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The solid-rotor induction motor provides a mechanically and thermally reliable solution for
demanding environments where other rotor solutions are prohibited or questionable. Solid
rotors, which are manufactured of single pieces of ferromagnetic material, are commonly used
in motors in which the rotation speeds exceed substantially the conventional speeds of
laminated rotors with squirrel-cage.
During the operation of a solid-rotor electrical machine, the rotor core forms a conductor for
both the magnetic flux and the electrical current. This causes an increase in the rotor
resistance and rotor leakage inductance, which essentially decreases the power factor and the
efficiency of the machine. The electromagnetic problems related to the solid-rotor induction
motor are mostly associated with the low performance of the rotor. Therefore, the main
emphasis in this thesis is put on the solid steel rotor designs.
The rotor designs studied in this thesis are based on the fact that the rotor construction should
be extremely robust and reliable to withstand the high mechanical stresses caused by the
rotational velocity of the rotor. In addition, the demanding operation environment sets
requirements for the applied materials because of the high temperatures and oxidizing acids,
which may be present in the cooling fluid. Therefore, the solid rotors analyzed in this thesis
are made of a single piece of ferromagnetic material without any additional parts, such as
copper end-rings or a squirrel-cage.
A pure solid rotor construction is rigid and able to keep its balance over a large speed range. It
also may tolerate other environmental stresses such as corroding substances or abrasive
particles.

In this thesis, the main target is to improve the performance of an induction motor equipped
with a solid steel rotor by traditional methods: by axial slitting of the rotor, by selecting a
proper rotor core material and by coating the rotor with a high-resistive stainless
ferromagnetic material.
In the solid steel rotor calculation, the rotor end-effects have a significant effect on the rotor
characteristics. Thus, the emphasis is also put on the comparison of different rotor endfactors. In addition, a corrective slip-dependent end-factor is proposed. The rotor designs
covered in this thesis are the smooth solid rotor, the axially slitted solid rotor and the slitted
rotor having a uniform ferromagnetic coating cylinder.
The thesis aims at design rules for multi-megawatt machines. Typically, mega-watt-size solidrotor machines find their applications mainly in the field of electric-motor-gas-compression
systems, in steam-turbine applications, and in various types of large power pump applications,
where high operational speeds are required. In this thesis, a 120 kW, 10 000 rpm solid-rotor
induction motor is used as a small-scale model for such megawatt-range solid-rotor machines.
The performance of the 120 kW solid-rotor induction motors is determined by experimental
measurements and finite element calculations.

Keywords: medium-speed induction machine, solid rotor, ferromagnetic material, rotor
slitting, rotor coating, end-factor.
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1. INTRODUCTION
Since the invention of the induction motor with a rotating magnetic field by Nikola Tesla in
1888, the alternating-current rotating-field induction motor has played a major role in the
development of the electrotechnical industry. An induction motor equipped with a solid steel
rotor presents one of the most elementary types of the rotating electrical machines. The design
problem of a solid ferromagnetic rotor has been an interesting research topic since the
invention of the induction motor. The solid rotor is made of a single piece of ferromagnetic
material and is ideal with respect to the fluid dynamical and mechanical performance, and it
also has an excellent heat resistance. It is also quite easy and cheap to manufacture, and
further, the ferromagnetic rotor material is in most of cases easily available. However, in most
of the early cases, the rotor was a simple smooth solid rotor and the motor was used at
conventional network frequency and speed. Hence, the performance of the solid-rotor
induction motor was not at a satisfactory level compared with laminate-rotor squirrel-cage
induction motors.
Due to the increasing interest towards solid rotor technology, around the 1960s, the research
with solid rotors was relatively active. Most of the early studies on solid rotors were
accomplished with an assumption of unsaturated rotors having a constant permeability. It
stands to reason that these studies inevitably resulted in poor validity. This can be explained
by the fact that the eddy-current and the flux density distributions in the solid rotor are highly
non-linear, thus leaving grey areas for the solid rotor designer with linear unsaturated
approximations. To accurately calculate the behaviour of different rotor materials and rotor
designs, the magnetic non-linearities of the material and the rotor end-region effects should be
taken into account. One of the first attempts to include the saturation of the iron in the
calculations was made in the late 1940s by Nechleba (1940). Later, different treatments
involving the form of the BH curve of the rotor material were suggested. McConnell and
Svedrup (1955) developed an equivalent circuit method, based on the magnetization
characteristics of the square-wave form. A rather similar approach was also proposed by
Wood and Concordia (1960a) and Heller (1968).
The first more sophisticated method of the magnetic field analysis was introduced by Wilson
(1969). He studied the magnetic field distribution in a solid rotor in two and three dimensions.
A sophisticated digital computer-aided program with considerable ingenuity was developed.
The method was able to take into account the field-dependent non-linear rotor permeability. It
was shown that the electromagnetic torque increases when the rotor material has a low
permeability and a high conductivity. However, the selection of materials was rather small
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and the effect of the saturation flux density of the rotor material on the motor performance
was not discussed. In two-dimensional finite element calculations, the three-dimensional
nature of the solid rotor should be taken into account. The rotor ends have been taken into
account in the two-dimensional calculation by modifying the rotor resistance by the endfactor. For this purpose, corrective end-effect factors for the solid rotor resistance have been
suggested. Different authors, for instance Trickey (1936), Yee (1971), O’Kelly (1972) and
Woolley (1973), have proposed end-effect factors that are mostly depending on the geometry
of the solid rotor. Wood (1960c) made in his solid rotor analysis a certain approximation, the
validity of which is questioned. Probably one of the most utilized end-effect factors is
proposed by Russell (1958). Later, Ducreux (1995) performed a further study related to the
end-effect factors. He applied the boundary integral method with edge elements as well as the
finite element method with impedance boundary condition to determine the three-dimensional
field distributions of the rotor end regions. A comparison with the results obtained from the
two-dimensional FEM calculations using different rotor end-effect correction coefficients
revealed that the end-effect correction factor should be frequency dependent. It was
demonstrated that the eddy-current closure is a complex phenomenon that cannot be easily
represented at high rotor frequencies with two-dimensional calculations. However, the
suggested end-effect factors help to accurately estimate the rotor torque performance. The
problem remains in evaluating the rotor power factor that is not usually corrected by the endeffect factors suggested.
At the early stages, the solid-rotor induction machines were used, for instance, in military and
aerospace applications, where their robust structure and relatively low weight made the
difference. Although the solid-rotor induction motor offers a mechanically and thermally
reliable solution for demanding applications, the electrical properties of such a motor may be
poor. The problems of solid-rotor induction motor are mostly related to the low electrical
performance of the rotor. The need for improved performance characteristics of solid rotors
and the inadequacy of the conventional induction machine theory for solid rotor calculation
has called for further development and research in the field. Most of the early studies for the
determination of a solid rotor performance by means of analytical methods were reported by
Agarwal (1956), Wood (1960d), Angst (1962), Heller (1968), Jamieson (1968), Rajagopalan
(1969), Chalmers (1972), Yee and Wilson (1972), Sarma (1972), Liese (1977) and Riepe
(1981). Most of the early theories were based either on the linear or on the limiting non-linear
theory of the flux penetration into a solid rotor material. However, many significant
observations were made. These long-standing theories, Agarwal’s theory in particular, are still
shown valid in many present reports and analyses associated with the determination of the
equivalent circuit parameters of the solid rotor.

15
Alternative methods that take into account the non-linear behaviour of the rotor material have
been proposed. For instance, a method applying two- or three-dimensional multi-layer
transfer-matrix method (MLTM) in the solid rotor calculation was proposed by Pipes (1956).
In the MLTM, the electromagnetic properties are calculated in each layer and used as the
initial value for the calculation of the following upper layer. This method allows the
calculation of non-linear electromagnetic fields with a tolerable accuracy. Pyrhönen (1991)
applied the MLTM in the determination of three-dimensional behaviour of electromagnetic
fields in a smooth solid rotor. The smooth solid rotor geometry was subdivided into small
layers in radial direction, and axially, the rotor was divided into slices. It was shown that the
motor performance could be improved with a rotor material having a high saturation flux
density and a high conductivity. Later, Huppunen (2004) further developed the MLTM and
created a more practical and accurate calculation procedure for the solid-rotor machines.
Huppunen showed that the calculation method can be utilized for slitted solid rotor
constructions. It was also shown that the motor performance can be remarkably improved by
attaching copper end rings on the end faces of the solid rotor body.
In order to advance the solid-rotor induction motor performance, improvements in the solid
rotor geometry were studied. For instance, the slitting of the rotor surface was suggested to
decrease the induced eddy-current losses. Peesel (1958) performed extensive experimental
tests with different slitted solid rotors. Later, the effect of axial slitting was investigated with
experimental studies by Dorairaj and Krishnamurty (1967a,b) by taking into account the
number of slits together with their width and depth both with and without copper end rings.
A study based on calculations and tests was made by Rajagopalan and Murty (1969). In the
calculations, they used the BH curve of a real shape, instead of the idealized curve with only
two possible flux density values: +Bs and –Bs, which was favoured by Agarwal. A slitted
solid-rotor induction motor was further analyzed also by Zaim (1999) and Laporte (1994) by a
program based on the numerical finite element method.
Comprehensive studies on the solid rotor designs were carried out by Lähteenmäki (2002) and
Huppunen (2004). These studies were mainly based on experimental measurements and finite
element studies. Bumby (2006) pointed out that an analysis of smooth solid-rotor induction
machines could be based on the equivalent circuit approach. The stator parameters were
calculated according to the conventional analytical equations applied in the equivalent circuit.
The rotor parameters were determined through the field equations. The rotor calculation was
based mostly on the traditional methods proposed by Russell (1958), Agarwal (1959),
Chalmers and Woolley (1972) and O’Kelly (1976). However, for the solid rotor case, the
equivalent circuit is still complex and difficult to build.
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The desire to control the motor speed to suit the application has always been an important
requirement. Since the mid-1980s, reliable electric adjustable-speed-control power-electronic
converters have been available for high-power induction motors. Since frequency converters
have became more and more common, more efficient and more advanced, the interest towards
high-speed machines has also increased. With the evolution of the motor drive technology,
solid-rotor solutions were able to meet the mechanical system requirements for high-speed
direct-drive applications. Consequently, the solid rotor induction motors became a common
type of the high-speed machines applied in industrial applications. High- and medium-speed
rotors found their typical applications in fans, blowers, milling and machining tools and in
large vacuum systems.
If a rotor is not laminated, the generation of excessive eddy-current losses in the solid rotor
surface is emphasized, if the machine is supplied with frequency converter drives. To reduce
the amount of eddy-current losses in a solid-rotor induction motor, the same methods as in the
conventional squirrel cage motor can be applied. In addition, some rotor-related solutions
have been suggested. For instance, Lindgren and Väänänen (1997) have proposed that only
the outer layer of the rotor could be laminated to reduce the eddy-currents. With a thick shaft,
the critical speed of the rotor increases and allows higher rotational speeds. Earlier, before the
time of every-day frequency converter drives, Wilson (1969), Sarma (1972) and Sharma
(1996) studied a composite solid rotor construction, which consists of several solid layers of
different materials, including conductive and resistive layers. It was concluded that the
composite-rotor induction machines would have better characteristics than machines with a
solid rotor. It was also found out that the equivalent circuit developed by McConnell (1955)
and Heller (1968) yields reasonably good results in the composite rotor calculations.
The effect of the rotor coating with high-conductive low permeability material on the solid
rotor losses has been a subject of extensive research. The idea is that the coating material acts
as a mirror for high-frequency air gap harmonics and does not let high-frequency harmonics
to penetrate through the coating layer. Copper-coated solid rotors were comprehensively
analyzed for instance by Lähteenmäki (2002). An analytical model for the selection of the
copper coating thickness in the case of high-speed synchronous machines was introduced by
Shah (2006). An alternative approach is to coat the rotor with a high-resistive ferromagnetic
material. The idea in the high-resistive coating layer is that the coating increases the rotor
surface impedance and attenuates the harmonic fields before they penetrate into the fairly
well-conducting rotor core material and create excessive losses. Although it is obvious that
the losses on the rotor surface caused by the air gap harmonic fields can be reduced also with
a high-resistive coating material, only a few reports have been published on the subject.
Pyrhönen and Kurronen (1994) have tested a high-resistance aluminium-iron alloy as a
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coating material on a smooth solid rotor. Because of the high resistivity of the material, the
surface impedance became high and the eddy-current losses were reduced. Jokinen and
Arkkio (1996) have also mentioned that it would be possible to achieve further improvements
in the motor performance, if the rotor surface were made of a material having a high
resistance and a high permeability.
In general, compressors and pumps find their optimum operation range at high speeds. The
increasing demand for large power, energy-efficient and reliable compression systems for the
petrochemical industry, has boosted the research done in the field of high-speed electric
motors during the last few decades. In addition, the high-speed generators in the renewable
energy sector and the demand for large efficient electrical pumps have accelerated the
development of high-speed machines. Simultaneously, the knowledge in the area of numerical
electromagnetic field calculation of an electrical machine with the finite element analysis has
increased during the latest decades. Therefore, it is possible to perform complicated design
processes with the assistance of the numerical field analysis. Performing reliable and
repeatable measurements for an electrical machine is a very challenging task. It is also a very
expensive and time-consuming process to construct prototypes to test the validity of the
various machine designs. Trial-and-error type of prototyping cannot be replaced, but it can be
reduced by means of finite element analysis. Therefore, designs based on the finite-elementanalysis are used as a cornerstone for many present-day solid rotor designs. Numerical
methods are among the keys for improving and estimating the rotor designs.
1.1

Medium-Speed Electric Drives

Modern high- and medium-speed electric machines typically find their applications in the
field of petrochemical industry. Natural gas is a clean-burning low-carbon fossil fuel that is
increasingly used as an energy source. Typically, natural gas reaches the end users via
transmission pipelines. To meet the flow requirements a series of compressor stations are
needed to force the gas flow over long distances. Usually, gas compressor systems are driven
with traditional gas turbines, and the total thermal efficiency of the system is typically 30 %
or less. At the time when these turbo-generators have to be replaced by new high-power
compressors to meet the additional capacity and environmental demands, there is an
alternative technology suitable for the task: high- and medium-speed electrical drives are able
to offer significant technical and economical advantages in terms of losses, costs and volume.
Comparative studies between conventional mechanical and modern electrical-motor-assisted
compression systems have been reported for instance by Roberton (1998) and Rama (1997).
According to various economical and technical evaluations, the compressors should be driven
by variable-speed electric motors, Kleiner (2001). Taking into account the efficiency of
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average power generation systems, electricity power transmission losses, and the losses of an
electric motor and its controls, it is approximated that the thermal efficiency of the system
implemented with an electric drive system is around 35 %. It is estimated for instance by
Oliver (1995) and Rama (1997) that the electrical drive efficiency is approximately 5 % units
or more higher than that of the conventional gas turbine drive. Figure 1.1 shows the
approximated total efficiencies for the electrical-motor-assisted drive and for the conventional
gas turbine drive used in the compressor application.
Motor + Compressor

Frequency
Converter + Filter

M

Compressor

f
f

Substation

Transformer

Power
generation

G

Compressor
Electric motor
Frequency converter
Transformer
Substation
Transmission
Power generation

82
96
98
98
98
94
50
35

%
%
%
%
%
%
%
%

Compressor
Gas turbine

82
35
29

%
%
%

Gas turbine

Figure 1.1. Estimated total thermal efficiencies of an electrical-motor-assisted drive and a gas turbine
compressor drive.

