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Performance Calculation for a High-Speed
Solid-Rotor Induction Motor

Jacek F. Gieras, Fellow, IEEE, and Juha Saari

Abstract—The paper deals with analytical method of design and
prediction of performance characteristics for induction motors
with solid steel rotor coated with copper layer. On the basis of
the distribution of the 2-D electromagnetic field, the equivalent
impedance of the rotor has been derived. The edge effect and
nonlinear magnetic permeability of solid steel have been included.
The presented analytical method has been verified with labora-
tory test results. A 300 kW, 60 000-rpm, three-phase solid-rotor
induction motor for the next generation air compressor has been
investigated. The accuracy of analytical approach is acceptable
and can be recommended for rapid design of solid-rotor induction
motors.

Index Terms—AC machines, AC motor drives, electromagnetic
field, equivalent circuit, high-speed machines, induction motors,
performance, solid rotor.

NOMENCLATURE

aR,ax Coefficients for including nonlinearity
and hysteresis losses of ferromagnetic
materials.

B Magnetic flux density, T.

b, Coefficient of Fourier series for B.

d Thickness, general symbol, m.

dew Thickness of copper layer, m (Fig. 1).

E Electric field intensity, V/m; electromo-
tive force (EMF), V.

f Frequency, Hz.

g Air gap (mechanical clearance), m.

H Magnetic field intensity, A/m.

hop Rotor bar height, m.

I Electric current, A.

krn Edge effect coefficient for copper layer
(Russel-Nortwhorthy’s factor).

kir Coefficient of transformation of the ro-
tor impedance to the stator winding
(turns ratio).

w Winding factor.

k. Edge effect coefficient for solid steel.
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ko Attenuation coefficient of electromag-
netic field for the vth harmonic, 1/m.

L Axial length of the rotor without end
zones, m.

N Number of turns.

P Active (true) power; power losses, W.

P Number of pole pairs.

s Slip.

tow Thickness of copper layer behind the
stator stack, m.

v Input phase voltage.

Woy Length of rotor behind the stator
stack, m.

Z =R+ 3jX Impedance, €2.

z=r+jx Unit impedance, 2.

oy = (G,R +jaX)k1/
B

Ry = (0‘3 + 63)1/2
ag

-
pio = 0.47 x 1076

Complex propagation constant of elec-
tromagnetic field, 1/m.

Constant (real number) dependent on
pole pitch, 1/m.

Complex propagation constant of
electromagnetic field dependent on
By, 1/m.

Electric conductivity, S/m.

Pole pitch, m.

Magnetic permeability of free space,
H/m.

tre = prs(p' — jpu”")  Complex equivalent magnetic perme-
ability.

Lors Relative surface magnetic permeability.

v Number of space harmonic.

13 Reduced height of nonferromagnetic
bar.

w Angular frequency, rad/s.

I. INTRODUCTION

T HE objective of this paper is twofold:

1) to prove that a solid-rotor induction machine shows good
performance as a high-speed motor for the next genera-

tion compressors;

2) to provide a fast and efficient analytical tool for designing
solid-rotor induction motors in industry.

The most common machine types in high-speed applications

are induction machines [4], [7], [9], [11], [14], [20], [26], [28]—
[30], [33], [35], [38]. The highest speed of induction motors
can be achieved using a solid rotor made of mild steel instead

0278-0046/$26.00 © 2011 IEEE
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Fig. 1. Layered halfspace for analysis of 2-D electromagnetic field.

of a cage rotor. Although the principle of operation of solid-
rotor induction machines is similar to that of other induction
machines, the analysis of physical effects in solid rotors on
the basis of classical electrodynamics of nonlinear conductive
bodies is intricate. Problems arise both due to nonlinearity of
solid ferromagnetic bodies and complex structures of certain
types of these machines [2], [13], [14], [25], [28], [37]. The
electromagnetic field in the rotor is strictly 3-D, even if the
rotating magnetic field excited by the stator system can be
assumed as 2-D [13], [14]. The performance of the machine
depends on the intensity and distribution of vectors of the
electromagnetic field, in particular, of the vectors of current
density and magnetic flux density [13], [14].

Research in the area of induction machines with solid ferro-
magnetic rotor was initiated in the 1920s by Russian scientists
K. I. Shenfer and J. S. Bruk [14]. In the further years of the 20th
century, many researchers and engineers worldwide contributed
to the theory and technology of these machines.

Intensive research studies in solid-rotor induction ma-
chines have been done in the 1950s through the early
1970s, e.g., fundamental contributions of W. J. Gibbs (1947),
H. M. McConnel (1953), A. J. Wood and C. Concordia (1960),
G. Angst (1962), J. C. Wilson, R. E. Hopkins and Erdelyi
(1965), R. A. Jamieson (1968), L. A. Finzi and D. A. Paice
(1968), H. Yee (1971), B. J. Chalmers and Wooley (1972),
H. Yee an J. C. Wilson (1972), M. S. Sarma and G. R. Soni
(1972), and many other scientists. In the same years, a lot of
papers have also been written in Russia and Eastern Europe
(Poland, Ukraine, Lithuania, Czechoslovakia). Major contri-
butions worldwide are discussed in [14], where also various
geometrical structures of solid rotors have been analyzed.

