss limitation suggests the reduction of the rotor diame-
ter as a possible, straight action; on the other hand, this
modification is discouraged, for the following reasons:

— the reduction of the rotor diameter (being equal the
electric and magnetic utilisations) implies a reduction
of the electromagnetic torque too;

~ the cage rotor is not suited to this diameter reduction,
considering the needed space for the toothed zone (to
place the cage) and for the rotor yoke width
(particularly in case of two poles machines); moreover,
there is a minimum allowable shaft diameter (for needs
of stiffness and mechanical stability of the supports).

The paper analyses the opportunity to adopt a solid
rotor structure, possibly equipped with a conductive
coating, placed upon the rotor surface.

To this aim, a solid rotor induction motor equivalent
circuit is introduced and discussed, for the analysis of the
steady-state operation: it is a standard circuit as regards
the primary and magnetizing impedances, while it shows
two rotor branches, representing the active and reactive
effects due to the solid iron core and to the possible con-
ductive coating.

On the basis of this circuit, some motor design as-
pects are investigated, with the aim of a performance op-
timisation of the motor-pump system, with inverter sup-
ply. Finally, the performances of a solid rotor motor are
compared with those of a corresponding cage motor.

2. The model of the solid rotor induction
motor

The modelling of the solid iron rotors have been ini-
tiated a few decades ago and it has been significantly de-
veloped, both in terms of analysis methods and as regards
the theoretical and experimental results,

Among the theoretical studies, the papers by Ma-
cLean [1] and Jamieson {2] must be cited, in which the
Maxwell equations have been solved, using the rectangu-
lar asymptotic magnetisation curve for the solid rotor:

B=+Bg forH>0; B=-Bg forH<0 , (1)
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where B is the saturation flux density of the material.
These studies have given the basis for the definition
of useful models of solid rotor induction motors, with the
development of equivalent circuits, validated by tests,
both in case of purely ferromagnetic rotor, and in case of

solid rotor equipped with conductive coating [3], [4].

Subsequently, the evolution of the computers and of
the numerical methods for the electromagnetic field
analysis (i.e. the FEM) led to obtain quantitatively more
accurate results, thanks to the adoption of more realistic
hypotheses (real B(H) curve for the rotor), both for the

steady-state and for the transient investigation [5], [6].

Nevertheless, in spite of the limits of the analytical
approach and of its circuit implementation, the use of the
equivalent circuits allows great advantages, especially for
the study of the influence of the various quantities on the
fundamental figures of merit of the system. This is par-
ticularly useful for the analysis of the design parameter
sensitivity, with which the suitability of the solid rotor, to
be employed in this application, can be evaluated.

Consequently in the following, after some remarks on
the analytical model, the equivalent circuit of the motor is

introduced, expliciting its parameters and variables as a

function of the constructional and operation quantities.

From the studies performed in {1}, [2], [3], [4], the
field solution is obtained, as qualitatively illustrated in
fig.1; the following hypotheses and remarks are valid:

— the axial length of the rotor is adequately higher than
the length £ of the stater lamination stack; thus, the end
effects are considered negligible;

— the stator three-phase winding is considered with
quasi-sinusoidal peripheral spatial distribution;

- called 8, the peripheral co-ordinate in electrical radi-
ans, a sinusoidal spatial flux density distribution bg(6e)
in the gap is assumed, with peak value Bg ; measured
6, from the interpolar axis of bg(Be), we have:

bg(Be) = Bg -sin(8e); @

— called z the radial centripetal co-ordinate, measured
from the ferromagnetic surface, the rotor (separated
from the stator by a mechanical gap of width g and by a
possible conductive coating of width d, fixed upon the
rotor surface) is magnetised to the saturation limit (at
the value +B,, typical of the used material) just inside

z40e)

the penetration depth zp,, = 5,

- within the width 5 there is a line z,(0,) that divides the
zones magnetised at +B, (sign + valid for the field lines
oriented towards negative 0, angles) from the zones
magnetised at ~Bg; called t the polar pitch (linked with
the stator internal diameter D and with the N° of poles
p by the well known relation: =D = p-1), we have:

2s(0e) =525 (1+eos0e)

25(0e +n-x)= zs(Be) for each integer n.