Because of the increasing demand for gas compressor systems, initiatives to develop efficient
electric drive compression systems have been taken. Such development project cases are
reported for instance by Gilon (1991), Oliver (1995), Rama (1997) and Roberton (1998).
Reports indicate that the initial and maintenance costs of an electric motor driver and
adjustable speed controller are well below the cost of a conventional gas turbine driver.
Traditionally, speed-increasing gears are commonly used between normal speed electric
motors and higher speed compressors. The speed ratios in such gears vary generally from 2:1
to 6:1. However, a gear has an efficiency penalty: 1–1.5 % loss per gear stage at full load is
common and the gear needs lubrication and cooling systems. It is also noteworthy that the
efficiency of the gear drops as the load decreases. The medium-speed electric motor has the
capability to provide a direct drive for compressor requirements without a speed-increasing
gear. The elimination of a speed-increasing gear unit has a strong effect on the costs. The cost
of a power electronic converter may remain below the cost of a gear. The efficiency of a
power electronic converter is in the same range as the efficiency of a one-stage gear.
The major advantage afforded by the use of a high-speed motor over a conventional speed
motor is the reduced demand for space. The elimination of the gear unit decreases the total
length of the train, and the alignment of the drive train is greatly simplified. The size and
weight of the electric motor are reduced with high-speed motors, if an effective cooling can
be arranged. According to Gieras (1999), the higher is the rotation speed of the machine n, the
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smaller is the electric motor volume V for the same stator linear current density Alinear and air
gap magnetic flux density Bδ
V≅

Pout
.
Alinear B δ n

(1.1)

Normally, the size of a high-speed motor of the same output power Pout, is approximately
/4−1/3 of the size of a conventional motor at the same output power.

1

Sometimes it is possible to attach the load machinery directly on the same shaft with an
electric motor. Such an integrated direct drive system consists, for instance, of a mediumspeed motor and a gas compressor system having a common rotating part that converts the
electric energy to mechanical energy. An integrated direct gas compression–electric motor
drive system is illustrated in Fig. 1.2.
ELECTRIC MOTOR AND GAS COMPRESSOR UNIT
FAN ATTACHED
TO SHAFT

SPEED
INCREASING
GEARBOX

EXTERNAL
FAN

• Direct/Non-direct drive
• Non-integrated casing
• External cooling for motor

• Simple construction
• Non-integrated casing
• Gas seals

INTEGRATED ELECTRIC MOTOR AND GAS COMPRESSOR UNIT

• Direct drive
• Integrated bearing
• Integrated and sealed casing
• Internal gas cooling for motor
• Thermal stresses affecting on motor
• Compact size
• Lower costs
• No shaft seals

Figure 1.2. Direct drives for gas compressor applications: medium-speed solid-rotor motor coupled to gas
compressor unit via axis and a mechanical coupling or an integrated electric motor-gas compressor unit.
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If the implementation of a compressor and an electric motor on the same shaft can be
accomplished, the motor bearings can be used as the integrated machine bearing. Such a
construction eliminates the need for the shaft seal and − in such a case − the induction motor
can be cooled by the process gas. In addition, if magnetic bearings are used, it is possible to
build a hermetically sealed, oil-free compressor system, which can be integrated, for instance,
directly on the gas pipeline and be used as a sub-sea pump. Comprehensive studies related to
the use of active magnetic bearings in solid rotor applications and at high speeds have been
reported for instance by Antila (1998) and Lantto (1999).
The solid-rotor induction motor provides a reliable solution for demanding environments
where other solutions are prohibited or questionable. However, the problems related to the
solid-rotor induction motor diverge from the low electrical performance of the rotor. An
integrated approach has an impact on the electric machine design where all the design
problems are strongly coupled to each other. In the case of a medium-speed direct drive
construction, the rotor may be exposed to high temperatures and mechanical stresses. In some
cases, the rotor surfaces should also be able to withstand cooling gases carrying oxidizing
acids. Therefore, an integrated approach for the electromagnetic, mechanical and thermal
designs is to be carried out coupled for the whole drive system in the preliminary design
stage.
1.2

Main Dimensions of a Solid Steel Rotor

Even though the rotor of a high-speed machine is manufactured from a solid piece of steel,
the designer cannot ignore the effects of a centrifugal force. The mechanical stresses acting in
the rotor should be kept low enough. Actually, centrifugal stresses in high- and medium-speed
rotors are no higher than in the largest generators, because the maximum surface velocity is
kept within the same limits in both cases. The surface velocity, for the rotor having a 300 mm
diameter and a rotating speed of 10 000 rpm, is 157 m/s. Equal surface velocity of the rotor is
reached with a rotor having a diameter of 2000 mm and rotational speed of 1500 rpm. This is
reached with 50 Hz synchronous generators. Overall, the mechanical constraints give limits to
the size of the rotor diameter and the rotor design, affect the choice of materials, set
requirements for the quality of manufacture, and manufacturing techniques.
The mechanical strengths of the electrical silicon steels limit the surface speeds of laminated
rotors to about 150 m/s. Cobalt-iron laminations can be used at somewhat higher speeds, but
they are very expensive. The construction of a laminated cage rotor introduces the difficult
mechanical problem of keeping the lamination layers tightly together attached to the shaft.
Balance fluctuations and vibrations of the rotor caused by the movement of the laminated
rotor stack have to be avoided throughout the whole speed range. Therefore, an extremely
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rigid rotor construction is required in high- and medium-speed applications. In practice, the
rotor laminated mass has no rigidity, but it increases the mass of a thin shaft causing low
critical frequencies. At a high speed, the stress affecting the rotor iron may reach the level at
which mechanical deformations are no longer reversible. Therefore, at higher speeds, the
laminated construction may not be used at all without special arrangements. The alternative is
to use a solid rotor body equipped with a squirrel cage, Ikeda (1990), Odegard (1996) and
Wood (1997). A solid rotor body carrying the squirrel cage is usually made of ferromagnetic
material such as carbon steel Fe52 (S355J0/EN 10025), while the squirrel cage is in most of
cases made of copper alloy. The manufacturing of such a rotor is, however, complicated. The
problem is that the rotor consists of several individual parts. In some cases, the squirrel cage
is welded for instance by diffusion welding to the rotor core, but this manufacturing process is
expensive.
It is also a generally known fact that the apparent resistance of the solid rotor can be
decreased by soldering or welding electrically high conductive end-rings to the end faces of
the rotor body. In practice, copper or aluminium is often used as an end-ring material in highand medium-speed machines. Unfortunately, the high centrifugal force caused by the high
circumferential velocity, thermal stress and the demand of corrosion tolerance sets constraints
for the end-ring material. When the end-ring material is not mechanically able to withstand
the forces caused by the high circumferential velocity or the use of other metals should be
avoided for some other reason, the rotor can be made of one single piece of ferromagnetic
material without any end-rings.
Diameter of the Rotor
The mechanical tangential stress affecting the rotor is one of the parameters in the
determination of the output torque of the motor. The torque T may be calculated from the
electro-magnetic rotor surface tangential stress σtan
T = σ tan 2πr 2 Lr ,

(1.2)

where Lr and r are the length and the radius of the rotor, respectively.
According to Eq. (1.2), an increase in the rotor diameter has a strong effect on the torque. The
increase in the rotor diameter gives the benefit of a higher generated torque if the tangential
stress is kept constant. However, the maximum rotor diameter is limited by the tangential
stress affecting the rotor and the mechanical strength of the rotor material. While the rotor
diameter increases, the circumferential force increases and. A solid rotor construction has to
withstand higher mechanical stresses. According to Ylinen (1970), the mechanical stress
affecting a cylindrical solid rotor can be estimated as
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σ max = Cρr 2 Ω 2 ,

(1.3)

where ρ is the mass density of the material and Ω is the angular velocity of the rotor. The
maximum stress of a smooth homogenous cylinder takes places at the centre of the cylinder.
If the cylinder is hollow, the maximum stress will be found at the inner radius of the cylinder.
The factor C for a cylinder can be estimated

C=

3+v
,
8

(smooth homogenous cylinder)

(1.4)

C=

3+v
,
4

(cylinder with a small bore)

(1.5)

(thin cylinder)

(1.6)

C ≈1,

where v is the Poisson’s coefficient for the corresponding material. Figure 1.3 shows the
approximated mechanical stresses affecting the rotating rotor. The applied Poisson’s
coefficient v for rotor steel was 0.29, and for copper, used in the rotor end rings, it was 0.34.
Especially, when the mechanical strength and thermal stresses affecting the end-ring material
are high, the rotor can be made of a one single piece of ferromagnetic material without any
end-rings.
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Figure 1.3. Estimated mechanical stresses affecting a rotating rotor as a function of surface speed. The materials
used in the calculations were steel (ρ = 7870 kg/m3) and copper (ρ = 8960 kg/m3). The tensile strength of the
steel Fe52 used as a solid rotor material is 520 MPa, and for copper used as an end-ring material 220 MPa. Also
copper alloys such as CuCrZr having higher tensile strength can be considered as an end-ring material.
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The performance improvement in a solid rotor can be achieved by slitting the cross-section of
the rotor in such a way that a better flux penetration into the rotor will be reached. The slitting
also intensifies the cooling of the rotor, because the cooling surface of the rotor increases. The
drawback of the axial slitting is that the ruggedness of the solid rotor is partly lost. The
highest mechanical stress occurs either on the centre line of the cylinder or at the roots of the
rotor teeth. This has to be taken into account when determining the mechanical performance
and in the fatigue life prediction for a notched component. The analysis of the mechanical
stresses affecting the roots of the solid rotor teeth is discussed in detail in Chapter 3.
Length of the Rotor
The length of the rotor is limited by the specific frequencies. At the critical speed, the rotor is
operating at a range where the unbalance coincides with the natural frequency of the rotor and
the rotor may start to vibrate excessively. If a rotor is operated at or near the critical speed, it
will exhibit high vibration levels, and is likely to be damaged. The amplitude of the vibration
is only limited by the damping capacity of the system, which is low in the robust solid rotor
construction. Because the solid rotor is made of one single piece of ferromagnetic material, its
critical frequencies are inherently high.

The rigidity of the rotor depends highly on the elasticity and the density of the material as
well as on the geometry. Young’s modulus E describes the elasticity of the core material.
Therefore, it is one of the most important material characteristics when the applicability for
high-speed operation is considered. According to Wiart (1982), the estimate for the maximum
length of the rotor from the critical point of view can be found

L2 = n 2

π2
kΩ

EI

ρA

,

(1.7)

where A is the cross-section of the cylinder and n is the ordinal of the critical speed and I is
the modulus of inertia. The variable k is defined as a ratio between the nth critical frequency
and the nominal angular velocity
k=

ΩC
.
Ωn

(1.8)

Taking into account the safety factor ksafe for the maximum mechanical stress, the ratio
between the rotor length Lr and the radius r can be estimated
k
Lr
= nπ safe
r
k

4

CE
.
4σ

(1.9)

Considering the critical speed, it would be better to have a short and thick rotor construction
to achieve high speeds without vibrations. To be absolutely sure about this the first critical
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speed should be above the operation range of the rotor. Nevertheless, the high-speed machine
is often operated above its lowest critical speed between the first and the second specific
frequencies. However, in high-speed drive systems, the rotating rotor may pass through one,
two, or more lateral critical speeds during the start-up.
1.3

Losses and Cooling of Solid-Rotor Induction Motor

Electric motor efficiency describes the ability of an electric motor to convert electrical energy
to mechanical energy. The motor efficiency η can be expressed as a ratio between the
mechanical output power Pout and the supplied electrical input power Pin
η=

Pout
⋅ 100% .
Pin

(1.10)

The power absorbed in the electric motor is the loss incurred in making the electromechanical energy conversion. The total loss power Ploss of the motor can be expressed as a
difference between supplied power Pin and mechanical output energy Pout
Ploss = Pin − Pout .

(1.11)

When considering the performance of an electric motor, it is self-evident that the performance
characteristics depend both on the stator and the rotor. A simplified power consumption
diagram of an induction motor is illustrated in Fig. 1.4.
Pfr, total+Pfr, bearings
Air gap

Pin

Pδ

Stator

PCu,s

PFe,s

Pexc

Pout

Rotor

PCu,r

PFe,r

Figure 1.4. Power loss diagram of an induction motor. First, the electrical power supplied into the motor is
consumed by the stator copper losses PCu,s and the iron losses PFe,s. Pexc represent the excess losses in the stator.
After the stator losses are deducted from the supplied input power Pin, the air gap power Pδ is remaining. On the
rotor side, part of the air gap power is lost in the resistive losses PCu,r and in the iron losses PFe,r. In addition, the
mechanical losses Pfr,r caused by the bearing, windage and gas friction generate power losses. The mechanical
output power of the motor Pout is the difference between the supplied electrical power and the total loss power of
the motor.
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The electrical power needed during the running operation is fed to the motor from an external
source. First, part of the supplied electrical power is consumed in the stator windings. The
stator loss is a sum of the copper loss PCu,s the iron loss PFe,s and the excess losses Pexc existing
on the stator side
Ps, loss = PCu, s + PFe, s + Pexc .

(1.12)

The air gap power Pδ transfers the power from the stator to the rotor over the air gap. The air
gap power can be defined as
Pδ = Pin − Ps,loss = Tem Ωr .

(1.13)

The electromagnetic torque Tem includes the axial output torque and the loading torque caused
by the friction of the bearings and the windage of the rotating rotor.
In the rotor, part of the air gap power is lost in the rotor resistance, rotor iron losses, and in the
rotor friction losses. The rest of the air gap power is converted into mechanical output power
Pout. The rotor total electrical losses Pr,loss can be divided into fundamental resistive losses
Pfund,r, which are associated with the electromagnetic torque production, into surface losses
Psurf,r caused by the eddy-currents induced by the air gap harmonics, and into hysteresis losses
Physt,r caused by to the pulsating excitation of the rotor iron. In addition to the electrical rotor
losses, mechanical losses caused by the bearing and windage generate additional power losses
Pr, loss = Pfund, r + Psurf, r + Physt, r + Pfr, r .

(1.14)

Contrary to the laminated rotor bodies, the ferromagnetic solid rotor materials do not have a
laminated structure to limit the induced eddy-currents. Therefore, the eddy-current losses,
which are proportional to the square of the frequency, are considerably high. The friction
losses, which are proportional to the cube of the speed, can be a dominant part of high-speed
motor losses.
The resistive losses on the rotor depend on the electrical resistivity of the applied material.
The rotor resistive losses are also called rotor Joule losses, and these losses are the dominating
ones. They consist of rotor fundamental losses and rotor surface losses. In the whole rotor
volume V, the total Joule loss PJ,r can be estimated from the volume integral of the current
densities squared
PJ, r = ∫ ∫ ∫ ρJ 2 dV ,
V

where ρ is the resistivity of the material.