Concepts of solid-rotor induction motors have been devel-
oped in connection with a search for removing drawbacks of
cage induction motors in order to achieve:

1) reduction of the inrush starting current;

2) simplification and reduction of costs of manufacture of
the rotor;

3) high reliability and high mechanical integrity;

4) low vibration and acoustic noise level (in the case of
slotless rotor).

Early potential applications of solid-rotor induction motors
included motors for high number of starts and reversals, motors
operating at increased slip, induction machines installed in
harsh environment, starters for large turboalternators, eddy-
current couplings and brakes, torque motors in gyroscopic
systems, etc.

Before the vector control era (1970s), there were also at-
tempts to use solid rotors coated with thin copper layer for
very small-diameter rotors of two-phase servo motors, in which
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the cage winding and laminated back iron (yoke) were very
difficult to accommodate. Research was also stimulated by
trends in developments of other types of electrical machines,
e.g., machines with rotors made of soft magnetic powders
(magnetodielectrics and dielectromagnetics), shields for end
windings of large turbogenerators, shields for superconducting
machines, and retaining sleeves for high-speed permanent mag-
net (PM).

In spite of extensive research in academia, there was prac-
tically no interest in solid-rotor induction motors by electrical
machine industry between 1950 and 1980.

Solid-rotor induction motors were resurrected in the 1990s
in connection with high-speed technology [2]-[4], [9], [12],
[18], [20], [22], [23], [25]-[30], [33], [35], [37]. Recent interest
in electric machines with alternating electromagnetic field in
solid ferromagnetic parts is motivated by new applications of
electrical machines as, for example, motors for high-speed
direct drive compressors, motors for pumps, motors for drills,
superconducting machines, high-speed generators, and bearing-
less machines [16]-[18], [20], [22], [25]-[30], [33], [35], [36].
Extensive research in the last two decades in the area of high-
speed solid-rotor induction machines have been done at Swiss
Federal Institute of Technology in Zurich, e.g., [28], Helsinki
University of Technology, e.g., [3], [4], and Lappeenranta Uni-
versity of Technology, e.g., [2], [18], [25], [26].

In comparison with cage-rotor induction motors of the same
dimensions, solid-rotor induction motors have lower output
power, lower power factor, lower efficiency, higher no-load
slip, and higher mechanical time constant. Worse performance
characteristics are due to:

1) low electric conductivity (in comparison with aluminum
and copper alloys) and low saturation magnetic flux den-
sity (in comparison with silicon steel and cobalt alloys)
of mild steels;

2) large nonferromagnetic air gap between the stator and
rotor cores in the case of solid rotor coated with copper
layer (high magnetizing current, low power factor);

3) increased eddy-current losses in copper layer and solid-
rotor body due to higher harmonics of magnetic field.

In spite of all these drawbacks, the solid rotor is a preferred
choice for high-speed induction machines, because its high
mechanical integrity allows for achieving the tip speed up to
twice the tip speed of an equivalent cage rotor with laminated
stack. An alternative choice for high-speed applications can be
induction motor with drag-cup rotor [8].

There are wide possibilities of reduction of the rotor
impedance that improves the performance characteristics
through [14]:

1) selecting the solid material with small relative magnetic
permeability-to-electric conductivity ratio (u,/o) and
adequate mechanical integrity (tensile strength);

2) using a layered (sandwiched) rotor with both high mag-
netic permeability and high conductivity materials;

3) using a solid rotor with additional cage winding;

4) using a solid rotor with axial or radial slits.

Sensible application of the above recommendations that
leads to optimization of the design is only possible on the basis
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of the analysis of the electromagnetic field distribution in the
machine. Although, the 2-D and 3-D analysis of electromag-
netic field in solid ferromagnetic rotors of induction machines
was a frequent topic of papers published in the 1950s and
1960s, this problem is still of significant interest, e.g., [16]—-
[18], [23], [25], [32], [35].

II. ANALYSIS
A. Distribution of Electromagnetic Field

If the distribution of the magnetic flux density normal com-
ponent on the surface of a double-layer structure Cu—Fe (Fig. 1)
is known, i.e.,

= [BJreJ wot=Bue) 4 poeilwttba)| ()

v=1

where B,f, B, are magnitudes of the vth harmonics of the
forward- and backward-rotating magnetic flux density waves,
the 2-D electromagnetic field equations have the following form
[13], [14]:

1) for0 <z <dy
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H + — Ky B o
zv2 T ( ])ﬁy 2 2 MV2
X [K”l cosh[ﬁyz(z—dﬁ]—ulSinh[”l/?(z_dQ)@ @)
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= ——05,€
zv2 Lho 1\4112
x {’ul cosh[ya(2—dy)] — - sinh[ﬁy2(2d2)]} )
112 Ry2
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112 Ry2
2) forz > do
9 1 1 1 T —K z—
H) —(ij)gfﬂd M, e rnlzmd2) (s
(2) . 1 1 B FiBvx ,—ky1(z—d2)
= —_——DB,etIPTe 6
zrl T My2 ( )
11 1 i
E( ) , - BV :F]ﬁvz 7
gl = Jw 1#1(:FJ)ﬁy w1 Myo ¢ 7
where

M, = ot sinh(k,2ds) + al cosh(kyadz) (8)

Ry2 2
Wyo = 2L sinh(kyads) + 22 cos(kyads). ©)
H2 Ry2

Subscripts “1” and “2” denote the number of layer in Fig. 1,
and v denotes the space harmonic number. It is assumed that the
stator magnetic field changes sinusoidally with the frequency
f=w/(2m), and there is only fundamental time harmonic
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v = 1. For current-conductive parts (rotor), the complex prop-
agation constant is expressed as

1) for the forward-rotating field B}

oy :aj = \/ jwl—r,uf()ﬂrso— = (QR “FJCLX)]Q';r

=(ap +jax)\/1—v(l —s)k (10)
2) for the backward-rotating field B,
ay =@, =/ jw, popirso = (ar + jax )k,
=(agp+jax)\/1+v(l—s)k. (11)

The coefficient ar takes into account the nonlinear magnetic
permeability and hysteresis losses for the resistance. The coeffi-
cient ax takes into account the nonlinear magnetic permeabil-
ity and hysteresis losses for the reactance. For ferromagnetic
bodies ar ~ 1.45, ax ~ 0.85. For paramagnetic or diamag-
netic bodies ap = ax = 1. Detailed considerations are given in
earlier works of the first author cited in [14]. Instead of coeffi-
cients ap and ax, a complex equivalent magnetic permeability
fhre = u,s(u — ju") can be introduced, because i/ = arax
and i = 0.5(a% — a%). The concept of equivalent magnetic
permeability and elliptical approximation of hysteresis loop
is not only used for analysis of solid-rotor induction motors,
but also for analysis of current-carrying conductors [1], lam-
inated cores [15], [34], magnetic bearings [21], and magnetic
media [32].

Derivation of coefficients ar and ay is intricate, but their
application is simple. This method of taking into account the
nonlinear permeability and hysteresis losses originated by L. R.
Neyman [14] is theoretically better justified than, for example,
the method of P. D. Agarwal used in the paper [26]. Experimen-
tal verification on both solid-rotor induction motors and single-
sided linear motors shows also good accuracy and practical
usefulness of (10) and (11) in analytical calculations [13], [14].

The attenuation coefficient for a conductive medium with its
relative magnetic permeability p, and conductivitiy o is

Wy o by O
ky =y ———
2
F=V1-v(l-s)w; w, =1+v(l-sw. (12)

For v =1 the attenuation coefficient k,—1 =k =

Vwpopro/2 and is the reciprocal of the equivalent depth
of penetration. The following relationship exists between

complex propagation constants «,, x, and real constant (3,

1
2

Ry = (o} +07)° = (ar, + jax., )k, (13)
in which
aRuZi daka’k + a%—aﬁf—&-fg ’
V2 k2
52
+aRfaX+ k2} (14a)



2692

1 2 2
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= (14b)

(14c)

B. Surface Impedance

The surface impedance of the infinitely thick inner layer 1 is
equal to the ratio of the tangential electrical component to the
tangential magnetic component at z = d»

(2) . .
JHC En _ _Jwain :Fjwul,ulUl 1
vi T @) Kot Ko 01
xvl d z=dy
_ O‘i’%li ~ G (15)
Ryl 01 01

The surface impedance of layers 1 and 2 is equal to the ratio
of the electrical component to tangential magnetic component
at z = 0, i.e.,

2@

yv2

(2)

xv2

2
2181)2 =

z=0

- Jwya o % cosh(ry2dz) + Z—: sinh(k,2d2) (6)
Kuo 72t cosh(kyada) + z—; sinh(k,odz)

After multiplying the numerator and denominator by

jwul & 1
Jwy1 p1 cosh(kyads)

the impedance (16) takes the form

Jwuops 1+ JeeLlziel tanh (s, 9dy)

2(2) _ JWyl1 K2
vl2 — j
Ku2 % + tanh(k,2ds)
. 1 jwyips
_ o JWpa 2 1+ o1 Rz tanh(/fwng) (17)
Ry2 i% + tanh(/-zy2d2)

where z,1 is the impedance of the infinitely thick inner layer 1
(halfspace). Thus, the impedance of the outer layer 2 is

(2)

_ __Jwuaie 1
w2 = 212 HCI
vl

tanh(liygdg) ' (18)

Ry2

If the thickness d; of the inner layer 1 is smaller than the
equivalent depth of penetration, its impedance is

Jwu1 i1 1
ky1  tanh(k,1dp)

21 =F 19)