The relative motion between the magnetic field in the
gap and the rotor (both rotating towards positive 6, an-
gles) induces an electric field k, in the conductive coating
and in the rotor zone below z,(68,); measured k. positive if
entering the draw plane for 0 < 6, < x, we have:

kr =-2-1-sin(B¢)-Bg-f-x for-d< 2<zg(6e) @

kr=0 forz>240,);
in (4) f is the feeding frequency (in the considered case,
the fundamental output frequency of the inverter) and x
the slip.

Indicated with o, and of the conductivities of the con-
ductive coating and of the rotor iron respectively, the
cross section current densities S [A/m?] are given by:

Sc(6e) =oc kr(Be) . Sf(Be)=of ‘kr(Be) ., (5)
and the linear current densities A [A/m] are expressed by:
Ac(Be)=d-Sc(Be) , Af(Be)=2s(e)-S£(0e). (6)

On the basis of (4), A(6,) has sinusoidal waveform:

Ac(Be)=-Acy - sine), with @)

AcM=2-t-d-oc-f~x-Bg . (8)

while, for (3) and (6), A(B,) is distorted: however, just

the spatial fundamental harmonic Ag;(6,) is assumed rep-
resentative of the energy conversion:

Af1(Be) = -Af1y -sinBe +v£) , with  (9)

for 0 <0, <x

3

2
_oef/x 2 L .,,,,(_4_)
Al = B oy B8 13 1o =atan{ 3] 10)

(hence, y¢=~ 23° is a constant displacement angle).
The knowledge of the linear densities Ac£(0.) allows
the evaluation of the m.m.f. waves in the gapm .  (O):

_B!I

.........................

-
.
\-
. ~

Fig.1 - Up: qualitative map of the magnetic field for a bi-metallic solid rotor induction motor,
down: distribution of the m.m.f. waves acting in the gap and of the flux density wave in the gap.
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m(9¢)=%-IA(9¢)-d9¢ , (n

considering that the integration constant of (11) is de-
fined by the condition that m(6,) has zero average value
within two polar pitches; thus, we have:
mc(Be) = Mc-cos(Be); Mec=Acy -7/x,  (12)
mf(Be) = Mf - cos(Be +7£); Mf = Af1y -t/ (13)
Besides the field map, fig.1 shows also the magnetising
m.m.f. wave my(6;) = M;,sin(6,) (that sustains bg(6,))
and the rotor m.m.f's m(6,) and mg6,).
Called @ the pole flux, on the basis of (2) we have:

®=(2/x)-Bg-t- . 14)
For an observer fixed on the stator, the waves of fig.1,
in motion rightwards, run in the following sequence: m;,
(in phase with bg), followed by m and finally by ms.
By associating each wave to a space vector with ampli-
tude equal to that of the wave itself and phase corre-
sponding to that of its North magnetic axis (mj, —>"M"“;
m¢ — M ; mg - Mg ), it follows the vector diagram of
fig.2a. This diagram (with vectors rotating in counter-
clockwise sense) shows also the pole flux vector (with
amplitude @ and phase coincident with the magnetic axis
of bg(6e)) and the mm.f. vectors M and My (equal
and opposite to the rotor vectors M and Mr ) produced
by the reacting stator current components; thus, the total
m.m.f. vector M produced by the stator currents results:
Mg =My + M +Mr . (15)
As known, in a three-phase machine the magnetic quan-
tities (m.m.f. M and pole flux @, peak values) and the
corresponding stator electrical quantities (phase current 1
and phase flux linkage ¥, RMS values) are linked by the
following relations:
glkwlUeq - %P M, (g
2.2 3-42 kw-U
with U N° of stator series connected conductors per phase
and ky, winding factor. Thus, it is natural to associate the
magnetic diagram of fig.2a to the phasor diagram of
fig.2b: in it, besides the current phasors corresponding to
the above mentioned m.m.f's, the phase e.m.f.
E=jo-¥ 17)
is shown (o = 2-nf), as well as the voltage drop across
stator resistance R; and leakgge Teactance X and the
phase voltage V ; the phasor Iy =1 +ff is also shown,
i.e. the resultant rotor current referred to one stator phase.
The comparison among the diagrams of fig.2 suggests to
extend the validity of (16) also in vector terms.
This analysis allows to deduce the equivalent circuit of
the induction motor with solid bi-metallic rotor. To this
aim, starting from the definition of the equivalent imped-
ances interested by the rotor currents:

Z =Bk Zt=Efit . a9
and on the basis of (12), (13), (14), (16), (17), the circuit
of fig.3 is obtained, together with its parameters.

The stator impedance and the magnetising branch are
conventional, while the portion equivalent to the rotor is
given by two branches in parallel:

—the branch Z =R /x represents the conductive coating;

—the branch Zf = Rg/x+j-Xg represents the solid fer-
romagnetic part of the rotor.

Fig.2a: vector diagram of the m.m.f's and of the pole flux;
fig.2b: phasor diagram of the electrical quantities of each
stator phase, corresponding to the diagram of fig.2a.

Rs Xo Ir Iy
I Y T, =Rt

Ip E ;Ic X
Be 3x
Rp Xu X f

Fig.3 - Equivalent single-phase circuit of a solid rotor
induction motor, with conductive coating.

It must be noted that, in addition to the electrical

quantities shown in the phasor diagram, the equivalent
circuit includes also the loss component I, of the magnet-
ising current: as usually, this component can be consid-
ered separately, in energetic terms.
In the following, the expressions of the parameters R,
X3, Ry, X, (known by the theory of the conventional cage
induction machine) will not be developed. As regards the
rotor parameters, starting from (18), we obtain:

<
(I)H

2
3-k% - U2.¢
Re="—W'- %
¢ Oc-t-p-d (19
6- -k U2
Rf=—Z W % -&-cosz(yf) (20)
af-p-rz BS
3.%-ké -U2-t Bg .
Xp=Ho . Sosinf29g) . Q1)
of.p.xz.s Bg SIn( ) .
The following remarks are valid:

— the model of fig.3 allows also to study the case of a
purely ferromagnetic rotor: in fact, the absence of a
conductive coating means a coating width d = 0; on the
basis of (19), it corresponds to an equivalent infinitive
resistance R, , i.e. absence of this branch;

- both the equivalent parameters of the branch represent-
ing the ferromagnetic material of the solid rotor (Rg,
Xg) depend on the gap peak flux density, i.e. on the
adopted design flux density and on the operating con-
ditions (variations of By due to modifications of the
voltage drop across the primary impedance Ry + j-X,);

- the equivalent reactance X¢ does not depend on the
feeding frequency (because the angle yg does not).
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3. Energy and design characteristics of
the solid rotor induction motor

From the energy point of view, apart from the stator
losses (that can be evaluated by means of the classical
formulas), it is of interest to calculate the rotor losses: by
substituting in the constitutive formulas of these losses

12 l2
Ppcr=3'Rc'Ic R Ppcf=3RfIf (22)
the eq.s (19) and (20) of the resistances and the eq.s of
the currents obtainable from the 2™ of (16) (by inserting
in it the 2™ of (12) and of (13)), the following expres-
sions of the electrical rotor losses can be obtained:
- rotor losses in the conductive coating Ppec:

3
o¢c-D”.d- ¢
Ppm=2-x3-°—p2——-f2.3§-x2; 23)
— rotor losses in the solid iron Ppe (due to the circulation
of the currents induced by the rotating field):

4

Pprf=n3-"1f)T?-i.f2-Bg-x2 L@
Also eq. (23) confirms that, in case of absence of coating
(d = 0), the corresponding losses become zero.
It is worth evaluating the ratio among the above men-
tioned losses (PP,JPp,f), because it coincides with the
ratio of the cormresponding powers electromagnetically
transferred through the gap and, therefore, with the ratio