(1.15)
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The electrical losses of the solid steel rotor are closely connected to the slip of the rotor. The
per unit slip s is defined as a ratio of the rotor slip frequency to the stator supply frequency fs
s=

f slip
Ωs − Ω r ω s − ω r
=
=
.
Ωs
ωs
fs

(1.16)

In Eq. (1.16), Ωs is the synchronous mechanical angular frequency of the machine
corresponding to the supply frequency fs and Ωr is the mechanical angular frequency of the
loaded rotor. Corresponding electrical angular frequencies for the stator and the rotor are ωs
and ωr.
Rotor fundamental losses Pfund,r together with the surface loss Psurf,r represent the dominant
part of the total solid rotor losses Pr,loss. The fundamental rotor losses are proportional to the
per-unit slip value. Because of the poor electromagnetic properties of the solid rotor, the perunit slip tends to be large compared with the slip of a squirrel-cage rotor. Thus, to minimize
the rotor losses and to achieve a high electrical efficiency, the nominal operation point of the
motor should occur at a low value of per-unit slip. The rotor fundamental losses can be
calculated from the well-known relationship between the air gap power and the per-unit slip
Pfund, r = Pδ ⋅ s .

(1.17)

Consequently, the rotor fundamental efficiency may be defined as
η fund, r =

Pδ − Pfund, r
Pδ

=

Pδ − sPδ
=1− s.
Pδ

(1.18)

However, in the machines with a solid rotor, the air gap harmonics generate eddy-currents
that have a low penetration depth. If the rotor hysteresis loss is neglected as insignificant, a
simple formulation for the determination of the surface losses Psurf,r can be written
Psurf,r = Pr,loss − Pfund,r .

(1.19)

The mechanical output power Pout of the rotor can be determined from the input power and
the losses generated
Pout = Pδ − Pr,loss − Pfr,r .

(1.20)

The electromechanical output power Pmech at the rated speed of the motor can also be defined
as a product of the electromagnetic torque Tem and the mechanical angular velocity of the
rotor Ωr
⎛
⎛
ω ⎞
2 πf ⎞
Pmech = Tem Ωr = Tem ⎜⎜ (1 − s ) s ⎟⎟ = Tem ⎜⎜ (1 − s ) s ⎟⎟ ,
p⎠
p ⎠
⎝
⎝

(1.21)

where s is the per-unit slip, p is the number of pole pairs, ωs is the stator angular frequency
and fs is the frequency supplied into the stator winding.
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At very high speeds the friction between a rotating rotor and a cooling gas increases
remarkably. The analyses of friction losses in the air gap of high-speed solid motors are
carried out by Larjola (1991), Saari (1998) and Kuosa (2002). The friction loss caused by the
rotating surface of the rotor depends highly on the rotor dimensions and the angular velocity
of the rotor. Owing to the high angular velocity of the rotor, the estimation of the friction
losses is very important. The calculation of friction and cooling loss is often performed using
analytical formulae based on experimental research. According to Saari (1998) and Aglen
(2003), the friction power Pfr,r associated with the resisting drag torque of a rotation cylinder
with the radius r can be estimated in a simple case by using the equation
3

Pfr,r = k f CT ρπΩr r 4 Lr ,

(1.22a)

where Ωr is the angular velocity of the rotor, r is the rotor radius and Lr is the axial length of
the slitted rotor part. The torque coefficient CT depends on the tip Reynolds number. The
coefficient should be determined separately for different flow regimes. Torque coefficients for
the active rotor core part have been proposed for instance by Bilgren (1973). According to
Larjola (1991), the surface roughness coefficient kf is 1.0 for a smooth rotor and
approximately 2.5 with an axially slitted rotor surface. The friction losses are proportional to
the cube of the speed. Furthermore, the rotor forces the axial cooling gas flow into a
tangential movement. This causes an additional power loss Pf,a which can be approximated
with
Pf,a = k 2 q m u 2 ,

(1.22b)

where k2 is the velocity factor, qm is the mass flow rate of the cooling gas and u is the
peripheral speed of the rotor.
The ends of the rotor do also have friction losses. The power needed to rotate the rotor end is
Pfr,end =

(

)

1
C T ρω 3 r25 − r15 ,
2

(1.22c)

where r2 and r1 are the outer and inner radii of the end, respectively. CT is the corresponding
torque coefficient for the rotor end, which can be found for instance from Kreith (1968). In
electrical machines, the free space for the rotor ends in the end-winding area is typically large,
and the rotor end acts like a centrifugal pump.
The total loss due to the gas friction is a sum of the aforementioned loss components, that is,

Pfr,total = Pfr,r + Pf,a + 2Pfr,end .

(1.23)

The power loss, caused by the gas friction losses, is taken from the axle power of the motor.
Therefore, smooth rotor surfaces are preferred over slitted ones at high speeds.
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The mechanical utilization factor is a factor describing the power versus the motor size. The
larger the utilization factor, the smaller the motor physical dimensions and the more efficient
the cooling of the motor must be (Vogt 1996). The mechanical utilization factor Cmech can be
defined as
C mech =

Pmech
2
Dδ Leff nsynch

,

(1.24)

where Dδ is the stator bore diameter, Leff is the effective length of the machine and nsynch is the
synchronous speed of the rotor.
The measured mechanical utilization factors for medium-speed solid rotors were shown for
instance by Huppunen (2004). As the size of the rotor decreases, the loss density becomes
higher, which might lead to a cooling problem. Thus, when designing high- and mediumspeed machines, the thermal aspects should be considered with special care, because the high
power density and the increased friction losses are inherent. Therefore, besides the
dimensioning of the electric machine, the cooling eventually decides whether the machine
produces the required power or not.
Contrary to the laminated squirrel-cage rotor, the solid rotor is able to withstand high thermal
stresses. The solid steel rotor is also better in terms of heat transmission, as it allows good
axial heat exchange by thermal conductivity. However, it should be also noted that the rotor
resistivity increases adversely as a function of temperature. To avoid the over-heating of
stator windings, the high-speed motor should have efficient cooling. If a high-power mediumspeed machine has forced air-cooling, a special stator construction is needed; the stator has
one or more cooling channels dividing the stator core into two or more parts. The principle of
the cooling method used in the medium-speed machines is shown in Fig. 1.5.
Fan for the forced
cooling gas inlet
Inlet Outlet

Outlet Inlet

Fan

Outlet

Outlet

SOLID ROTOR

Figure 1.5. Half of a solid-rotor induction motor axial cross-section and the principle of the cooling.
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The cooling gas is blown into the machine through the radial cooling ducts. Then the cooling
gas flows along the air gap directing towards the end winding space. There are outlets at both
sides of the frame between the stator core and end bells. Finally, the cooling fans attached to
the ends of the motor shaft blow the cooling gas out from the machine frame. Especially in
direct drive applications, it is possible to cool the motor by the process gas. In the case of
natural gas compression systems, the cooling may use high-pressure methane that is much
more efficient than air-cooling at ambient pressure.
1.4

Calculation of a Solid-Rotor Machine Performance

Traditionally, the design and performance analysis of rotating electric machines has been
performed by analytical methods, by which the equivalent circuit parameters have been
obtained. The veracity of the parameters used in the equivalent circuit is essential, especially
in the accurate calculation of the performance of the induction motor. Induction motor drives
are often variable-speed systems, in which the drive performance depends, to some extent, on
the correctness of the equivalent circuit parameters. The parameters of an induction machine
are not constant. Especially, in a solid-rotor induction motor, the rotor impedance is a
function of penetration depth, which varies with slip and the magnetic state of the rotor. In a
solid rotor, the current is eddy and distributive, which decides that the rotor parameters are
also distributive.
The analytical calculation routines have usually been designed for the analysis of squirrel
cage induction motors. To model accurately the distributed electromagnetic fields inside the
solid-rotor induction motor, one of the methods to be used is the numerical finite element
method. The majority of electromagnetic machinery and devices nowadays cannot be
analyzed purely by analytical means because of their complicated structure and the materials
with nonlinear properties. The use of FEM techniques is becoming a common practice among
electric machine manufacturers, Szücs (2001). For solid rotor research and design processes,
the FEM-based analysis appears to be, up to the present, the leading method to estimate and
compare rotor designs. The finite element method is able to calculate the non-linear magnetic
fields even in complicated geometries, and it takes into account the effect of the spatial
harmonics. It also allows the coupling between the field equations and the voltage equations
of the windings and the motion equation of the rotor. The time harmonics in the supply
voltage may also in some cases be taken into account, Kanerva (2005).
In this thesis, numerical, finite-element-based software is used as a cornerstone in the
determination of the solid-rotor induction motor performance. However, a two-dimensional
finite element analysis of a three-dimensional magnetic field problem is not a simple task.
The effect of the rotor end-region fields have somehow to be taken into account in the 2D
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model. This can, to a certain extent, be tackled with an end-factor, which modifies the rotor
resistivity. In chapter 6 of this thesis, an end-factor, which takes into account the curved
current paths in the end regions of the ferromagnetic rotor, is determined by experimental and
finite element studies. Also the effect of the solid rotor ends on the rotor phase angle is
determined. The veracity of the applied 2D finite element method with respect to the real
phenomenon is demonstrated by numerous laboratory measurements.
1.5

Electromagnetic Fields in Electrical Machine

The electromagnetic phenomena in electrical machinery can be determined by Maxwell’s
laws. Faraday’s induction law determines the connection between the electric field strength E
and the magnetic flux density B. Ampere’s law states that the magnetic field strength H is
related to the electrical current density J and the changing of the electric flux density D.
∇× E = −

∂B
,
∂t

∇× H = J +

∂D
,
∂t

(1.25)
(1.26)

∇⋅B = 0,

(1.27)

∇⋅D = ρ .

(1.28)

Gauss’ Equations (1.27) and (1.28) show that the divergence of B is zero and the divergence
of D is the electric charge density ρ.
The electromagnetic properties depend on the material properties. The following three
material equations link the quantities within a given material zone
B = μH ,

(1.29)

D = εE ,

(1.30)

J = σE ,

(1.31)

where μ is the permeability, ε is the material permittivity and σ is the electrical conductivity
of the material. The permeability in particular behaves non-linearly in ferromagnetic materials
as a function of H,μ = f(H). The electromagnetic properties of ferromagnetic materials are
also dependent on the temperature.
By taking advantage of Eq. (1.31) and Faraday’s induction law (1.25), we may write
∇ × J = −σ

∂
∂
B = −σμ H .
∂t
∂t

(1.32)
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By inserting the full Ampere's law introduced in Eq. (1.26) into the left side of (1.32), the
equation can be written in the form
∂D ⎞
∂
⎛
∇ × ⎜∇ × H −
⎟ = −σμ H .
∂
t
∂
t
⎠
⎝

(1.33)

Applying the vector identity
∇ × ∇ × H = ∇(∇ ⋅ H ) − ∇ 2 H .

(1.34)

Equation (1.33) can be written as
∇ 2 H − σμ

∂
∂2
H − με 2 H = 0 .
∂t
∂t

(1.35)

Which one of the time derivatives in Eq. (1.35) is more important depends on the material
parameters and the angular frequency of the phenomenon. When considering electrical
machines, Eq. (1.35) is often presented in its static or quasi-static form. The term quasi-static
indicates that the frequency f of the phenomenon in the question is low with respect to
Maxwell’s displacement current. If the electrical conductivity of a medium considered is high
or the angular frequency of the wave observed is low, the equation
σ
>> ε
ω

(1.36)

becomes valid. Then, the latter term of Eq. (1.35) can be omitted and we obtain static
diffusion equation for the eddy-currents.
If the conductivity is low or the angular frequency of the phenomenon is high, the equation
σ
<< ε
ω

(1.37)

becomes valid. In such a case, the term in the middle of Eq. (1.35) is zero and the wave
equation should be applied. This is the normal case when pure insulators are considered.
When slowly changing phenomena, such as eddy-current generation in an electric machine,
are examined, the last term in Equation (1.35) is small. In the conducting medium, we may
write
J >>

∂D
.
∂t

(1.38)

This means that the last term in Eq. (1.26) may be left out and the Ampere’s law is simplified
in the form
∇× H ≈ J .

(1.39)
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This is a good approximation when considering electrical machines, because the angular
frequencies observed are small compared with the machine dimensions. The phenomena
occurring in electric machines meet well the quasi-static requirement, since in practice,
considerable Maxwell’s displacement currents appear only at radio frequencies or in devices
such as capacitors designed particularly for the displacement currents.
An electrical machine converts electrical energy into mechanical energy or vice versa. The
fundamental principle upon which electrical machines are based is that there is a mechanical
force on any current-carrying wire contained within a magnetic field. The force is described
by the Lorentz force, which is a force experienced by a point charge dQ moving at speed v.
The force can be calculated by a vector equation
dF = dQ(E + vB ) = dQE +

dQ
ds × B = dQE + Ids × B ,
dt

(1.40)

where E is the electric field strength and B is the magnetic flux density. The latter part of
(1.40) is formulated with a current-carrying element of a conductor of the length ds, and it is
fundamental in the torque production of electric machines. The rotor rotates because the rotor
currents and the air gap magnetic field are developing rotational force. This force causes a
change in the rotational motion of the rotor, and a torque is developed about the axis of the
rotor.
Maxwell’s stress tensor has proven its adequacy in the determination of electromagnetic
forces and torques. By applying Maxwell’s stress tensor, the electromagnetic force affecting
the rotor made of conducting magnetic iron can be estimated by integrating over the surface
that confines the rotor
⎞
⎛ 1
(B ⋅ n)B − 1 B 2 n ⎟⎟dS ,
Fem = ∫ ⎜⎜
2μ0
S ⎝ μ0
⎠

(1.41)

where B is the magnetic flux density and n is the unit normal vector of the integration surface
S. The surface integral can be reduced to a line integral along the air gap of the machine. In an
ideal machine, the integration should produce an identically zero result since all the
differential force components have an opposite counterpart in the other side of the rotor.

(

)

2π ⎛
⎞
1
1
2
2
Fem = Leff ∫ ⎜⎜
Brad (ϕ )Btan (ϕ )ntan +
Brad (ϕ ) − Btan (ϕ ) nrad ⎟⎟ rdϕ
2μ 0
0 ⎝ μ0
⎠
2π

(1.42)

= Leff ∫ (σ tan (ϕ ) + σ rad (ϕ ))r dϕ ≅ 0
0

Here Brad(ϕ) and Btan(ϕ) are the local normal and tangential components of the magnetic flux
density as a function of rotor angle ϕ given as scalar values. Leff represents the effective
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length of the machine. Integrating the radial component in a machine with an offset rotor
gives the unbalanced magnetic pull.
The tangential component of the tension produces the differential pairs of the forces
[dFtan(ϕ), dFtan(ϕ + π)] on opposite sides of the rotor (assuming a two-pole motor). The
differential force components are dependent on the local tangential stress σtan(ϕ)
dFtan = Leff 2 πrσ tan (ϕ ) .

(1.43)

The tangential tension affecting the rotor can be determined directly from the interaction
between the rotor surface local current density Jr(ϕ) and the radial air gap flux component
Brad(ϕ). Using scalar values gives
σ tan (ϕ ) = μ 0 H rad (ϕ )J r (ϕ ) = Brad (ϕ )J r (ϕ ) .