If dy — oo, the hyperbolic function in the denominator
tanh(k,1d1) — 1and 2,1 = jw, 1 /K1
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C. Rotor Impedance

If the inner layer 1 is a solid steel and the outer layer 2 is a
copper plate, then, for the fundamental harmonic v = 1, d; =
dpe, do = dou, p1 = popire [131, [14], p2 = po, K1 = KFe,
Ko = Kcw, w1 = wa = w. The impedance is

1) for solid steel

JWlFe 1 L
Lpe = — 20
F Kkpe tanh(kpedpe) T 20)
2) for copper layer
j 1 L
Zou =20 = 1)

Kow tanh(koudoy) T

where L is the axial length of the solid ferromagnetic core and
T is the pole pitch. The resultant impedance of a double-layer
solid rotor is calculated as a parallel connection of Zp. and
ZCu, i.e.,

ZFeZCu
2 = ——
ZFe + ZCu
JWHFe 1 Jwio 1 L
__ kFpe tanh(kpedpe) kou tanh(kcudcou) (22)
JWlhFe 1 Jwio 1 ’
kpe tanh(kpedre) fcu tanh(koudcw)

After multiplying the numerator and denominator of the
impedance Z» according to (22) by
RFe
JWlFe

tanh(koydow)

the rotor impedance becomes

. 1
P _ Jwio tanh(kredre) £
> 7 Kow ke jwpo | tanh(rcudew) T
Jolre Reu tanh(kpedre)
. 1
_ Jwho tanh(kpedpe) £ (23)
KCwy -1 JWho + tanh(kcudow) 7°
ZFe KCu tanh(kpedre)

If dp. — o0, the hyperbolic function in the denominator
tanh(kpedpe) = 1 and

: 1 L
Il 2 s

1 jwpo
RCu Zre Fow + tanh(ﬁcudcu) T

Zo

The rotor impedance can also be found straightforward from
(17), i.e.,

7y = 210 1+ -1 2980 tanh(keuden) I

MR Z )
KCu E% + tanh(koudeow) T
Since
1
— L tanh(keudew) < 1 (26)
ZFe KCu

(24) and (25) are equivalent. Introducing the coefficient ky,. of

transformation of the rotor impedance to the stator winding

with N, k,,; effective number of turns per phase, i.e.,
m1(Nikw1)?  2ma(Nikyr)?

kir = =

27
mz(Nzsz)Q p @7
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Fig. 2. Solid steel rotor coated with copper layer. To minimize the rotor
impedance, the thickness of the copper layer behind the stator stack is thicker
than under the stack (US54732111 [3]).

the rotor impedance referred to the stator system is

. jwpg 1+ i”—;c“o tanh(kcudeow) L
Zy = c fCu Ky —

1 jwpo
Kou -2 4 tanh(kcudou)

(28)

For a solid-rotor induction machine, the number of rotor
phases mgo = 2p, number of rotor turns per phase Ny = 0.5,
and rotor winding factor for fundamental harmonic k., = 1.

To include the edge effect [13], [14], [26] the conductivity of
solid steel o, in the parameter k. should be multiplied by
the reciprocal of the edge effect factor k. squared, i.e.,

1

/
Ofpe = OFe
2
Kz

where [14], [15]

2
ko=1+27

7 (29)

and the conductivity of copper layer o¢,, in k¢, should be
multiplied by Russell-Northworthy’s coefficient krx [13], i.e.,

0w = krNOCu (30)

where

B tanh(0.56, L)
0.56, L [1 + k¢ tanh(0.55, L) tanh (5, woy )]
(€29

kry =1

with the correction factor for ¢,, [13], [14]

1.2(toy — dcw)

k=1
! * dCu

(32)

Dimensions t,,, and w,,, of the solid rotor coated with copper
layer are given in Fig. 2. Using separate edge effect coefficients
for the solid steel body (29) and for the copper layer (31)
with correction for the end zones (32) increases the accuracy
of analytical calculations. It has been proven in [13] and [14].
Accurate analytical approach to edge effects is very important
for both homogenous solid rotors and rotors coated with copper
layers, independent of the thickness of the copper layer d¢,,.
The correction factor (32) for end zones has been estimated on
the basis of experimental tests [13]. The end effect coefficients
for both the solid-steel body (29) and copper layer (31) are
equivalent to the required reduction of the electric conductivity
due to tangential components of eddy currents in the solid rotor.
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TABLE 1

SPECIFICATIONS OF INVESTIGATED SOLID-ROTOR INDUCTION MOTOR
Specifications Unit Value
Power kW 300
Voltage (line-to-line) \% 400
Synchronous speed rpm 60 000
Number of poles 2
Class of insulation H (180°C)
Stator outer diameter mm 250
Stator inner diameter mm 115
Stator stack length mm 173
Air gap (mechanical clearance) mm 3
Total length of rotor mm 3155

Fig. 3. Solid steel rotor coated with copper layer for a 300-kW, 60 000-rpm
induction motor. Courtesy of Sundyne Corporation, Espoo, Finland.