Porc  Tec agc d Bg
A& 2.p.2C 2 = 25
Porf  Tef of D Bg ®

The following comments can be made:

- while the single rotor electrical losses depend on the
frequency (f) and on the slip (x), i.e. on the operating
conditions, their ratio (as like as the ratio of the torque
contributions) does not;, moreover, (25) shows the de-
pendence on the peak value of the flux density at the
gap (Bpg), that does not change very much during the
operation;

— chosen the number of poles (p), the geometry (d, D),
the characteristics of the materials (B,, oy, o), if the
operating flux density By is weakly variable, also the
above mentioned ratio is roughly constant; this allows
to design the coating in such a way to produce a desired
torque contribution, in addition to that generated by the
solid iron rotor, for example, with p = 2, a; /og = 15,
d/D » 5:107, By/Bg = 2.5, one obtains:

Teo/Tef = Ppeo/Ppee = 0.75 .

Moreover, it is important to note that the adoption of a

conductive coating implies some negative consequences,

of constructional and operational nature:

— this superposition requires a complex manufacturing
technology (electrolytic deposition upon the iron rotor
cylinder, or forcing of a heated pre-shaped hollow cyl-
inder, with very restricted tolerances);

- being equal the mechanical gap (that cannot be reduced
to prevent grazing risks during the operation), the mag-
netic gap g,, increases of a quantity equal to the width
d of the coating (g,, = g + d), with significant increases
of the magnetising current L.

The electromagnetic torque T, can be expressed by
means of the power Py transferred through the gap:

Bt _Pprc+Pprf _ p-Fpef .(1+PP’°J. (26)

=a " x-of(p/2) 4-m-f-x \ Pprf

Also (26) is valid in general, because in case of absence
of coating, the term within brackets reduces to unity.

By developing (26) on the basis of (24) and (25) one ob-
tains;

4 3
M.( +2.p..‘_’£...9_.&) . 27
Eq.(27) suggests the following comments:

— the electromagnetic torque linearly depends on the ac-
tive length £, but it is function of the 4™ power of the
rotor diameter D;

— the torque contribution due to the “iron” is directly
proportional to the steel conductivity of: thus, it would
be convenient to employ steel alloys with low resistiv-
ity (for example, with a suited copper content);

— in case of adoption of the coating, this contributes to
the torque production proportionally to its width d.

The analysis of the cage motor [7] has already shown
that an important loss item is given by the mechanical
friction losses Pp; the corresponding torque, Tpm, de-
pends on the sizes and on the rotational speed Q [rad/s]:

P
Tpm=_'(’)’.‘l=kpm-n4-z-nz , (28)

where kyp is a coefficient depending on the Reynolds
number and on the equivalent roughness of the faced
stator and rotor surfaced; developing 0, one obtains:

Tpm =(4-7/p) -kpm-D*-£-62-(1-x)2 . (29)
Eq.(29) suggests that, in order to reduce the hydrody-
namic friction torque, the diameter D can be reduced: in
fact, it is enough a 15% diameter D reduction to halve the
friction losses, being equal the other quantities.
Unfortunately, if one of the other quantities is not modi-
fied, the electromagnetic torque decreases with the same
rate, as can be deduced by (27): in this case the perform-
ances become unacceptable. In fact, dividing (27) by (29),
one obtains:

oc d Bs

]+2.p. —_
Te - of D Bg X'Bg (30)

Tom  64-(Bs/of)-kpm  f.(1-x)2

Eq.(30) shows that the most important quantity suited to
sustain the ratio Te/Tp is the peak flux density Bg in the
gap: the higher the gap flux density, the more favourable
the above defined ratio; of course, the values of Bg to be
adopted must be compatible with the constructional,
magnetic and power constraints of the machine.