(1.44)

If it is assumed that the air gap magnetic field varies sinusoidally, the sum of all differential
electromagnetic tangential forces integrated as scalar values around the rotor perimeter may
be expressed as
FΣ tan = Leff πr

Bˆ rad Jˆ r
cos ϕ r .
2

(1.45)

The dimensioning of the electric machine decides whether the machine produces the required
torque or not. The force acts at the distance of the rotor radius r from the shaft. Thus, the
average electromagnetic torque attempting to accelerate the rotor Tem will be
Tem = rFΣ tan = Leff πr 2

Bˆ rad Jˆ r
Bˆ Jˆ
cos ϕ r ≈ Vr rad r cos ϕ r ,
2
2

(1.46)

where cosϕr is the power factor and Vr volume of a solid rotor. Accurate definition of the solid
rotor power factor is a very challenging task, and therefore this subject is discussed in more
detail later in Chapter 5.
In the case of the high-speed induction machine, the large shaft power is normally achieved,
instead of high electromagnetic torque, via the high angular velocity of the rotor. This is
applicable especially in fan, blower and compressor applications, where the loading torque is
quadratic and very high values of torque are normally not required. The generated power of
the machine can be written as a product of mechanical angular velocity of the rotor Ωr and
electromagnetic torque Tem
Pem = Ω rTem =

2 πf r
Tem ,
p

where p is the number of pole pairs and fr is the rotor frequency.

(1.47)
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1.6

Finite-Element-Based Solid Rotor Calculation

The determination of the solid-rotor induction motor performance has to be carried out
through the solution of Maxwell’s field equations. In order to take into account the whole
machine geometry, a large number of partial differential equations or integral equations have
to be solved. An effective and widely used method of numerically computing eddy-current
fields is the finite element analysis. For accurately solving distributed eddy-current problems
containing partial differential equations or integral equations an effective computer program is
a useful tool. In this thesis for the determination of the solid-rotor induction motor
performance a finite element based numerical analysis was chosen.
The comprehensive considerations and covering equations for the finite element method are
reported for instance by Arkkio (1987), Silvester (1990) and Biro (1990). The leading process
in FEM is subdividing the described machine geometry into portions for which a particular
covering equation is valid. The described geometrical portions are further subdivided into a
large amount of smaller elements, finite elements. The sizes of finite elements should be well
proportioned in the motor geometry and, especially, the meshing of the air gap should be done
carefully. The air gap is divided into three layers of equal width: the outer and inner layers are
static and the middle layer is the dynamic layer in which the meshing is regenerated for each
time step. In saturating parts – such as a solid rotor – the maximum element size is usually
considered to be one third of the depth of penetration. Although a fine meshing requires a
long computation time, special attention has to be paid also to the meshing of the rotor to
accurately describe the complex eddy-current problem in the ferromagnetic solid rotor.
Therefore, a very dense meshing of the rotor and, in particular, on its outer layers is preferred.
In this thesis, the meshing of the rotor was intentionally selected to be over-dense to
accurately calculate the electromagnetic fields in the whole rotor cross section and to be able
to compare different rotor designs.
In each finite element, a simple polynomial function is used to approximate the solution for
the electromagnetic fields. In general, some simplifications have to be made to keep the
demand of the computer resources and the calculation time at acceptable levels. When applied
to electrical machines, the described problem is usually reduced. With the help of boundary
and symmetry conditions, the described problem can usually be reduced to cover only one
pole or one pole pair of the machine. This reduces the amount of polynomial functions to be
solved and thus the computation time needed is decreased. It is also often rationalized to
reduce the electromagnetic field problem to a 2D plane and to use the 2D finite element
analysis instead of 3D.
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The non-linearity of rotor material and the movement of the rotor require the use of the timestepping method to accurately solve the magnetic field. The assumption of sinusoidal time
variation becomes valid only in steady-state operation. The time variation of the induced
fields in the non-linear materials of an electric machine is practically never sinusoidal. Thus, a
two-dimensional, non-linear, time-stepping finite element analysis was applied in the
calculation of the performance characteristics of the solid-rotor induction motor. The
calculation is based on the numerical solution of the magnetic vector potential A in the twodimensionally modelled core region of the machine. To satisfy the non-divergence of the
magnetic field, the curl of magnetic vector potential is defined as
∇× A = B ,

(1.48)

∇⋅ A = 0.

(1.49)

Substituting the magnetic vector potential definition in the induction law gives
∇ × E = −∇ ×

∂A
.
∂t

(1.50)

The electric field strength can be written as
E=−

∂A
− ∇φ ,
∂t

(1.51)

where φ is the reduced electric scalar potential. Equation (1.52) fulfils Equation (1.49) since
∇ × ∇φ = 0 and the induction law is now automatically satisfied.
The current density J can be written as
J = σE = −σ

∂A
− σ∇φ .
∂t

(1.52)

The electromagnetic field of the motor in the Cartesian plane can be described in terms of the
magnetic vector potential and Ampere’s law as
∇ × (υ∇ × A) = J ,

(1.53)

where υ is the magnetic reluctivity and J is the current density. The reluctivity is also field
dependent and Eq. (1.54) becomes nonlinear.
Substituting Eq. (1.53) to (1.54) gives
∇ × (υ∇ × A) + σ

∂A
+ σ∇φ = 0 .
∂t

(1.54)

Equation (1.52) is valid in the eddy-current regions while Eq. (1.53) is valid in the regions of
source currents, such as coil currents, and in the regions with no current densities at all J = 0.
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The current density can be expressed as a function of vector potential A and electric scalar
potential ϕ
J = −σ

∂A
− σ∇ϕ ,
∂t

(1.55)

where σ is the electric conductivity of the material and t is time. The reluctivities of the stator
and rotor irons are defined as single-valued functions of the magnetic field strength. The
saturation effects in the stator and the rotor are simultaneously considered, but the eddycurrents in the stator windings and in the laminated stator core are usually ignored. The
conductance of the lamination sections and the windings areas is set zero. However, the total
resistance of the windings is usually given as an absolute value, that is, the resistive voltage
drop of the stator windings is taken into account in the analysis.
In two-dimensional FEM calculations, the axial coordinate is chosen to be the z-coordinate. In
addition, the vector potential and the current density have only the axial component and the
magnetic field is in the xy plane. This facilitates the solution of the field equations and thus
reduces the requirements of computer resources. The magnetic vector potential and current
density vector can be given by
A = A(x, y, t )ez ,

(1.56)

J = J (x, y , t )ez ,

(1.57)

where x and y are the Cartesian spatial components and ez is the unit vector of the z-direction.
If the axial length of the core region in the z-direction is l and the voltage between the ends of
the conductor on which an external source is imposed is u, the electric scalar potential φ in the
conductor can be defined similarly as in the axial z-direction
u
l

φ =− z .

(1.58)

The main disadvantage of using finite elements in machine analysis is that the FEM usually
involves the use of a large amount of computer capacity. To reduce the number of field
equations, the solid conductors placed to a stator slot are simplified and modelled as a single
filamentary conductor. This approximation is applicable when the skin effect and proximity
effect in the conductor are not a matter of substance. A filamentary conductor is a theoretical
circuit element in which the current i is supposed to be uniformly distributed over the
conductor radial cross-section. Thus, the conductivity σ is assumed constant in the conductor.
The conducting region is thought to form a straight conductor the axial length of which is the
same as that of the core region. The two-dimensional eddy-current density in the conducting
medium is
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J = −σ

∂A
u
−σ .
∂t
l

(1.59)

The two-dimensional non-linear eddy-current calculation and the machine terminal voltage
must be coupled. In the cases studied, the solid-rotor motors were set up under sine excitation.
In addition to voltage supply, to include the end winding effects of the stator coils, Eq. (1.59)
is coupled with the following circuit equation
u = Ri + Lew

di dψ
+
,
dt
dt

(1.60)

where u and i are the voltage and the current of the stator winding, R is the resistance of the
winding, ψ is the flux linkage associated with the two-dimensionally modelled magnetic field
and Lew is the end-winding inductance, representing the part of flux linkage, which is not
included in ψ.
In 2D calculations of a solid-rotor induction motor, where the whole rotor is treated as an
infinitely long eddy-current area it must be emphasized that the inductance of the rotor end is
not taken into account in the coupled circuit equation. Because of this, the rotor power factor
angle remains too small and thus, the motor power-factor obtained from the 2D FE analysis is
slightly overestimated.
The calculation of the electromagnetic force and torque affecting the ferromagnetic rotor core
is based on the principle of virtual work. The method of virtual work method allows
computing the torque exerted on parts that keep their shape and that are surrounded by air.
According to reports by Arkkio (1995) and Coulomb (1983), the virtual work method has
proven to give reliable results when computing the air gap torques of rotating electric
machines. In the virtual work method, the force is calculated as a partial differential of the
magnetic co-energy Wco with respect to the virtual displacement s
F=

∂Wco ∂ H
= ∫ ∫ BdHdV ,
∂s
∂s V 0

(1.61)

where B is the magnetic flux density, H is the magnetic field intensity and V is the volume
studied. It must be noticed that in the two-dimensional case, the volume integral in Eq. (1.62)
becomes a surface integration over the air gap finite elements. The electromagnetic torque
Tem, exerted in a given direction can be obtained by replacing the virtual displacement s with a
virtual angular displacement θ
Tem =

∂Wco
∂ H
=
∫ ∫ BdHdV .
∂θ
∂θ V 0

(1.62)

The comparison of experimental tests and results obtained from the numerical calculations,
presented by Saari (1998), Lähteenmäki (2002) and Huppunen (2004), have shown that the
time-stepping, finite element analysis is a valuable tool in the design of medium- and high-
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speed machines. Although the finite element method has been a significant tool in modelling
and analysis in this thesis, the emphasis has not been placed on the finite element analysis
itself. Finite element calculations are used in the comparative analysis of different solid rotor
designs. All the FEM results presented in the following chapters of this thesis are obtained
using commercial Flux2D™ software package from CEDRAT.
1.7

Scope of the Work and Outline of the Thesis

The electromagnetic problems related to the solid-rotor induction motor are mostly associated
with the low performance of the rotor. Therefore, this thesis provides the methods to improve
the electromagnetic performance of large medium-speed induction motors equipped with a
solid steel rotor. The rotor designs studied in this thesis are based on the fact that the rotor
construction should be extremely robust to withstand the high mechanical stresses caused by
the rotational velocity of the rotor. In addition, the rotor material should be able to withstand
cooling gases carrying oxidizing acids. Thus, the solid rotors equipped with end-rings, a
squirrel cage or coating materials made of copper or aluminium are excluded from the study;
these kinds of constructions are mechanically vulnerable since they contain individual parts,
which may move with respect to each other and easily lose the rotor balance at high-speed
operation. The solid rotors analyzed in this thesis are made of a single piece of ferromagnetic
material without any additional parts, because such a rigid rotor construction is able to keep
its balance over a large speed range.
The thesis aims in design rules for multi-megawatt machines. However, in this thesis, a 120
kW solid-rotor induction motor is used as a small-scale model for such megawatt- range
solid-rotor machines. The performance of the 120 kW solid-rotor induction motors is
determined by experimental measurements and finite element calculations. The main
emphasis is put on the solid steel rotor designs. In this thesis, the target is to improve the
performance of a solid-rotor induction motor by traditional methods: by axial slitting of the
rotor, with a correct rotor core material and by coating the rotor with a high-resistive stainless
ferromagnetic material. The rotor designs covered in this thesis are the simple smooth solid
rotor, the axially slitted solid rotor and the solid rotor having a ferromagnetic coating layer.
All these comprehensive rotor designs are illustrated in Fig. 1.6.
The motor and particularly its stator used in the research work for this thesis resemble an
existing product by The Switch Electrical Machines. The rotor of the original product is
normally a solid rotor having copper end-rings attached on the end faces. For this particular
research, the rotor was replaced with a pure solid steel rotor without copper end-rings. This
almost halves the output power of the motor at rated speeds. Although the motor equipped
with a solid steel rotor considered in this thesis had an output power of only 120 kW, the main
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target was to find out some main principles to be used in the design of megawatt-range
medium-speed solid-rotor induction motors.

a)

b)

c)
Figure 1.6. Solid rotor designs studied in this thesis: a) smooth solid rotor b) axially slitted solid rotor c) axially
slitted solid rotor with a uniform coating layer.

To sum up, the outline of the thesis is to evaluate the performance of pure solid-rotor
induction machines to be able to design machines in the megawatt range. A strong emphasis
is put on the selection of the rotor core material in different cases. The rotor construction, in
particular, the slitting of the rotor is analyzed. The rotor coating alternatives are analyzed. In
pure solid rotors, the end-effects of the rotor have a major importance. Therefore, the endeffects are also theoretically and in particular, experimentally analyzed. The thesis is divided
into six chapters. The main contributions of the chapters other than those mentioned in the
introduction are summarized in the following:
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Chapter 2

The effect of rotor material on the motor performance is numerically studied
on smooth and slitted rotors. The effect of electromagnetic parameters, that is,
the saturation flux density, magnetic permeability and electrical resistivity, are
studied in detail. In addition, some commercially available materials satisfying
the mechanical requirements are included in the study.

Chapter 3

The rotor slitting design is studied. The depth of the rotor slitting and the
number of the rotor slits are analyzed in detail. In addition, the mechanical
constraints set by the axial rotor slitting are discussed. The performance of a
solid rotor having an odd number of slits and its unbalanced magnetic pull are
analyzed.

Chapter 4

To achieve further improvements in the electromagnetic, mechanical and fluid
dynamical properties of a slitted solid-rotor induction motor, the coated rotor
construction was analyzed. It is shown by numerical calculations that the rotor
surface losses can be reduced by coating the solid rotor surface with a highresistive material. The effect of the ferromagnetic coating material on the
motor performance and desirable electromagnetic coating material properties
are discussed.

Chapter 5

The accuracy of the finite element calculations compared with the measured
values is discussed. In addition, the rotor end-effects in solid rotor calculation
and the accuracy of the finite element calculations are studied.

Chapter 6

The final chapter presents the conclusions and suggestions for future research
work.

1.8

Scientific Contributions

The scientific contribution of this thesis is:
• A slip-dependent end-effect factor for the slitted solid rotor is introduced. It describes
the effect of the curved current paths in the rotor end regions at a wide operation
range.
• Solid rotor constructions with odd slit numbers are discussed in detail.
• The effects of electromagnetic material parameters on the motor performance are
studied in detail in the cases of smooth and slitted solid rotors.
• The effects of high-resistive ferromagnetic coating materials on the motor
performance are analyzed in detail. The optimal design principles for the
ferromagnetic coating are discussed.
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1.9

Most Relevant Scientific Papers Published During the Work

The range of the output power for the reported motors is from 120 kW to 9 MW. All the
machines analyzed are medium-speed (~10 000 rpm) solid-rotor induction motors. At the
preliminary stage of each megawatt size motor designs, a small-scale prototype motor was
used in the calculations and also in the experimental measurements. The results of the work
were reported in several scientific papers. The most relevant of the publications listed below
are categorized to follow the outline of thesis.
The effect of different solid rotor materials in the medium-speed motors was analyzed in two
publications. In the first publication P1, the analyzed motor was a 250 kW induction motor
equipped with a solid rotor having copper end-rings on the end-faces of the rotor. In the
second paper P2, the motor was similar as in P1, except that the rotor was not equipped with
copper end-rings. It was concluded in both papers that the most desirable ferromagnetic solid
rotor material has a low resistivity and a high saturation flux density. The effect of initial
relative permeability was found to be almost negligible.
P1

T. Aho, J. Nerg and J. Pyrhönen: ’The Effect of the Rotor Material on the Performance of
Medium-Speed Solid-Rotor Induction Motors’, Proceedings of XII International Symposium
on Electromagnetic Fields in Mechatronics, Electrical and Electronic Engineering ISEF
2005, Baiona, Spain 2005.