The equivalent circuit of the solid-rotor induction motor is
discussed in Appendices A and B. In Appendix A, an equivalent
circuit corresponding to a classical cage-rotor induction motor
has been derived, while in Appendix B, the equivalent circuit
for solid rotor is compared with that for a deep-bar rotor.

III. COMPUTATIONS

On the basis of the analysis presented in Section II, a
computer program for the design and calculation of perfor-
mance characteristics has been created. A 300-kW, 60 000-rpm
induction motor with solid steel rotor coated with copper
layer (Fig. 2) has been investigated. Specifications are listed in
Table I.

This motor has been developed by Sundyne Corporation,
Espoo, Finland. Sundyne manufactures high-speed solid-rotor
induction motors for air compressors. The solid rotor runs up to
400 m/s, i.e., at twice the tip speed of a cage rotor. The speed
limit for this technology is 550 m/s [4]. Fig. 3 shows a solid-
steel rotor integrated with two impellers. The copper layer is
thicker in the rotor end zones than under the stator stack. The air
compressor driven by the 300-kW solid-rotor induction motor
is shown in Fig. 4.

Fig. 5 shows the calculated magnetic flux density distribution
in the air gap. Since the nonferromagnetic air gap g + d¢, 1S
large (Table I), the effect of the stator slot openings on the
distribution of the air gap magnetic flux density is negligible
(Fig. 5). Fig. 6 shows the resistances and reactances of the cop-
per layer and solid steel body referred to the stator system. The
impedance given by (28) has been separated into impedance of
the copper layer and solid steel core, similar to (20) and (21).

Figs. 7 and 8 show the steady-state performance character-
istics, i.e., input and output power versus speed (Fig. 7) and
torques versus speed (Fig. 8).
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Fig. 4. Air compressor driven by a 300-kW, 60 000-rpm induction motor with
solid rotor coated with Cu layer. The rotor is shown in Fig. 3. Courtesy of
Sundyne Corporation, Espoo, Finland.
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Fig. 5. Distribution of the normal component of the air gap magnetic flux
density B along the pole pitch. B, = average flux density.
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Fig. 6. Resistances and reactances of the Cu layer and solid rotor body
referred to the stator winding versus slip at 1000-Hz input frequency.

The electromagnetic power P;,, and electromagnetic torque
Te1m have been calculated in the same way as those for a cage-
rotor induction motor, i.e., using the T-type equivalent circuit
(Appendix A), in which the rotor nonlinear impedance (depen-
dent on the magnetic permeability of the rotor core) referred to
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Fig. 7. Output power Py, and input power P;,, versus speed at 400 V and
1000 Hz.
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Fig. 8. Shaft torque T} and electromagnetic torque T, versus speed at
400 V and 1000 Hz.

the stator winding is expressed by (28). The shaft power has
been calculated by subtracting from the electromagnetic power
P,;,,, the rotor electrical losses, windage losses, and bearing
friction losses.

Since the stator winding has been wound using stranded
round wires of small diameter, the eddy-current losses in stator
conductors even at the frequency of 1000 Hz are very small.
These losses have been approximately included in analytical
calculations with the aid of the following skin-effect coefficient
for the stator winding resistance

1 dCu *
kip~1+ -
i~ 1t <4acu>

(33)

in which dg,, is the diameter of bare wire and d¢,, is the
equivalent depth of penetration of the electromagnetic field in
the stator conductor. The depth of penetration §¢, is calculated
as the reciprocal of the attenuation coefficient, expressed for
the stator winding by similar equation as (12). More details
on calculation of losses in stranded conductors due to skin
and proximity effects are given in [1], [24], and [31]. Optimal
choice for number of strands to minimize eddy-current losses is
discussed in [31].
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Fig. 9. High-speed compressor with a 300-kW, 60 000-rpm induction motor
assembled to the test loop. The stage 1 compressor is on the right and the
stage 2 compressor on the left. The unit is cooled by a 3-kW blower (black)
shown in the front of the picture.

Temperature
Pressure
y APO:Nef Frequency
nalyzer converter Mass flow rate
I @ Humidity
Air outlet Power
Analyzer @
Airinlet

Fig. 10. Test loop block diagram for measurement of the motor and compres-
sor performance.

Intercooler

IV. LABORATORY TESTS

A 300-kW, 60 000-rpm high-speed solid-rotor induction mo-
tor built by Sundyne Corporation was tested at Lappeenranta
University of Technology, Finland [13]. Specifications includ-
ing main dimensions of the motor are shown in Table I. The
300-kW induction motor was loaded with a two-stage turbo-
compressor connected directly to the motor shaft. The high-
speed motor compressor under testing is shown in Fig. 9.

The test loop block diagram and test loop arrangement are
presented in Figs. 10 and 11. The air flow is first sucked by
the stage 1 and then cooled down before it goes to the stage 2.
After discharging from the stage 2, the flow is cooled back to
the ambient temperature. The rotor of the motor is integrated
with the compressor impellers as shown in Fig. 3.