To this aim, considering that the following is valid

2 2
®=—DBg-1-4==Bpg-D-£ , 31
s B - @31

Te=

the flux density Bg can be expressed as follows:
Y
%8=25¢"2D ° 52)
where @; = ®/¢ is the pole flux, referred to the active
length of the machine.
By elaborating the known relations linking the flux in the
gap with the flux in the teeth and in the stator yoke, one
obtains the following expressions of the tooth width by
and of the radial height of the stator yoke hy:
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. l+egy ) D
by = x ,(l+8") i ) hy=_l..£__tth_ , 33)
6‘qs Ks‘Bt 2 Ks‘By

with K lamination stacking factor, q; number of stator
slots/(pole-phase), B; and By flux densities in the teeth
and in the stator yoke, €4 and &gy raising coefficients
taking into account the stator leakage.

The insertion of (32) into (27) leads to:

_x2.of
32-Bs

Eq.s (32), (33), (34) suggest that:

-~ a possible way to sustain the electromagnetic torque
when decreasing the intemal diameter D, taking advan-
tage of the reduction of the friction losses, consists in
reducing the diameter D maintaining constant the pole
flux per active unit length ®@;

— by this modification, the peak flux density B, in the
gap increases according 1/D; conversely (on the basis
of (33)) the condition ®, = constant is compatible also
with unmodified values of flux densities and widths of
the stator core magnetic branches;

- of course, the reduction of the internal diameter D must
satisfy the constructional constraints, among which an
acceptable slot opening, in order to easily insert the
winding: in fact, the reduction of D implies the length-
ening of the teeth, whose heads tend to approach each
others, with reciprocal interference, due to the curva-
ture effect in the gap;

- moreover, if we suppose to increase the active length ¢
proportionally to 1/D, from (34) it follows that the
electromagnetic torque remains unmodified: this
lengthening is possible because, in case of solid rotor,
the electromagnetic active diameter of the rotor is also
effective as regards the shaft stiffness (because the ro-
tor coincides with the shaft itself); on the contrary, in
case of the cage rotor, the electromagnetic active di-
ameter of the rotor is the lamination diameter, ineffec-
tive as regards the shaft stiffness; thus, we can assume
that the shaft diameter in case of solid rotor can be
greater compared with that of the cage laminated rotor;
so, this higher stiff-effective diameter allows the
growth of £, without increasing the risk of occurrence
of bending critical speeds within the useful operating
range.

As regards the machine electrical losses, we can recog-

nise that:

- on the basis of (23) and (24), the above mentioned di-
mension and operating variations do not modify the
losses in the rotor iron and in the coating, if existing;

- about the stator losses, the invariance of the flux den-
sity in the core implies that the specific core losses do
not change: however, the actual losses in the stator core
increase because both the teeth height and the active
length £ increase;

- the evaluation of the stator winding losses requires a
more detailed analysis: in fact, on the one hand, they
increase due to the increase of £, while it is not simple
to estimate the effect of the increase of the slot area
(favourable) and the effect of the increase of the peak
flux density Bg in the gap and of the teeth length (that
surely increase the magnetising current).

In order to show the effects of the parameter varia-
tions, it is better to express all the quantities in p.u., re-
ferred to the corresponding initial reference values and to

3 C¢ Bsd)
p- @D lf-x-|144- 5. 3" (34
p-®,-D X ( + o y (34)

Te

indicate all the p.u. variables with the same symbol of the
actual vanable, surmounted by a point.
Considering now to progressively reduce the diameter D

at the gap, from the hypothesis:
br=1 (35)
with 2=1/D 36)

it follows the invariance of the electromagnetic torque T,
of the tooth width by, of the stator yoke height hy, of the
flux density in the tooth By and in the stator yoke By,
hence:

Te=bi=hy=B=By=1. €Y))
On the basis of (36), the p.u. friction torque results:
Tpm =D4‘Z=D3 . (38)

Fig.4 shows the behaviour of (36), (37) and (38), under
the condition (35): it is clear a significant reduction of the
friction torque when diminishing D, with invariance of
the electromagnetic torque.

L4 ' .

1.2 '\z\‘

1 \Te

Tom ]

T

0.3

o6 ]
4 Il 1 [p'u'] 1 D
08 0.85 0.9 0.95 1

Fig.4 - Stator lamination stack length, electromagnetic
and friction torques as a function of the internal diameter,
under the conditions (35), (36); values expressed in p.u..