P2

T. Aho, V. Sihvo, J. Nerg, J. Pyrhönen: ’Rotor Materials for Medium-Speed Solid- Rotor
Induction Motors’, International Electric Machines and Drives Conference (IEMDC) 2007,
Antalya, Turkey 2007.

The comparison of different solid rotor slitting strategies was reported in three publications.
The first paper P3 deals with different rotor slitting depths in a 200 kW, 10200 rpm solidrotor induction motor. It was shown that the depth of the rotor slitting should be
approximately half of the rotor radius. In the latter two papers P4 and P5, the electrical
performance of the motor and the unbalanced pull due to the asymmetric rotor was studied in
the case of a 9 MW, 12 000 rpm medium-speed solid-rotor induction motor. It was found out
that there are relatively large radial force differences between different rotor slit numbers. It
was also found that the odd rotor slit number could be advantageous when the torque ripple
and rotor power loss is considered.
P3

T. Aho, J. Nerg, J. Sopanen, J. Huppunen, J. Pyrhönen: ’Analyzing the Effect of the Rotor Slit
Depth on the Electric and Mechanical Performance of a Solid-Rotor Induction Motor’,
International Review of Electrical Engineering (I.R.E.E), Vol. 1, No. 4, September – October
2006, pp. 516-524.

P4

T. Aho, J. Nerg and J. Pyrhönen: ’The Effect of the Number of Rotor Slits on the Performance
Characteristics of Medium-Speed Solid-Rotor Induction Motor’, Proceedings of 3rd
International Conference on Power Electronics, Machines and Drives PEMD 2006, Dublin,
Ireland 2006, pp. 515-519.
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P5

J. Nerg, T. Aho, J. Pyrhönen: ’Effects of an Odd Number of Rotor Slits on the Torque Ripple,
Rotor Losses and Unbalanced Magnetic Pull of a High-Speed, High-Power, Solid-Rotor
Induction Motor’, WSEAS Transactions on Power Systems, Vol. 1, Issue 10, October 2006,
pp. 1762-1769.

The possibility of coating the solid rotor with a uniform layer made of high-resistivity
stainless steel was analyzed in three publications. The analyzed motor was a 9 MW,
12 000 rpm induction motor equipped with a coated solid steel rotor. It was shown in P6 that
the coating material resistivity should be approximately three times higher than the resistivity
of the rotor core material. It was shown in P7 that the thickness and the resistivity of the
coating should be selected in such a way that the air gap harmonics caused by the stator
slotting are attenuated in the coating layer. The results of the two previous publications were
summarized in P8.
P6

T. Aho, J. Nerg and J. Pyrhönen: ’Analysing the effect of the rotor coating on the rotor losses
of medium-speed solid-rotor induction motor’, Proceedings of International Symposium on
Power Electronics, Electrical Drives, Automation and Motion, SPEEDAM 2006, Taormina,
Italy 2006, pp. 103-107.

P7

T. Aho, J. Nerg, J. Pyrhönen: ’Analyzing the Effect of the Rotor Coating Thickness on the
Rotor Losses of Medium-Speed Solid-Rotor Induction Motor’, Proceedings of 2006
International Conference on Electrical Machines and Systems (ICEMS 2006), Nagasaki,
Japan 2006, paper DS2F4-01.

P8

T. Aho, J. Nerg, J. Pyrhönen: ’Decreasing the Rotor Eddy-Current Losses of a Medium-Speed
Solid-Rotor Induction Motor’, 10th Joint MMM/Intermag Conference, 2007, Baltimore, USA.

The three-dimensional field problem in the solid rotor end region was analyzed in two
publications. A 120 kW small-scale model was used in the studies. In the first publication P9,
the length of the rotor end region was experimentally analyzed. It was found that the rotor end
region should be axially as short as possible. In the second publication P10, different
corrective end-effect factors were analyzed. A slip-dependent end-factor, which takes into
account the curved current paths in the rotor ends and also the effect of different motor
loading conditions, was proposed.
P9

T. Aho, J. Nerg, J. Pyrhönen: ’Optimizing the Axial Length of the Slitted Solid Iron Rotor’,
2007, 2nd IEEE Conference on Industrial Electronics and Applications (ICIEA), 2007, Harbin,
China, CD.

P10

T. Aho, J. Nerg, J. Pyrhönen: ’Experimental and Finite Element Analysis of Solid Rotor End
Effects’, 2007, IEEE International Symposium on Industrial Electronics 2007, Vigo, Spain,
CD.
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2. FERROMAGNETIC SOLID ROTOR MATERIALS
The analysis of the performance of a magnetically non-linear solid rotor has been a
complicated problem to be tackled with conventional lumped-parameter equivalent circuits.
This is because in a solid rotor the path for the magnetic flux and the induced eddy-currents is
the same, that is, the ferromagnetic solid rotor core. The magnetic field strength at the surface
of the rotor is usually sufficiently high to drive the rotor well into magnetic saturation, thus
greatly affecting the eddy-current distribution of the solid iron rotor. The interaction between
the induced eddy-currents of the rotor and the revolving field of the air gap produces the
electromagnetic torque. It is obvious that the non-linearity of the rotor material permeability
must be taken into account when evaluating the performance of a solid-rotor machine. Hence,
the solid rotor performance should be determined directly from the analysis of the
electromagnetic fields.
Most of the early studies on solid rotors, for instance by McConnell and Svedrup (1955),
Wood and Concordia (1960), Agarwal (1956), Angst (1962), Jamieson (1968), Chalmers
(1972) and Yee and Wilson (1972), were at least partly analytic, and the permeability for the
rotor material was kept constant. In the aforementioned reports, the authors showed that the
rotor material properties of a solid-rotor motor have a substantial influence on the motor
characteristics. However, finite elements were not, in practice, available for the researchers
mentioned above and, hence, the exact behaviour of the solid rotor remained partly
unresolved. At present, we still have some difficulties in finite element calculations of the
solid rotor. However, two-dimensional calculations are well available and describe quite
adequately the behaviour of the solid rotor in the radial cross-section of the motor.
The main objective of this chapter is to numerically analyze the effects of different
ferromagnetic materials on the electromagnetic performance characteristics of a mediumspeed solid-rotor induction motor. The intention is also to verify the earlier results or find
other desirable properties. Finite element method may bring some new information on the
behaviour of the rotor materials. It is also pointed out that all the early studies were made for
smooth solid rotor constructions. In this chapter, the effects of different ferromagnetic
materials on the electromagnetic performance characteristics of solid-rotor induction motor
are comprehensively analyzed by using two-dimensional numerical calculations as the
analysis tool. Hence, it has to be borne in mind that the results obtained for the power factor,
slip and torque are somewhat too optimistic for a rotor without end rings; nevertheless, a
comparison between different materials is well possible.
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The studied solid rotor constructions present a smooth rotor design without any machined
grooves on the rotor surface and an axially slitted rotor. The effects of the initial relative
permeability μr0, the saturation flux density Bs and the electrical resistivity ρ of the rotor core
material on the motor performance characteristics are studied extensively. To cover a wide
range of electromagnetic material property combinations, numerous fictitious ferromagnetic
rotor core materials were created. To achieve comparable results, both the stator and the rotor
dimensions were kept as constants in all calculations. This limitation had to be adopted to
keep the calculation time within the limits of the thesis work.
In this study, as a base reference, a 120 kW two-pole, 170 Hz induction motor equipped with
a slitted solid iron rotor (rotor diameter 195 mm, stator core length 280 mm) is used. Its
synchronous speed is 10200 rpm, rated slip 1 %, efficiency 93 %, cosφ = 0.61 and the rated
torque 110 Nm. The rated current of the motor at 230 V (phase voltage) supply is 300 A. The
number of coils per pole per phase is 16. These values are used as reference values when
comparing rotors made of different materials. The solid rotor of the motor used as a base
reference is made of construction steel, the electromagnetic properties of which are
Bs = 2.0 T, µr0 = 1000 and ρ = 30 μΩcm. In the FE calculations, the rotor end-effects were
taken into account with the Russell’s end factor. The solid rotor end-effects are discussed in
more detail in Chapter 5. The electromagnetic properties chosen for the rotor material of the
base reference motor are close to the commercial low-carbon steel Fe52. Actually, it has been
proven in practice that the Fe52 steel satisfies quite well the practical needs for the rotor
material. The actual, commercially available ferromagnetic materials, introduced in the latter
part of this chapter, were selected such that they satisfy the mechanical requirements set by
the high-speed operation.
2.1

Effect of the Electromagnetic Material Parameters on the Rotor Performance

The magnetization behaviour of a medium can be represented by drawing the magnetic
saturation flux density B as a function of magnetic field strength H. A non-linear, singlevalued B-H dependence for a ferromagnetic material, taking the magnetic saturation into
account, can be expressed with a model comprising of a straight line and an arc tangent curve.
The slope of the straight line is defined according to the given initial permeability and the
applied magnetic field strength. The non-linear part of the BH curve is defined according to
the given magnetic flux density saturation value and the initial permeability. The
corresponding mathematical formula applied in the Flux2d™ software can be written
B (H ) = μ 0 H +

⎛ π(μ r − 1)μ 0 H
2 Bs
arctan⎜⎜
π
2 Bs
⎝

⎞
⎟⎟ ,
⎠

(2.1)
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where µ0 is the absolute magnetic permeability of free space, µr is the initial relative magnetic
permeability of the material at the origin, Cedrat (2005). Bs describes the magnetic flux
density at saturation polarization. A simplified illustration of the generation of the applied BH
curve is shown in Fig. 2.1.
Asymptote line of B = µ0H+Bs

B [T]

Bs

Straight line of µrµ0 slope

H [A/m]

Figure 2.1. Shape of the BH curve is generated as a combination of a straight line and an arc tangent-based
function.

In this work, the B-H relationship is represented by a single-valued magnetization curve,
which means in fact that the hysteresis is neglected. However, the rotor frequencies in the
motor considered in this chapter are low; a one per cent slip results in 1.7 Hz slip fundamental
frequency in the rotor when the source frequency supplied to the stator winding is 170 Hz. It
is also known that the rotor under load operates in heavy saturation, and in such a case, the
hysteresis plays a minor role. Because the FEM software (Flux2D™) used in the analysis does
not yet include an opportunity to take the hysteresis into account, the effect of hysteresis had
to be ignored.
2.1.1

Relative Permeability and Saturation Flux Density

Permeability is a quantity that describes the magnetic property of a medium. The term of
magnetic permeability can be considered to represent the “conductivity for magnetic flux”.
The higher the permeability of a medium, the better the magnetic flux flows through the
medium. The absolute magnetic permeability µ can be expressed as a relation between the
magnetic flux density B and the magnetic field H
μ=

dB
.
dH

(2.2)
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The absolute magnetic permeability µ consists of the permeability of free space µ0 and
relative permeability µr
μ = μ0 μr .

(2.3)

The permeability of free space has a finite value μ0 = 4π⋅10−7 H/m. This value is independent
of the applied field strength. The relative permeability μr is a relation of total permeability and
permeability of a vacuum. The dissimilarity between the permeability of free space μ0 and
the relative permeability μr is that the relative permeability describing a medium is normally
not a simple constant, but the behaviour of the relative permeability of a ferromagnetic
material is a non-linear complex function of the applied magnetic field. As the magnetic field
strength increases, the relative permeability of the ferromagnetic material decreases nonlinearly, thus resulting in a low value of relative permeability at high magnetic field strengths.
Fictitious BH curves were created. To obtain calculation results in a wide range, the initial
relative permeability of the rotor core material was varied from 5 to 8000. In practice, the
behaviour of the relative permeability depends highly on the compounding materials of the
ferromagnetic iron alloy. However, it can be estimated that the initial relative permeabilities
for actual ferromagnetic materials lies somewhere between 50 and 8000. The fictitious
magnetization curves with varied initial relative permeabilities for solid rotor materials,
shown in Fig. 2.2, are created based on Eq. (2.1). The magnetic saturation flux density was
kept at a constant value of 2.0 T for the illustrated BH curves.
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Figure 2.2. BH curves for the fictitious saturable ferromagnetic solid rotor materials. The initial relative
permeability µr0 is varied between 5 and 8000. The saturation flux density for all the illustrated magnetization
curves is 2.0 T.
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Also the effect of the magnetic saturation flux density of the solid rotor core material on the
motor performance was numerically studied. Similarly, as it is in the case of the initial
relative permeability, the single-valued BH curves describing the non-linear dependence of
the magnetic flux density B upon the magnetic field intensity H were created by applying Eq.
(2.1). The BH curves created for the solid rotor material are shown in Fig. 2.3. For the solid
rotor materials, shown in Fig. 2.3, the initial relative permeability was kept at a constant value
of 1000. The selected range of the saturation flux density was based on the knowledge that the
practical values for ferromagnetic materials, the saturation flux density should lie somewhere
below 2.25 T and above 0.5 T.
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Figure 2.3. BH curves for the fictitious ferromagnetic solid rotor materials. The initial relative permeability for
all illustrated BH curves is set to a constant value of 1000. The saturation flux density is varied from 0.50 T up to
2.25 T.
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Smooth Solid Rotor
Let us first consider the effect of the material’s magnetic properties on the motor performance
in the case of a conventional smooth solid rotor. The effects of the initial relative permeability
and the magnetic saturation flux density on the electromagnetic torque in the case of a smooth
solid rotor are shown in Figs. 2.4 and 2.5. The results obtained from the numerical
calculations show that the highest electromagnetic torque is reached when the saturation flux
density of the rotor core material is relatively low and the initial relative permeability is high.
For this particular rotor, the optimum rotor material from the torque production point of view
should have a saturation flux density around only 1.0 T and the initial relative permeability
should be above 250. On the other hand, it was found that if the saturation flux density of the
applied rotor material is high, it is advantageous from the torque production point of view if
the initial relative permeability is lower than that in the previous case.