Fig. 12 shows the power flow chart for the tested motor.
In a high-speed machine, the sum of windage and friction
losses is of the same order as electric losses. The motor input
power is P, the motor mechanical power iS Ppech, and the
output power to the compressor stages is Po,ut. Pe; denotes
the total electric motor losses (stator winding, stator core [15],
[34], rotor, and stray losses), and P, denotes the windage and
friction losses.
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/Inlet flowy

/ Outlet flow

Throt}le_ valve

Aftercooler B lgiepees

COmpressor unit
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Fig. 11.  Test loop arrangement for measurement of the rotor and compressor
performance.

Pin
Fig. 12.  Simplified power flow chart for a high-speed motor.

The electrical input power of the motor has been measured
with the aid of Norma power analyzer. The motor phase cur-
rents were measured using high band coaxial shunts.

The tested motor has been equipped with active magnetic
bearings. The shaft rotational speed has been measured with
the aid of a speed sensor connected to the magnetic bearing
controller. The supply frequency has been obtained from the
frequency converter.

Since compressor impellers are integrated with the rotor of
the induction motor, it has not been possible to measure the
motor torque directly in a traditional way. Instead, the motor
output power has been calculated on the basis of the measured
compressor stage performance as

PP

Poutzi"'_i
m 72

(34)

in which P; and P, are the gas compressor powers for stage 1
and stage 2, respectively, and 7; and 7)o are the corresponding
isentropic efficiencies. All these values can be calculated by
measuring the inlet and outlet flow parameters (pressure p,
temperature 7', humidity RH) as well as the mass flow rate g,,
for both stages separately (Fig. 10).

In order to obtain the motor mechanical power, the windage
and friction losses P,y must be added to the calculated output
power. The windage and friction losses of the machine have
been measured by deceleration tests without the compressor
impellers. Based on the deceleration time, the windage and
friction losses can be calculated from

ds)

Pur=JQ—

7 (35)
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Fig. 13. Input and output power curves versus speed obtained from calcula-

tions and measurement for a 300-kW, 60 000-rpm induction motor with solid
rotor coated with copper layer at 400 V and variable frequency 942 to 1000 Hz
(Table II).
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Fig. 14. Efficiency—speed and power factor—speed curves obtained from tests
and calculations for a 300-kW, 60 000-rpm induction motor with solid rotor
coated with copper layer at 400 V and variable frequency.

where J is the rotor moment of inertia, ) = 27n is the shaft
angular speed, and ¢ is the time.

The tested motor has been cooled with an air flow forced
through the stator winding and the air gap. The required power
of the blower is 3.0 kW, which is a relatively small number
for a 300-kW motor. A low blower power has been achieved
by a careful design of the air cooling paths. In addition, water
circulation in the motor housing reduces the needed air cooling.
As all the heat produced by the motor losses have been taken out
by the cooling air and water, it has been possible to measure the
total losses of the motor by a calorimetric method [19]. The
obtained results have been in good agreement with the losses
calculated on the basis of the electrical input power and output
power.

V. COMPARISON OF CALCULATIONS WITH TEST RESULTS

Analytical calculations performed according to the presented
theory in Section II have been compared with laboratory mea-
surements performed on the 300-kW, 60 000-rpm solid-rotor
induction motor (Table I, Figs. 3 and 4).
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TABLE 1II
SPEED, FREQUENCY, AND SLIP CORRESPONDING TO
GRAPHS PLOTTED IN FIGS. 13 AND 14

Rotor speed, rpm | 56064 57126 58062 | 58836 59300
Synchronous 56520 57660 | 58680 | 59550 60000
speed, rpm

Frequency, Hz 942 961 978 992.5 1000
Slip 0.00807 | 0.00931 | 0.011 0.012 0.012
Stator winding 119 129 140 152 152
temperature, °C

Fig. 15. Magnetic flux distribution in the cross section of the investigated
solid-rotor induction motor as obtained from the 2-D FEM.

The input power, output power, efficiency and power factor
curves obtained from calculations and laboratory tests are plot-
ted versus speed in Figs. 13 and 14.

The synchronous speed, rotor speed, frequency, slip, and
stator winding temperature corresponding to curves plotted
in Figs. 13 and 14 are given in Table II. The rotor surface
temperature was about 170 °C.

VI. COMPARISON OF ANALYTICAL CALCULATION WITH
THE FINITE ELEMENT MEHOD

Finally, the analytical calculations have been compared with
those obtained from the FEM. The magnetic field distribution
in the cross section of the investigated two-pole solid-rotor
induction motor is shown in Fig. 15.

The FEM analysis includes directly only the stator winding
losses and rotor losses. The hysteresis and eddy-current losses
in the stator core are neglected when solving the magnetic
field. These losses have been estimated after the time-stepping
simulation from the time variation of the magnetic field. Also,
corrections have been made for including the windage and
bearing friction losses. Steady-state performance characteris-
tics obtained from the the 3-D FEM and from the presented
analytical method have been compared in Figs. 16 and 17.