For example, if one supposes to reduce the internal
diameter to the value:
D=08S;
the following values of the other quantities result:
dr=1 = t=Bg=1/D=118,

Tom =D*-2=D3 = 061.

Thus, a marked reduction of the friction losses can be
obtained, allowing a comresponding improvement of the
efficiency and of the thermal condition of the machine; in
fact, we can assume that, even if reducing the internal
diameter D, the external diameter D, of the machine
could remain unmodified; this condition involves that:

- being unmodified the yoke height hy and the tooth
width by, the reduction of D implies an increase of the
available slot section (even if moderate, considered the
effect of the teeth convergence, due to the curvature);

- the increase of ¢, being equal the external diameter D,,
implies the increase of the cooling surface of the frame,
with improvement of the heat exchange.

4. Performance comparison

In the following, the previous analyses are applied to
the sizing of different two-pole solid rotor induction mo-
tors: their calculated performances are compared with
those of a two-pole motor equipped with a cage rotor
(with bars and rings made of copper), really constructed,
having the basic data of Table I (see also [7]).
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Table I - Rated, operating and constructional data of the
submersible induction motor with copper cage, chosen for
the comparison with the solid rotor induction motors.

Rated voltage and power: V,, [V] - P, (kW] {380-30
"N¥of poles - rated frequency: p - f, [Hz] 2-50
rated efficiency: 1, [%] 86.6
rated power factor: cosg, 0.876
rated slip:  xq, [%0] 32
rated flux density at the gap: B@ m 0.64
rated stator current density: S [A/mm?] 10.6
stator extem.- intern. diameter: D, - D [mm] ; 186 - 96
number of stator slots/(pole-phase): qs 4
stator tooth width: by [mm] 5
stator yoke radial height: hys [mm] 19.5
stator lamination stack length: £ [mm) 450
stator slot opening: b, [mm] 4.7
shaft diameter in the active zone; Dy, [mm] 65

The comparative analysis, based on the equivalent circuit

of fig.3 and resumed in Table II, has been performed by

maintaining constant some common data (see caption of

Table I); it is particularly important the invariance of:

- frame external diameter (D,): it is a dimension con-
strained by the well diameter;

- mechanical gap (g): in case a conducting coating is
adopted, the magnetic gap g,, results g + d;

— losses that can be dissipated by the frame, per unit
length of the lamination stack (Ppg/f): this parameter
defines the global conditions of thermal exchange to-
wards the well; the same value of Ppy/t for different
machines means a roughly equal internal thermal state;
this condition, when considered in steady state opera-
tion, defines the total admissible motor losses;

- rotational speed (N): it allows an homogeneous com-
parison as regards the items friction losses and power
output (the chosen value - N = 4200 rev/min - is that of
the maximum output for the machine of Table I [7]);

— slot opening (by): the adopted value corresponds to the
minimum stator diameter, being equal the tooth width
(thus, being equal the tooth flux density).

The analysis of the data of Table I (that refers to three

internal diameter values and to three length values of the

stator lamination stack) suggests the following remarks:

~ the friction losses are an important portion of the total
losses, especially for the motors 1, 2, 3, having the
highest D: thus, a reduction of these losses is essential
in order to improve the performances;

the motor 1, of the cage type, has the same rotor and
magnetic structure of that of Table I, apart from the
winding adaptation for the supply with increased fre-
quency: there is a significant increase of the power out-
put, accompanied by an important size reduction of the
coupled pump {7];

the motor 2 (equipped with solid rotor, without coating,
having the same D and ¢ sizes of the cage motor 1) has
output power greatly lower than that of the motor 1,
with low values of efficiency and power factor, mainly
because of its higher rotor losses: this result shows that,
without suited modifications, the solid rotor produces
discouraging performances,

the motor 3, corresponding to 2, with the addition of a
copper coating (d = 0.5 mm) improves the perform-
ances slightly, even if they remain insufficient;