Overall, the initial relative permeability of the applied solid rotor core material can be
unexpectedly low. These observations deviate somewhat from the previous studies. For
instance, Pyrhönen (1991) proposed that the high magnetic saturation flux density is a
desirable electromagnetic property for the ferromagnetic rotor material applied in the smooth
solid rotors. In addition, Lähteenmäki (2002) reported that a high permeability flux path in the
solid rotor core is required. These conclusions can be said to be partly valid, but in practice,
they do not always bring satisfactory results because of the deep saturation of the medium.
The results presented here follow quite well the trend shown by Wilson (1969) in his
dissertation. In his study, only three values for the initial relative permeability were used: 500,
750 and 1000. Analogously with Wilson’s results, the highest torque was reached with quite a
low value of initial relative permeability. However, Wilson (1969) did not discuss the effects
of the magnetic saturation flux density of the medium. It is also worth noticing that even
though a low permeability gives a high torque, the power factor of the rotor remains very low
and low permeability rotor materials may hence be impractical. In this light, the high
permeability and saturation flux density suggested by Pyrhönen (1991) and Lähteenmäki
(2002) can be understood as a practical choice.
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Figure 2.4. Effect of the initial relative permeability on the electromagnetic torque as a function of slip in the
case of a smooth solid iron rotor (2D calculation results). The saturation flux density is either 2.0 T or 1.5 T, and
the electrical resistivity of the rotor core material is set to a constant value of 30 μΩm.
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Figure 2.5. Effect of the initial relative permeability on the electromagnetic torque as a function of slip in the
case of a smooth solid iron rotor (2D calculation results). The saturation flux density is either 1.0 T or 0.5 T, and
the electrical resistivity of the rotor core material is set to a constant value of 30 μΩm.
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Figure 2.6 shows the behaviour of the electromagnetic torque when the smooth solid rotor is
made of a material having the initial relative permeability of 250 and the electrical resistivity
of 30 μΩcm. The saturation flux density was varied from 0.5 T to 2.0 T. We can see clearly
that the highest torque is reached when the saturation flux density is 1.0 T.
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Figure 2.6. Effect of saturation flux density on the electromagnetic torque as a function of slip in the case of a
smooth solid iron rotor (2D calculation results). The initial relative permeability is 250 and the saturation flux
density is varied from 0.5 T to 2.0 T. The electrical resistivity of the rotor material is 30 μΩcm.

In the design of an induction motor equipped with a solid rotor, it is consequential to
minimize the slip in order to achieve a good flux penetration, to avoid the over-saturation of
the rotor and to minimize the rotor losses. To explicate the effect of the initial relative
permeability and saturation flux density on the motor performance, the bar diagrams of
Fig. 2.7 illustrate the slip values required to achieve the rated electromagnetic torque. It can
be seen that the slip can be reduced by manufacturing a smooth solid rotor of a ferromagnetic
material having a high value of initial relative permeability and a low saturation flux density.
However, in the case studied, the value of the saturation flux density of the rotor core material
should no be less than 1.0 T.

52
2.50
2.0 T

2.25

1.5 T

1.0 T

0.5 T

2.00

Slip [%]

1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00
5

10

20

50

250

500

1000

2000

4000

6000

8000

Initial relative permeability
Figure 2.7. Per-unit slip values of a 170 Hz two-pole motor required to attain the nominal electromagnetic torque
with varied values of initial relative permeability and saturation flux density (2D calculation results). The
electrical resistivity of the rotor core material is set to a constant value of 30 μΩcm. It can be seen that the best
torque properties are found when the saturation flux density is 1 T and the initial relative permeability at least 50.

The Lorentz force states that the electromagnetic torque is due to the interaction between the
eddy-currents induced in the solid cylindrical rotor and the rotating magnetic field in the air
gap. In a solid-rotor induction motor, the rotor also forms a route for the magnetic flux and
the rotor currents. The distribution of the magnetic flux and the induced currents in the solid
rotor calls for special attention. As a result of the skin and proximity effects, eddy-currents at
the surface of the ferromagnetic, electrically conducting rotor core material tend to push the
induced magnetic field outwards in the rotor. The depth of penetration into the rotor becomes
extremely low, and the magnetic flux and the torque-producing eddy-currents tend to be
concentrated at the surface layer of the rotor, thereby saturating the surface of the rotor. As a
consequence, the inner part of the rotor core may become useless and the rotor apparent
resistance will be high thus ruining the electrical performance of the motor. This phenomenon
is illustrated in Fig. 2.8, which shows the current distribution in a half of the radial crosssection of a smooth solid rotor at the rated electromagnetic torque.
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Figure 2.8. Effect of the initial relative permeability on the current density distribution in a smooth solid rotor
when slip is 1.0 per cent (frotor = 1.7 Hz, 2D calculation results). When the saturation flux density of the rotor
core material is high, a very low value of initial relative permeability is advantageous when considering the
current density distribution in the rotor. However, the best current distribution is attained when the saturation
flux density is moderate, Bs = 1.0 T, and the initial relative permeability is high, μr0 = 1000.
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As it was illustrated in Fig. 2.8, the favourable rotor current distribution can be found in the
case where the rotor material has a low saturation flux density and a high initial relative
permeability. In such a case, the inducing electromagnetic-torque-producing eddy-currents
spread out in a more advantageous way in the rotor cross-section. To illustrate the
phenomenon, Fig. 2.9 gives a graph representation of the current distribution in the range of
the rotor radius.
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Figure 2.9. Current density in the smooth solid rotor at the range of rotor radius with different rotor core
materials (2D calculation results). The rotor radius is 97.5 mm. The calculations were performed at 1.0 per cent
slip (fr = 1.7 Hz). The varied initial relative permeability μr0 is 250 and 1000 and the saturation flux density is 1.0
T and 2.0 T. The electrical resistivity of the rotor core material in all the calculations is 30 µΩcm. It can be seen
that a low value of saturation flux density provides a more linear rotor current distribution.

The depth of penetration δdp of the electromagnetic wave into a magnetically linear material
can be defined as a distance from the surface of the material at which the fields are attenuated
to e-1 of their initial value at the surface
δdp =

2ρ
,
ωμ 0 μ r

(2.4)

where ρ is the electrical resistivity of the material, ω is the angular frequency of the flux wave
observed, μ0 is the permeability of a free space, and μr is the relative permeability. If the
resistivity ρ is a constant, we see that the depth of penetration is the larger the smaller the
relative permeability μr is. This supports the result found above. Equation (2.4) is valid only
for non-saturating materials with a constant permeability, but it may, to some degree, be used
also as an indicative value in saturating ferromagnetic parts.
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Figure 2.10 illustrates the behaviour of the relative permeability μr of the rotor material in the
range of the rotor radius when the saturation flux density of the rotor core material is 1.0 T
and 2.0 T and the initial relative permeability is between 250 and 1000. The relative
permeability illustrated is obtained from the numerical finite element calculations. The
electrical resistivity for all the applied rotor core materials was 30 Ωcm. It can be seen that
despite the initial relative permeability μr0 of the rotor core material, the calculated relative
permeability μr at the rotor cross-section remains at a low level when the magnetic flux is
penetrating into the rotor. The rotor surface magnetic field has a strong intensity and the rotor
outer layers are deeply saturated independent of the saturation flux density of the rotor
material. This explains why the shape of the magnetization curve becomes almost
insignificant when the relative permeability and the penetration depth for the fundamental
flux wave are considered at the surface layer of the rotor. This also is in agreement with
Agarwal's limiting non-linear theory.
When the magnetic flux continues to penetrate deeper into the rotor core, towards the rotor
centre, the magnetic field is attenuated and the initial relative permeability μr0 and saturation
flux density Bs begins to strongly influence the relative permeability μr and the flux
penetration depth. To ensure the flux penetration deep into the centre of the rotor, thereby
utilizing the whole rotor cross-section in the electromagnetic torque production, a lowpermeability flow path for the fundamental flux wave on its way is required. With a rotor core
material having a low saturation flux density, the relative permeability remains naturally low
on its way towards the rotor centre, because the magnetic fields in the medium are high
enough to operate beyond the linear part of the BH curve. The low permeability of the
medium ensures a better penetration depth for the magnetic flux and the rotor currents. The
results in Fig. 2.10 illustrate that with a material having a low initial permeability and a low
saturation flux density, the behaviour of the permeability is more uniform in the smooth solid
rotor.
In a case, where the rotor material has a high saturation flux density, the low initial relative
permeability becomes favourable. The magnetic fields in the centre part of the rotor are acting
in the linear part of the BH curve. The low relative permeability in the linear part of the BH
curve ensures a better depth of penetration in the centre part of the rotor. Therefore, the
current distribution will be disadvantageous from the electromagnetic torque production point
of view, as it was illustrated in Figs. 2.8 and 2.9.
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Figure 2.10. Relative permeability in a smooth solid rotor core as a function of distance from the rotor surface
(2D calculation results). The rotor radius is 97.5 mm. All the calculations were performed at 1.0 per cent slip
(frotor = 1.7 Hz). In the figure, the initial relative permeability μr0 is 250 or 1000, and the saturation flux density is
1.0 T or 2.0 T. The electrical resistivity for rotor material is 30 µΩcm.

In the case of a high saturation flux density, a low value of the initial relative permeability of
the rotor core material causes an increase in the electromagnetic torque production. However,
a very low power factor prevents the opportunity to use a low permeability material in the
solid rotor core. If the initial relative permeability is very low, a very low power factor cannot
be avoided. Hence, non-ferromagnetic materials such as aluminium cannot be used as a rotor
material, Pyrhönen (1989). When magnetizing a rotor made of a material with a very low
initial relative permeability, a high reactive power will be required. Consequently, also the
apparent power supplied to the motor increases and the total efficiency of the motor will
suffer. The effect of the initial relative permeability on the power factor as a function of slip
in the case of a smooth solid iron rotor is shown in Figs. 2.11 and 2.12. The highest power
factor for the smooth solid-rotor induction motor at the rated slip can be achieved with a rotor
material having a high value of initial relative permeability. Similarly, as it is in the case of
electromagnetic torque, the lower limit for the initial relative permeability can be defined to
be around μr0 = 250.

57
Saturation flux density 2.0 T

0.60

Power factor

0.50

8000

INITIAL RELATIVE PERMEABILITY
4000
500
250
50
2000
1000

6000

10

20

5

μr0 > 50

0.40

μr0 = 20
0.30

μr0 = 10
0.20

μr0 = 5

0.10
0.00
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

Slip [%]

Saturation flux density 1.5 T
0.60
0.50

8000

INITIAL RELATIVE PERMEABILITY
4000
2000
1000
500
250
50

6000

20

10

5

μr0 > 250

Power factor

μr0 = 50
0.40

μr0 = 20

0.30

μr0 = 10

0.20

μr0 = 5

0.10
0.00
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

Slip [%]
Figure 2.11. Effect of the initial relative permeability on the power factor as a function of per-unit slip in the case
of a smooth solid iron rotor (2D calculation results). The saturation flux density is either 2.0 T or 1.5 T, and the
resistivity of the rotor core material is set to a constant value of 30 μΩm.
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Figure 2.12. Effect of the initial relative permeability on the power factor as a function of per-unit slip in the case
of a smooth solid iron rotor (2D calculation results). The saturation flux density is either 1.0 T or 0.5 T, and the
resistivity of the rotor core material is set to a constant value of 30 μΩm.
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Because of a very low value of the initial relative permeability, the power factor will suffer
and the apparent power of the rotor will increase. The stator phase current required to achieve
the rated slip increases owing to the increased demand for the rotor magnetization. This
increases the losses in the stator winding. Moreover, the current in the starting and in the
short-circuit operation conditions will be extremely high, and thus for instance the
dimensioning of the stator winding, cooling, filtering and the power converter will be a
challenging and expensive task. At very low values of initial relative permeability, for
instance µr = 5, the start-up current would be so high that, in practice, the motor would not
start at all. The effects of the initial relative permeability and the saturation flux density on the
stator phase current are shown in Figs. 2.13–2.15. As it can be seen, to achieve a reasonable
power factor and an acceptable stator current, the saturation flux density of the rotor material
should not be too low. Practical lower limits for the saturation flux density and for the initial
relative permeability in the solid rotor studied are 1.25 T and 250, respectively.
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Figure 2.13. Effect of the initial relative permeability on the stator current as a function of slip in the case of a
smooth solid iron rotor (2D calculation results). The saturation flux density is 2.0 T, and the electrical resistivity
of the rotor core material is set to a constant value of 30 μΩcm. The rated current of the reference motor is
300 A. The stator phase current with low permeability is increased considerably.
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Figure 2.14. Effect of the initial relative permeability on the stator current as a function of slip in the case of a
smooth solid iron rotor (2D calculation results). The saturation flux density is either 1.5 T or 1.0 T, and the
electrical resistivity of the rotor core material is set to a constant value of 30 μΩcm. The rated current of the
reference motor is 300 A. The stator phase current with low permeability increases substantially.
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Figure 2.15. Effect of the initial relative permeability on the stator current as a function of slip in the case of a
smooth solid iron rotor (2D calculation results). The saturation flux density is 0.5 T, and the electrical resistivity
of the rotor core material is set to a constant value of 30 μΩcm. The rated current of the reference motor is
300 A. The stator phase current with low permeability increases substantially.

As a conclusion, it could be stated that it is possible to make a smooth solid-rotor induction
machine and achieve the best possible performance by selecting a rotor core material that has
a saturation flux density of at least 1.0 T and an initial relative permeability of at least 250.
The power factor of such a machine will nevertheless remain low.

62
Slitted Solid Rotor
The subsequent part of this chapter concentrates chiefly on the slitted solid rotor. Some
comparisons between smooth and slitted solid rotors are made to show that the phenomena
observed in the case of the slitted solid rotor are not completely congruent with those of a
smooth rotor. Except the rotor slitting, the machine geometry was kept the same as in the
study of a smooth rotor. The depth of the slitting is 40 mm and the slit width is 2.5 mm, which
is the minimum practical value from the manufacturing point of view. When the rotor
diameter is 195 mm, the 40 mm slit depth corresponds to about 40 % of the rotor radius,
which was found suitable in the previous studies. The number of rotor slits is 34 and the rotor
length is 340 mm. In the slitted solid rotor, the initial relative permeability of the rotor core
material has only a minor effect on the electromagnetic torque production and on the power
factor of the motor when the initial relative permeability is kept above 250. Figures 2.16–2.18
show the effect of the relative permeability on the electromagnetic torque, power factor and
stator phase current. The results are obtained by the FEM analysis achieved with Flux2D™.
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Figure 2.16. Effect of the initial relative permeability on the electromagnetic torque as a function of the per-unit
slip in a medium-speed induction motor equipped with a slitted solid rotor (2D calculation results). The electrical
resistivity of the material is set to 30 μΩcm, and the saturation flux density is 2.0 T.
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Figure 2.17. Effect of the initial relative permeability on the power factor as a function of the per-unit slip in a
medium-speed induction motor equipped with a slitted solid rotor (2D calculation results). The electrical
resistivity of the material is set to 30 μΩcm, and the saturation flux density is 2.0 T.
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Figure 2.18. Effect of the initial relative permeability on the stator phase current as a function of the per-unit slip
in a medium-speed induction motor equipped with a slitted solid rotor (2D calculation results). The electrical
resistivity of the material is set to 30 μΩcm, and the saturation flux density is 2.0 T. The rated current of the
reference motor is 300 A.
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It was shown in Fig. 2.18 that as a result of a low power factor with low values of initial
relative permeability, the stator current can increase up to 5 times higher compared with the
rotor material with higher values of initial relative permeability. Figure 2.19 supports the
notion presented previously in this study that to achieve an efficient operation of the motor, at
the whole speed range, the value of the initial relative permeability of the applied rotor
material should be above μr0 = 250.
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Figure 2.19. Effect of the initial relative permeability on the stator phase current as a function of electromagnetic
torque of a medium-speed induction motor equipped with a slitted solid rotor (2D calculation results). The
resistivity of the rotor core material is set to 30 μΩcm, and the saturation flux density is 2.0 T. The rated current
of the reference motor is 300 A.