There is a very good agreement between the FEM and
the presented method for the input power, output power, and
efficiency. The agreement for power factor is worse, but the
difference does not exceed 5%. Discrepancy in power factor is
due to low accuracy of calculation of the magnetizing reactance
and magnetizing current. Both the magnetizing reactance and
magnetizing current have been calculated using classical theory
of induction machines.
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Fig. 16. Input and output power curves versus speed obtained from the

3-D FEM and presented analytical method for a 300-kW, 60 000-rpm induction

motor with solid rotor coated with copper layer at 418 V and 1000 Hz.
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Fig. 17. Efficiency—speed and power factor—speed curves obtained from the
3-D FEM and presented analytical method for a 300-kW, 60 000-rpm induction
motor with solid rotor coated with copper layer at 418 V and 1000 Hz.

The shape of characteristics plotted in Figs. 13 and 14 is
different than the shape of characteristics plotted in Figs. 16 and
17, because in the first case, a variable input frequency has been
used (Table II), while in the second case, the input frequency
f = 1000 Hz = const.

VII. CONCLUSION

Although, the approach to the performance calculation of a
solid-rotor induction motor is similar to that of a cage induction
motor, the electromagnetic effects in a solid ferromagnetic rotor
are more complex. The solid-steel core of the rotor conducts
both the electric current and magnetic flux, while the copper
layer conducts only the electric current. The impedance of
the rotor solid steel core depends on the nonlinear magnetic
permeability and hysteresis losses. The magnetizing current is
high due to the presence of the nonferromagnetic copper layer
and high reluctance of the solid steel core [14]. The rotor branch
of the equivalent circuit contains the rotor nonlinear resistance
and reactance, both dependent on the electric and magnetic
parameters of the solid steel and slip (Figs. 18 and 19). The
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Fig. 18. Equivalent circuits of solid-rotor induction motors: (a) magnetically
coupled stator and rotor circuits; (b) magnetically coupled stator and rotor
circuit with rotor EMF independent of slip; (c) equivalent circuit of a solid-
rotor induction machine as a transformer. The series resistance Rq represents
the stator core losses.
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Fig. 19. Equivalent circuit of a solid-rotor induction motor with rotor branch
similar to a deep-bar rotor.

equivalent circuit for a solid-rotor induction motor is not the
same as that for a standard induction motor (Appendix A).

Figs. 13 and 14 show that the analytically calculated and
measured curves for a 300-kW, 60 000-rpm solid-rotor induc-
tion motor are in good agreement. Also, the presented analytical
method is in good agreement with the FEM (Figs. 16 and 17).

The solid-rotor induction machine shows good performance
as a high-speed induction motor, i.e., it is characterized by small
volume envelope, high power density, high efficiency, high
starting torque-to-starting current ratio, and high tip speed. Its
rigid construction allows for operation at much higher speeds
than a cage-rotor induction motor. A solid-rotor induction
motor is an excellent candidate as a high-speed motor for the
next generation of compressors.

The proposed analytical approach to the design and perfor-
mance calculation of solid-rotor induction motors based on the
2-D analysis of the electromagnetic field has not worse accu-
racy than the FEM and is much faster. The created computer
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program allows for rapid design of solid-rotor induction motors
in electrical machine industry.

APPENDIX A
EQUIVALENT CIRCUIT

For simplicity, only solid rotor without external copper layer
(de = d¢y, = 0), fundamental harmonic v = 1, and balanced
three-phase system will be considered.

For a solid cylinder dp. — oo, the hyperbolic function
tanh(kpedpe) = 1 and (20) takes the form

Z :jwﬂFeé _ jw,ufFeaFeé ~ OéFeé
Fe  Tere T KpeOpe T  OFeT
. kpe L
= (ar + jax)—<= (36)
OFe T

where o, is according to (10) and (11), x,, is according to (13),
in which v = 1 and the attenuation coefficient k. for solid
steel is according to (12), in which also v = 1. Thus, including
the edge effect [13], [14] with the aid of (29) the impedance of
the solid steel rotor is

L |7s rs
o = (an + ax )k, 2 | TSI Hokrs
T OFe

where .5 is the relative magnetic permeability at the surface
of ferromagnetic rotor. Typical values of damping coefficients
for solid steel rotors with 7 =5 mm, p,s = 100, op, = 5 X
109 S/m, ag = 1.45 and ax = 0.85 are: for f = 50 Hz, kp. =
314.16 1/m; for f =60 Hz, kp. = 344.14 1/m; for f =
400 Hz, kp. = 888.58 1/m; and for f = 1000 Hz, kp. =
1404.96 1/m.