the motor 4 shows a first significant modification, with
the reduction of D (being equal @, and £) to the mini-
mum value, compatible with unmodified tooth width
and slot opening: the invariance of ®, when diminish-
ing D implies an increase of By (with magnetising cur-
rent increase, but unmodified core flux density); con-
cerning the performances, the following can be noted:
there is a clear reduction of the friction losses, with an
improvement compared with the situation of the motor
2 (homogeneous with the motor 4, being without coat-
ing too), anyway, the output does not ameliorate com-
pared with that of the motor 3 (both for the absence of
the coating and considering that the invariance of £
does not compensate the reduction of D -on the basis of
(34));

the motor 5 shows an improvement compared with the
motor 4, thanks to the use of the copper coating (with d
= 0.5 mm): the efficiency is higher than before, but the
power output is again lower than that of the motor 1;
the motor 6 (without coating) implements the second
important dimensional modification of the machine, i.e.
the increase of the active stack length ¢ (proportionally
to 1/D, compared with the motor 1); this modification
implies two favourable consequences: the support of
the electromagnetic torque (thanks to (34), (35), (36))
and the increase of the heat that can be dissipated by

Table I - Comparison between induction motors with cage and solid rotor (with and without copper coating):

rotor type classification: cr = cage rotor; s7 = solid rotor ; srec = solid rotor with copper cylinder (d = width).
Common data: poles = 2; speed: N = 4200 rev/min; pc= 0.020 pQ-m; pr= 15-pc; By= 1.7 T; st. ext. @: D= 186 mm;
specific losses that can be dissipated: Ppg/f = 14.8 kW/m; st. slot opening: b, = 4.7 mm; mechanical gap: g = 1 mm.

TMO rotor|cylind. [int stfstack]output|friction|st Fe[st Culrot Curot Fe | eff. [pwr. £ slip | stcurr.| gap | tot rot
tor{ q, | type | width | @ Dllen. gpower| loss |loss|loss | loss | loss | i | cosp | x |dens. Sgf fluxd. |joss/ ¢
N° d[mm]hmm] mm]| (kW] | (kW] |kW]{(kW]| kW] | (kW] | [%] | [p.u.] | %] | A/mm’ | Bg [T] | [kW/m]
1j4¢ cr - 96 1450 38.9 ¢ 3.32 :0.80{1.59i095} - :85.4i0.895i2.20i 9.93 { 0.622 9.5
214: sr 0 96 1450 14.6 § 3.32 i0.831065] 0 i 1.86 :68.7}0.581:i4.91! 6.13 { 0.625} 11.5
3|4 isrcci 0.5 i 96 1450220 3.32 {0.82{0.98: 046 1.08 :76.8:0.665:i3.79i 7.53 i 0.625 10.8
414: sr 0 74 :450; 21.1 ¢ 1.17 i0.96:0.82¢ 0 i 3.71 i{76.0:0.545;7.68; 649 : 0.811 ; 10.8
5|4 :isrcci 0.5 i 74 1450: 31.3 1 1.17 i0.94i1.27:0.98 { 2.31 i82.5{0.635i6.16! 8.07 i 0.811 9.9
614i sr 0 74 15851276 1.52 i12511.00i O ; 4.87 i76.1{0.547:i7.72¢ 6.51 { 0.811 i 10.9
714 isrcci 0.5 | 74 15851 41.1 1 1.52 i1.22{1.55§1.30§ 3.05 {82.6{0.638i6.21i 8.11 { 0.811 i 10.0
813! sr 0 65 i665; 31.7 ¢ 1.03 i149{1.13}{ 0 1} 6.18 {76.3{0.516i8.61i 6.55 { 0.923 i 10.8
9] 3isrcei 0.5 ;65316654721 1.03 i1.45}1.78:1.66 ] 3.91 i82.8/0.599{6.98 8.21 {0.923% 9.9
10] 3 :sreci 0.75 § 65 166541 52.71 1.03 i{1.44:i2.11;2.05 3.21 {84.3:0.610i6.36; 8.94 i 0.923 9.5
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the frame zone along the length £ (hence, with increase
of the allowable losses); there is an improvement com-
pared with the motor 4, even if again not sufficient
(also because of the increase of the friction losses, pro-
portional to the increase of £);