As shown in Figs. 2.15–2.19, considerable changes in the motor performance are not obtained
until the initial relative permeability is very low. This phenomenon can be explained by the
fact that the solid rotor core of the medium-speed machine is highly saturated even in the
normal operation area. Because of the high saturation, the motor operates normally far beyond
the linear region of the material's magnetization curve and, therefore, the relative permeability
of the rotor material is naturally very low. Despite the high saturation, the axial slits force the
magnetic flux to penetrate deep into the rotor. Because of the rotor slitting, the saturation of
the rotor does not as strongly affect the flux penetration and rotor current distribution as in the
case of a smooth rotor.
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According to the results obtained from the numerical calculations, the most applicable rotor
material for the slitted solid rotor studied is the material with a high saturation flux density
and an initial relative permeability above the value of 250. Based on this, the initial relative
permeability is set in the following to a constant value of 1000 for the material applied in the
slitted solid rotor constructions.

Rotor loss [kW]

The rotor surface losses can be determined by subtracting the rotor fundamental losses from
the rotor total losses. This is also shown in Eq. (1.19). The highest value of the surface
impedance is obtained when the coating material has a high permeability and a high
resistivity. A high surface impedance does not let intensive eddy-currents to flow, thereby
producing low surface losses. The rotor surface impedance is discussed in detail later in
Chapter 5. The effects of the initial relative permeability on the solid rotor resistive losses and
the surface losses in the cases of smooth and slitted solid rotors are shown in Fig. 2.20. The
results are obtained from the 2D finite element calculations. As we can see in Fig. 2.20,
because of a high relative permeability, the surface impedance is high and the rotor surface
losses caused by the air gap harmonic fields are damped. This is emphasized in the smooth
rotor, in which the axial slitting does not restrict the excessive rotor surface losses.
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Figure 2.20. Effect of the initial relative permeability on the solid rotor surface losses in the cases of smooth and
slitted solid rotors (2D calculation results). All the calculations were made at the nominal operation point of the
motor. The resistivity for all the rotor materials is set to 30 μΩcm. The magnetic saturation flux density of the
rotor material for smooth rotor is 1 T and for slitted rotor 2 T. The main dimensions for both of rotors are
identical. The depth of the axial slitting in the slitted rotor is 40 mm. It can be seen that to decrease the rotor
surface losses, the initial relative permeability of the material should be high.
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Fig. 2.21 shows the electromagnetic torque as a function of per-unit slip with varied saturation
flux densities when the motor is equipped with a slitted solid rotor. The electrical resistivity
and the initial relative permeability of the rotor material are 30 μΩcm and 1000, respectively.
It can be seen that the effect of the saturation flux density on the electromagnetic torque is
almost negligible. Considerable changes are not obtained when the saturation flux density is
kept above 1.25 T. The reason for this is that the magnetic flux, forced by the axial slitting,
penetrates deep into the rotor, and therefore the saturation of the rotor outer layers does not as
strongly affect the flux penetration and the magnetization as in the case of a smooth rotor.
From the motor efficiency point of view, it is essential that the motor is able to produce a high
torque with a low stator current. The low current-torque ratio is important when considering
both the motor efficiency and the stator copper losses. The calculated power factor of the
motor and stator phase current is shown in Figs. 2.22 and 2.23. The stator phase current as a
function of generated electromagnetic torque is illustrated in Fig. 2.24. It can be seen that
when the saturation flux density of the solid rotor material is above 1.5 T, it does not affect
the phase current-torque ratio. If the saturation flux density for the applied rotor material is as
low as 0.5 T, the stator current will be extremely high.
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Figure 2.21. Effect of the magnetic saturation flux density on the electromagnetic torque as a function of slip in
the case of a slitted solid iron rotor (2D calculation results). The electrical resistivity of the material is set to
30 μΩcm and the initial relative permeability is 1000. The depth of the rotor slitting is 40 mm.
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Figure 2.22. Effect of the magnetic saturation flux density on the power factor as a function of slip in the case of
a slitted solid iron rotor (2D calculation results). The depth of the rotor slitting is 40 mm. The electrical
resistivity of the material is set to 30 μΩcm and the initial relative permeability is 1000.
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Figure 2.23. Effect of the magnetic saturation flux density on the stator current as a function of slip in the case of
a slitted solid iron rotor (2D calculation results). The electrical resistivity of the rotor core material is set to 30
μΩcm and the initial relative permeability is 1000.
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Figure 2.24. Effect of the magnetic saturation flux density of the rotor material on the stator current as a function
of electromagnetic torque in the case of a slitted solid iron rotor (2D calculation results). The electrical resistivity
of the rotor core material is set to 30 μΩcm and the initial relative permeability is 1000.

Figure 2.25 shows the calculated rotor surface losses with different saturation flux density
values. It can be seen that a low value of the saturation flux density of the rotor material
generates more losses on the solid rotor surface than the corresponding material with a high
saturation flux density. This can be explained by Figs. 2.10 and 2.11: with a low saturation
flux density, the relative permeability is very low in the whole rotor cross-section. Thus, the
surface impedance is low, and the losses generated by the high frequency eddy-currents
produce more rotor losses than is the case with a rotor having a high saturation flux density.
Again, it can be seen in Fig. 2.25 that the axial slitting of a solid rotor decreases the lowfrequency impedance of the rotor, and thereby produces the rated output power with a smaller
slip than with a smooth rotor. This results in lower rotor resistive losses. Slitting also
increases the high-frequency surface impedance of the rotor thus decreasing the rotor eddycurrent losses.
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Figure 2.25. Effect of the magnetic saturation flux density on the solid rotor losses in the cases of slitted and
smooth solid iron rotors (2D calculation results). All the calculations were made at the nominal operation point
of the motor. The resistivity of the material is set to 30 μΩcm and the initial relative permeability is 1000. The
depth of the axial slitting in the slitted rotor is 40 mm.

As a conclusion of this study, it is possible to desire a high saturation flux density for the rotor
material dependent of the fact if it is slitted or not. The saturation flux density should be
above 1.25 T for slitted rotor construction. The high saturation flux density produces more
torque and reduces the surface losses in a slitted rotor. A smooth rotor might become better if
the saturation is not too high but in the range of 1.0–1.5 T. The initial relative permeability of
the rotor material is independent if the rotor is slitted or not. It should be above 250 in order to
reduce rotor surface losses and ensure the proper power factor.
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2.1.2

Electrical Resistivity

Next, it will be shown that the electrical resistivity of the rotor core has a considerable effect
on the performance characteristics of a solid-rotor induction motor. The initial assumption
was that the effect of the rotor core material resistivity on the motor performance in the cases
of smooth and slitted rotors is similar. However, in the following, the effects of the resistivity
on smooth and slitted solid rotors are approached individually.
Smooth Solid Rotor
The effect of the electrical resistivity of the rotor core material was numerically studied. The
electromagnetic torque obtained by the FE calculations is shown in Fig. 2.26. It can be seen
that the lower the resistivity of the solid rotor core material, the higher electromagnetic torque
is achieved at the same slip. This is due to the fact that the lower the resistivity of the solid
rotor core material, the higher are the induced torque producing eddy-currents in the rotor,
and consequently, a higher electromagnetic torque production is achieved. When the rotor
resistive losses, known also as Joule losses, are considered, the nominal operation point of the
solid-rotor induction motor should occur at a low value of slip. As it can be seen in Fig 2.27,
the lower the resistivity of the rotor core material is, the lower is the slip at the rated torque,
thus minimizing the Joule losses of the rotor.
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Figure 2.26. Effect of the electrical resistivity of the rotor core material on the electromagnetic torque as a
function of slip in the case of a smooth solid rotor (2D calculation results). The initial relative permeability of the
applied rotor core material is 1000 and the saturation flux density is 1.0 T.
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Figure 2.27. Slip values at nominal electromagnetic torque with varied values of electrical resistivity of the rotor
core material (2D calculation results). The rotor constructions used in the calculations were smooth and axially
slitted solid rotors. The saturation flux density for a smooth rotor is 1.0 T and for a slitted one 2.0 T. The initial
relative permeability for both rotors is 1000.

The optimal power factor of the machine occurs at lower slip values when the resistivity of
the ferromagnetic solid rotor core material is lowered. This is natural since a low resistivity
rotor produces a high torque already at low slips. Figures 2.28 and 2.29 show the power
factors and the stator currents as a function of slip using different resistivities of smooth
rotors.
It was shown in Fig. 2.27 that the low electrical resistivity produces a reduced slip at the rated
torque. In addition to low rotor Joule losses, a low slip also causes a decreased stator current,
when considered as a function of slip. This decreases stator copper losses. However, as it is
illustrated later in Fig. 2.33, the electrical resistivity of the rotor material does not actually
affect the stator phase current when considered at the rated electromagnetic torque. Exactly
the same phenomenon can be observed, when the power factor of the motor is drawn as a
function of electromagnetic torque or shaft output power.
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Figure 2.28. Effect of the electrical resistivity of the rotor core material on the power factor as a function of slip
in the case of a smooth solid rotor (2D calculation results). The initial relative permeability of the applied rotor
core material is 1000 and the saturation flux density is 1.0 T.
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Figure 2.29. Effect of the electrical resistivity of the rotor core material on the stator current as a function of slip
in the case of a smooth solid rotor (2D calculation results). The initial relative permeability of the applied rotor
core material is 1000 and the saturation flux density is 1.0 T.
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Slitted Solid Rotor
The effects of the electrical resistivity of the slitted solid rotor core on the motor performance
are similar to the effects observed in the case of a smooth rotor. The low electrical resistivity
of the rotor core material results in higher induced eddy-currents in the rotor and
consequently, in an increased electromagnetic torque. However, it should be noted that the
low resistivity offers low-impedance flow paths also for the high frequency air gap
harmonics. This increases especially the high-frequency eddy-currents and eddy-current
losses on the solid rotor surface. Because of the axial slitting, the rotor eddy-current losses
can be somewhat restricted. The electromagnetic torque achieved with different rotor core
material resistivities in the case of a slitted solid rotor is illustrated in Fig. 2.30.
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Figure 2.30. Effect of the electrical resistivity on the electromagnetic torque as a function of slip in the case of a
slitted solid rotor (2D calculation results). The depth of the rotor slitting is 40 mm. The initial relative
permeability is 1000 and the saturation flux density is 2.0 T.

In addition to the electromagnetic torque, also the power factor and the stator phase current
have a similar behaviour in the case of a slitted solid rotor as in the case of a smooth rotor.
The lower the electrical resistivity of the rotor core material is the higher will the power factor
and the phase current of the machine be at the same slip. This is illustrated in Figs. 2.31 and
2.32.
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Figure 2.31. Effect of the electrical resistivity of the rotor core material on the power factor as a function of slip
in the case of a slitted solid rotor (2D calculation results). The depth of the rotor slitting is 40 mm in a 195 mm
rotor. The initial relative permeability is 2000, and the saturation flux density is 2.0 T.
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Figure 2.32. Effect of the electrical resistivity of the rotor core material on the stator current as a function of slip
in the case of a slitted solid rotor (2D calculation results). The depth of the rotor slitting is 40 mm in a 195 mm
rotor. The initial relative permeability is 2000, and the saturation flux density is 2.0 T.
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Besides the electromagnetic torque production capability, also the resistivity of the solid rotor
core material has an effect on the electrical efficiency of the motor. To achieve an efficient
electromechanical energy conversion, the rotor of a solid-rotor induction machine should
provide low impedance current flow paths for the induced fundamental harmonic eddycurrents. This can be reached with a slitted rotor construction and with a low-resistivity rotor
core material. In addition, to achieve a high efficiency, the current fed into the stator winding
should be low to minimize the stator copper losses. Figure 2.33 shows the stator phase current
as a function of generated per-unit torque. The low resistivity ferromagnetic rotor materials
enable the operation at the nominal point with a lower slip. When the stator phase current is
considered as a function of generated electromagnetic torque, it can be observed that the
electrical resistivity of the rotor core material does not significantly affect the stator phase
current at the rated electromagnetic torque.
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Figure 2.33. Effect of the electrical resistivity of the rotor core material on the stator current as a function of
electromagnetic torque in the cases of smooth and slitted solid rotors (2D calculation results). For the smooth
and slitted solid rotor cores, the initial relative permeabilities are 1000 in both cases, and the saturation flux
densities are 1.0 T and 2.0 T, respectively.

Although the stator current is practically independent of the electrical resistivity of the rotor
material at the rated torque, the slip needed to achieve the rated torque is higher with high
resistivity materials, thus increasing the rotor Joule losses and ruining the motor performance.
When the smooth and slitted rotors are compared, the stator current needed to produce the
same torque is generally higher with a smooth rotor. The rotor losses in the case of the slitted
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solid rotor are lower, because the rotor current density at the nominal operation point is lower
than in the smooth rotor. This is because the low-frequency impedance as well as the apparent
resistivity of the rotor are lower when it is slitted, and the motor reaches its nominal operation
point with a lower slip value. At the nominal operation point, the slip with a smooth rotor
made of a material having the saturation flux density of 1.0 T and the initial relative
permeability of 1000 is 1.3 per cent. In the case of the slitted rotor having the electromagnetic
parameters Bs = 2.0 T and μr0 = 1000, the slip is 1.0 per cent. Thus, the slip-dependent rotor
resistive losses are 30 per cent higher in the case of the smooth rotor. This is a remarkable
difference from the motor cooling point of view.
2.2

Iron Alloys for Medium Speed Solid Rotor

The most common base material in a high-speed rotor body is iron. It has good
electromagnetic properties, high saturation flux density, low resistivity and high initial
permeability. Unfortunately, pure iron has inadequate mechanical properties, such as low
hardness and tensile strength. The tensile strength of pure iron is only around 150 MPa. The
minimum required yield strength for a 10 000 rpm solid rotor having 40 mm deep slitting, is
above 200 MPa. Pure iron material is also very expensive, and hence impractical. Therefore,
it has to be doped with some other element in order to obtain better mechanical properties.
Improving the mechanical properties of iron is not, in general, a difficult task, because most
elements increase the strength of iron. However, the doping of other elements into iron
without simultaneously sacrificing its electromagnetic properties is a challenging task, which
is outside the scope of this work. The main focus is to show the practicability of different
iron-based alloys for the solid rotor application from the electromagnetic point of view. A set
of actual ferromagnetic iron alloys satisfying the mechanical requirements set by the highspeed operation are included in the analysis. The performance of the motor is calculated at
120 °C. The iron alloys used as a solid rotor material are not originally intended for electrical
engineering purposes. Therefore, the manufacturers do not usually give the electromagnetic
properties of iron alloys. In this thesis, the temperature coefficients of resistances for all the
analyzed iron alloys were not found. Hence, in the calculations, the temperature coefficient of
resistivity 0.0038 1/K was used for all the iron alloys. The corresponding coefficient for steel
Fe52 (S355J0/EN 10025) is the same. This simplification has to be taken into account when
analyzing the results shown in this chapter. Detailed data and descriptions of the selected iron
alloys including the composition percentages are listed in Appendix I.
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The results obtained from the numerical finite element calculations indicate that there occur
large variations in the machine operation when using different actual solid rotor core
materials. Figure 2.35 shows that there are alternative rotor core materials to be used instead
of the commonly chosen low carbon steel Fe52. A low per-unit slip related to the produced
output power is essential to achieve a non-saturated and efficient operation of a solid-rotor
induction motor. According to Fig. 2.35, the highest electromagnetic torque of the motor at
the rated slip can be reached with a rotor manufactured of some low-resistivity material. Such
materials can be found for instance among the Fe-Cu and Fe-Si alloys. Also the low carbon
steel C15 offers efficient operation capability with low slip values. To achieve the rated
output power with a rotor made of a low resistive material, the slip-dependent Joule losses
remain at reasonable levels.
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Figure 2.35. Effect of the solid rotor material on the generated electro-magnetic torque as a function of slip of a
slitted solid rotor (2D calculation results). The analyzed motor was a 120 kW, 10200 rpm solid-rotor induction
motor.