The rotor impedance referred to the stator system is obtained
by multiplying the impedance (36) by the coefficient of trans-
formation ki, according to (27), i.e.,

L TS .
Zh. = (ap + jaz)kwkzﬂ/m =R, +jX). (38)
T OFe

(37)

L T8
Ry, =aphy k. 2y [T 7 S (39)
T OFe
L T8
X}, = axkuk. =1/ TISHobrs _ g s (40)
T OFe
where
L
Z, = kztrkz—\/”f’“‘o (41)
T OFe

is the constant value of the rotor impedance independent of the
slip s and surface value of the relative magnetic permeability
Hrs.

Assuming the slip-dependent voltage per phase (EMF per
phase) that is induced in the rotor as

Nikyn Nikyn
E! =4 Nokyo®—"= = sk, = sE
2(8) O'fo 2 2 NQkU)Q RSN SLu20 NkaQ
= 4UfoN1]€w1<I) = SE1 (42)
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where o is the form factor of the EMF (defined as rms-to-
mean value), N1, Ny are the numbers of turns of the stator
and rotor, respectively, k1, kw2 are winding factors, @ is the
magnetic flux and

E20 = 40'ffN2kw2(I> (43)

is the induced rotor voltage at n = 0(s = 1). The rotor current
referred to the stator system can be found as

I, - Eé(s) - SEl
2 — ! -
22 \/(aRZc\/ ,U/Ts\/g)2 + (aXZc\/ MTS\/§)2
2 2
V(enZey/ )" + (anZey/75)
E
= ! (44)
(%) ()
where
/
R, =225 — qpz..[Hre (45)
!/
Xy =228 _ gz, [ (46)
S

are the resistance and reactance in the rotor branch of the
equivalent circuit referred to the stator system. Fig. 18 shows
the development of the equivalent circuit (transformer analogy)
of a solid-rotor induction motor.

Most equivalent circuits for solid-rotor induction motors
discussed in the literature [12], [14] are the same as those for
typical cage-rotor induction motors [5], [6], i.e., the resistance
in the rotor branch is divided by slip s, while the reactance is
independent of slip. This is not true. Appendix I shows how
the equivalent circuit for a solid-rotor induction motor should
be developed and how the resistance and reactance of the rotor
branch vary with the slip.

APPENDIX B

In a deep-bar rotor induction machine with the rotor bar
height hoy, the rotor branch contains the following resistance
and reactance

R7/2 ~ §R/2b + RIZT

S S

47

X~ %Xéb + X5, (48)
where RY,, X}, are the rotor bar resistance and reactance
referred to the stator system, respectively, and R}, and X
are the end ring resistance and reactance referred to the stator
system, respectively. The so-called reduced height of the non-
ferromagnetic bar is

g I th\/’/TM()S fO'.

(49)
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Similar to a deep-bar rotor, the reduced thickness of
the equivalent layer at the rotor surface that conducts the
current is

5 - 6Fe(] V 7T/14()/J/rs$fUFe

where the equivalent depth of penetration of the electromag-
netic field into rotor body at zero speed (s = 1) is

1
\/ﬂ-:u()(,u/rs>s:lf0-Fe .

(50)

OFe0 = (51)

Assuming (fi,s),_1 & firs, on the basis of (49) and (50) the
reduced thickness of the current-conductive layer is

€~ /5. (52)
Thus,
1 L
Ry, =€ ap kyk, —— = (53)
0Fe0 OFe T
1 1 L
XL, = ~saxkpk, ———=. 54
2 fsaX T S pe0 OFe T )

In further considerations (41) will be used to simplify the
notation. The resistance in the rotor branch is inversely propor-
tional to the slip

, s 1 L1

Ry = =¢arkyk, —————
s 0Fe0 OFe T S

1
— é_ aRZc /fvrs;
(55)

and reactance in the rotor branch has the same form as that in
standard cage induction motors, i.e.,
X! 1 1 L 1
Xh=22 — Zaxkpk,———= = —axZc/lirs (56
2 s é.Xtrz(;FeOo_FeT é.XC Hrs ( )
so that the rotor current referred to the stator system is equal to
the EMF F; divided by the rotor branch impedance, i.e.,

E
1\2 1 2
\/ (€ anZo/iimst)” + (baxZo /i)

The alternative equivalent circuit of a solid-rotor induction
motor, similar to that of a deep-bar induction motor, is shown
in Fig. 19.

If ap = 1.45 and ar ~ 0.85 (typical values for solid steel
rotors), the coefficient of the solid ferromagnetic rotor for
resistance {ap ~ 1.45¢ and for reactance ax /§ = 0.85/€. For
a deep-bar rotor, the same coefficients are £ and 1.5/¢. Note,
that the nonlinear magnetic permeability and hysteresis losses
have been taken into account by coefficients ar and ax, the
equivalent depth of penetration dz. of electromagnetic field
into solid steel rotor body is small in comparison with the
height of the nonferromagnetic copper or aluminum bar, the
electric conductivity of steel is about ten times lower than
the conductivity of copper, and about seven times lower than
the conductivity of aluminum. In addition, the surface magnetic
permability of solid-rotor body pi,s > 1 versus pu, ~ 1 for a
nonferromagnetic bar.

= (57)
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