— the motor 7, corresponding to the motor 6, with copper
coated rotor (again with d = 0.5 mm), represents the
first solution allowing a power output higher than that
of the motor 1; also the efficiency is quite acceptable,
while the power factor remains low (because of the al-
ready mentioned increase of the magnetising current,
due both to the increase of Bg and to the higher mag-
netic voltage drop in the stator teeth, longer than those
of the case 1): of course, in case the improvement
would be limited to this moderate increase of the power
output compared with that of the motor 1, the employ-
ment of the solid rotor would be not justified at all;

— the motor 8 shows the effect of the third kind of sub-
stantial modification of the design, i.e. the choice of a
lower number of slots/(pole-phase) gs: this option al-
lows a further reduction of the internal diameter, ac-
companied by an increase of ¢, on the basis of (35) and
(36): the homogeneous case is that of the motor 6, and
the comparison with it shows an increase of the power
output, thanks to the reduction of the friction losses and
to the increase of the power that can be dissipated by
the frame; anyway, the power output and the efficiency
are again lower than those of the motor 1, due to the
absence of the coating;

— the motor 9 corresponds to the previous one, with the
rotor equipped with the copper coating (again with d =
0.5 mm): the power output becomes interesting, as like
as the efficiency, but the power factor remains low;

— the motor 10 has the same active sizes (D, £) of the
motors 8 and 9, but the width of the coating has been
increased of 50% (d = 0.75 mm): the power output is
roughly 35% higher than that of the motor 1, with an
efficiency slightly lower, it is a solution actually advan-
tageous, that shows the convenience to adopt a solid
rotor in this application.

As regards the actual feasibility of a motor like the
motor N° 10, the following comments can be added:

— from the mechanical point of view, the reduction of D
and the corresponding increase of the active length £ do
not imply particular risks for the bending vibrations: in
fact, D = 65 mm coincides with the original shaft di-
ameter of the motor 1 (see Table I): thus, the shaft of
the motor 10 has the same stiffness per unit length (as
already remarked, the rotor lamination of the motor 1
does not give contributions); moreover, considering that
the shaft is much longer than the active length ¢, an in-
crease of £ does not imply a significant stiffness reduc-
tion; in conclusion, the 1* bending critical speed re-
mains surely well above N = 4200 rev/min;

— concerning the electrical aspects, the low power factor
implies, if not compensated, a current oversizing of the
inverter valves: however, it is possible to insert some
capacitors as power factor correctors; they contribute
also to the filtering of the switching over-voltages gen-
erated by the PWM inverter;

— from the thermal point of view (and as a completion of
the criterion of the same specific power dissipated by
the frame) we can add the following remarks: the tem-

perature rise among active sides and slot water is
surely lower in the cases 2, 3,..., 10 than in the case 1
(this temperature rise is mainly due to the stator wind-
ing losses, that are lower because the current density S,
is lower); also the total rotor losses divided by the
length £ ((friction + fe rot + cu rot)/£) are quite similar
to those of the motor 1, with quite similar heating of
the water in the gap channel.

5. Conclusions

In the present paper an analytical approximated
model of the solid rotor induction motor has been de-
scribed, possibly equipped with a conductive coating.

The corresponding equivalent circuit has led to define
the dependence of parameters and performances on the
main constructional and operating quantities of the ma-
chine, allowing the analysis of the effect of several design
modifications, especially the reduction of the diameter at
the gap and the increase of the active length, being equal
the pole flux per active lamination stack length.

Different design solutions have been analysed, with
or without conductive coating, considering the variation
of the active sizes and of the number of stator slots,
quantitatively comparing their performances.

The result of the comparison is that a solid rotor mo-
tor represents certainly a quite interesting solution.

Of course, a more accurate evaluation of the actual
performances requires the refinement of the electromag-
netic analysis, an effective design of the internal hydro-
dynamic circuit (for the cooling) and a suited thermal
model (for the analysis of the temperature distribution, on
which the performances depend strictly). These refine-
ments will be the objects of the next research activities.
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