Even though the tensile strength of the Maraging steel is superior, the high electrical
resistivity ruins the electromagnetic properties of the material, and thus the slip tends to
increase. The high tensile strength of the Maraging steel may be used by increasing the rotor
diameter and thereby boosting the electromagnetic torque production. The possibility of
increasing the diameter of the rotor or the rotational speed can be capitalized as a higher
power versus speed ratio. Maraging steel could also be a good alternative as a solid core
material for a rotor carrying a cage winding or as a coating material.
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The tensile strength of the Fe-Co alloy is significantly higher than it is in the case of a Fe52
alloy. However, similarly as Maraging steel also Fe-Co alloy suffer from a high electrical
resistivity, and is more capable of operating as a coating material reducing the rotor eddycurrent losses rather than as an electromagnetic torque producing core material.
Figure 2.36 illustrates the power factor of the motor as a function of slip with different
ferromagnetic rotor core materials. It can be seen that to achieve an acceptable power factor,
the solid rotor core material should have a low value of electrical resistivity and a high
saturation magnetic flux density. This phenomenon is emphasized at the low slip values.
However, when the power factor is considered as a function of electromagnetic torque, as it is
shown in Fig. 2.37, the effect of the rotor core material is negligible. This also indicates that
the stator phase current is equal between the studied rotor materials despite the different
material properties. The largest difference occurs in the rotor losses.
0.80
0.70

Power factor

0.60
0.50

FeCu
FeSi/Consumet
C15
Fe52
FeCo
FeSi/M36
FeNi
Maraging

0.40
0.30
0.20
0.10
0.00
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

Slip [%]
Figure 2.36. Effect of the solid rotor material on the power factor as a function of slip (2D calculation results).
The motor is equipped with a slitted solid rotor. The analyzed motor was a 120 kW, 10200 rpm solid-rotor
induction motor.
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Figure 2.37. Effect of the solid rotor material on the power factor as a function of electromagnetic torque (2D
calculation results). The 120 kW induction motor is equipped with a slitted solid rotor.

Besides the electromagnetic torque production capability, the resistivity of the solid rotor core
material also has an effect on the electrical efficiency of the motor. To reach a good electrical
efficiency, the rotor of a solid-rotor induction machine should provide low resistivity paths for
the induced fundamental harmonic eddy-currents. This can be achieved with a rotor material
having a low resistivity and a moderate saturation flux density. As it can be seen in Fig. 2.38,
the lower the resistivity of the solid rotor core material, the lower the rotor fundamental
resistive losses. However, the rotor surface losses caused by the high-frequency air gap
harmonics strongly depend on the surface impedance of the rotor. The increase in the rotor
core material resistivity increases the surface impedance of the rotor, thereby decreasing the
amount of induced rotor surface losses.

80
12.0
Total
loss loss
Total rotor

11.0

Surface loss

Resistive loss

10.0
Rotor loss [kW]

9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0
FeCu

Fe-Si/
Consumet

C15

Fe52

FeCo

FeSi/M36

FeNi/Alloy 49

Maraging

Figure 2.38. Effect of the solid rotor material on the slitted rotor losses (2D calculation results). The analyzed
motor was a 120 kW, 10200 rpm solid-rotor induction motor. The lowest slip-dependent resistive losses are
achieved with a rotor material having a low electrical resistivity, such as the FeCu alloy. The proportion of
surface losses of the total rotor losses increases, when the electrical resistivity decreases. However, it does not
reach a harmful level in the resistivity range studied.

As it can be observed in the figure above, the proportion of the surface losses in the rotor total
losses increases, while the rotor material resistivity decreases. To decrease the excessive rotor
surface losses, the solid rotor surface could be coated with a thin layer of ferromagnetic
material having high surface impedance, that is, the coating material should have a high
permeability and a high electrical resistivity. Another possibility is to coat the rotor with a
thin highly conductive non-magnetic material layer made for instance of copper. This
alternative is discussed in detail in Chapter 4.
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2.3

Conclusion

In this chapter, the effects of the saturation flux density, initial relative permeability and the
electrical resistivity on the performance of the medium-speed solid rotor were
comprehensively analyzed. The optimization of the solid rotor material is, however, a very
complicated process; the main guidelines may be found in the text above, but are included
here for the convenience of the reader:
•

•

•

The most important torque-production-related factor is the resistivity of the material.
The lower the resistivity, the higher the torque at a small slip. This is essential from
the efficiency point of view. A low resistivity causes a low surface impedance, and the
rotor surface losses caused by the air gap harmonics may be increased. The surface
losses do not reach harmful levels in the resistivity range of ferromagnetic alloys. If
the resistivity is very low as it would be in the case of surface copper, the surface
losses will decrease.
The saturation flux density is not an essential factor in the torque production. As a
compromise for slitted rotor behaviour, the saturation should be fairly high,
Bs >1.25 T. For a smooth solid rotor, the saturation should be lower, approximately
Bs ≈ 1 T. From the rotor surface losses point of view, the higher saturation flux density
values are preferred.
The initial permeability is not an important factor. We may conclude that the suitable
range for slitted solid rotor starts at about the relative initial permeability of 250. If a
smooth rotor is made of a material having a high saturation flux density (Bs ≈ 2 T), a
low value for the initial relative permeability (μr ≈ 250) is preferred. It is also
noteworthy that the surface impedance increases when the relative permeability of the
material is increased and the rotor surface losses caused by the air gap harmonics can
thus be reduced.
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3. AXIAL SLITTING OF A SOLID STEEL ROTOR
The simplest and the most traditional solid rotor construction is a smooth steel cylinder. Such
a rotor was illustrated in Fig. 1.6. This kind of a rotor is easy to manufacture, and it has the
best mechanical and fluid-dynamical properties; however, it is shown by several authors, for
instance by Pyrhönen (1996), Bumby (2006) that the electrical performance of a smooth
solid-rotor induction motor is often unsatisfactory. The smooth solid iron rotor is
characterized by a large apparent resistance and a low magnetization inductance. The
electrical performance of a motor with such a rotor is quite poor, as, the slip of the rotor tends
to be large and the power factor low. This is mainly because of the low depth of flux
penetration in the solid material and the deep saturation of the rotor material.
A performance improvement in a solid rotor can be achieved by slitting the cross-section of
the rotor in such a way that a better flux penetration into the rotor should be enabled. Slitted
solid rotor constructions have been studied for instance by Dorairaj (1967a,b), Jamieson
(1968), Rajagopalan (1969), Yamada (1970), Bergmann (1982) and Jinning (1987). Later, a
slitted solid-rotor induction motor was analyzed by Zaim (1999) by a FEM program, but only
a few rotor slit parameters were used. Also Laporte (1994) investigated optimal rotor slitting,
but his studies were not very extensive either. The issue of solid rotor slitting strategies was
comprehensively studied by Lähteenmäki (2002) and Huppunen (2004).
It is obvious that slitting the rotor decreases the low-frequency impedance of the rotor, thus
producing more torque. Slitting also increases the high-frequency surface impedance of the
rotor, thus decreasing the rotor eddy-current loss. The drawback of the axial slitting is that the
ruggedness of the solid rotor is partly lost. In addition, at very high speeds, the friction
between the rotating rotor and air increases remarkably, Eq. (1.23). However, the slitting
intensifies the cooling of the rotor owing to the increased cooling surface of the rotor and is
thus justified in medium-speed (~10 000 rpm) but maybe not in high-speed applications. A
slitted solid rotor construction was illustrated in Fig. 1.6.
Although the benefits of rotor slitting are known, relatively little has been published on the
effect of the rotor slitting on the performance of the solid-rotor induction motor. Neither the
selection of proper rotor slit number has been a topic of discussion in research reports. The
effect of the number of rotor slits on the torque of the solid-rotor induction motor was
numerically studied by Huppunen (2004); the number of the rotor slits was varied between 28
and 52 while the number of the stator slots was 48 in all the calculations. The study showed
that the output torque of the motor as a function of the number of rotor slits has a form of a
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downwards-opening parabola, the maximum value of which is achieved when the number of
the rotor slits lies between 34 and 42, sliding to a higher number when the slip is increased.
However, the study was limited only to even numbers of the rotor slits. This was mainly
because the use of odd numbers of rotor slits is not allowed in most of the recommendations
for slit numbers presented in textbooks (e.g. Richter 1954) on the construction and operation
of electrical machines. The effect of an odd number of rotor slots on the motor performance
characteristics in the case of a four-pole 15 kW squirrel-cage induction motor was studied by
Arkkio (1995); the study showed that the magnitude of the unbalanced magnetic pull caused
by the odd numbers of the rotor slots may be large. It was also shown that an odd number of
rotor slots might be a good choice when the synchronous torques and rotor losses are
considered. Simulations done for the two-pole and four-pole motor showed that the
unbalanced forces due to the odd number of rotor slots can be larger than the weight of the
rotor. The unbalanced magnetic pull in cage induction motors with eccentric rotors have been
studied extensively for instance by Dorrell (1993) and Tenhunen (2003).
Among others, Belmans (1991), Kobayashi (1997), Nau (2000) and Maliti (2000) have
studied the effects of slot combinations of a squirrel-cage motor on acoustic noise. The effects
of different slot combinations are mainly analyzed by both analytical and FEM-based
methods. Kim (1999) has studied the optimal slot number of the rotor to reduce the specific
harmonics. According to Jinning (1987), the optimal number of slits is between 5 and 15 per
pole pair. It was also stated that the optimal depth of a slit equals approximately the magnetic
flux penetration depth. In the US patent 5,473,211 (1995) related to high-speed solid-rotor
machines, it was claimed that the rotor slit number should be higher than the stator slot
number. It was also suggested that the rotor slit number should be larger than the rotor outer
diameter in millimetres divided by 3.2. This advice results in a considerably high rotor slit
number in a medium-speed solid-rotor machine.
In this chapter, the effects of the rotor slit depth and rotor slit number on the torque and power
factor of a solid-rotor motor are numerically analyzed. In addition, the effect of the rotor slit
number on the torque ripple and the rotor losses are analyzed. The influence of the
asymmetric rotor construction on the unbalanced magnetic pull of a medium-speed, highpower solid-rotor induction motor is included in this chapter.
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3.1

Rotor Slit Depth

A remarkable performance improvement in the electromagnetic properties of a solid rotor can
be achieved by axially slitting the cross-section of the rotor. This way, a better flux and
current penetration into the rotor can be achieved, thus resulting in a lower apparent resistance
and a higher torque capability of the rotor. As mentioned above, slitting degrades the
mechanical strength of the rotor and increases the manufacturing costs of the motor. It is
obvious that nominal mechanical stresses at the root of the teeth should not exceed the yield
strength of the material with a suitable safety factor. Thus, even though the rotor of a highspeed motor is manufactured from a solid single piece of steel, the ability of the rotor
materials to withstand high forces caused by the high circumferential forces has to be
considered with special care.
The model motor used in the study was a 120 kW, 170 Hz, three-phase, two-pole, solid-rotor,
high-speed induction motor. Different rotor slitting designs were studied to find out the
influence of the slit depth on the motor performance characteristics. The analyzed rotor
geometries were a smooth solid rotor, a slitted solid rotor with an equal slit depth, and a
slitted solid rotor, in which every second slit was deeper than the other. The cross-sections of
the rotor constructions studied are illustrated in Fig. 3.1.

Figure 3.1. Radial cross-sections of the solid rotor constructions studied: a) Smooth solid rotor, b) Slitted solid
rotor with an equal slit depth and 34 slits and c) Slitted solid rotor, in which every second slit is deeper than the
others: 17/17 slits.

Because of the constraints set by the rotor manufacturing process, a rectangular rotor slit
shape was selected. The width of the slit was selected to be a practical constant of 2.5 mm.
The number of rotor slits was 34. The rotor core material was structural steel Fe52
(S355J0/EN 10025), the saturation flux density of which is Bs = 2.0 T, the initial relative
permeability µr0 = 1000 and the resistivity ρ = 35 μΩcm at 120 °C. In the FE calculations, the
rotor end-effects were taken into account with the Russell’s end factor. The outer diameter of
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the rotor was 195 mm in all calculations. The no-load peripheral speed was 104 m/s. The
length of the rotor was 340 mm. The stator stack length was 280 mm and the number of stator
slots was 48. In order to obtain comparable results, the same stator was used in all the
calculations.
3.1.1

Equal Slit Depth

As the Lorentz force states, the electromagnetic torque is caused by the interaction between
the eddy-currents induced in the cylindrical solid rotor and the rotating air gap magnetic field.
Unfortunately, as a result of the skin and proximity effects, eddy-currents at the surface of the
ferromagnetic electrically conducting rotor core material tend to push the induced magnetic
field outwards in the rotor, and the magnetic flux is pressed close to the surface of the solid
rotor. Thus, the depth of penetration into the rotor is extremely low and the magnetic flux and
the torque-producing eddy-currents are concentrated at the surface layer of the rotor thereby
saturating the surface of the rotor. Because of the skin effect, the inner part of the rotor core
becomes useless and the apparent rotor resistance is high. The flux lines and the flux density
distribution of the cylindrical smooth solid rotor at 1.0 per cent slip are shown in Fig. 3.2.
Flux density [T]
0

2.5

Figure 3.2. Flux lines and flux density distribution of a 170 Hz smooth solid-rotor induction motor at a slip of
1.0 per cent. FLUX2D™ software was used.

When the solid rotor is axially slitted, the axial rotor tooth forms a path for eddy-currents to
flow from one rotor end to the other. The eddy-current passing through the rotor tooth creates
a magnetic flux circulating around the current path. Compared with the smooth rotor, a far
better magnetic flux and current penetration into the rotor is enabled. By making grooves
parallel to the axis of the solid rotor, the reluctance of the tangential flux path increases, and
the saturation together with the eddy-current losses decreases. The slits coerce the flux on its
way to the other magnetic pole to penetrate to the depth of the slits; consequently, a
considerable performance improvement of the motor can be achieved. The flux lines and the
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flux density distribution of the slitted solid rotor at a slip of 1.0 per cent are illustrated in Fig.
3.3.
Flux density [T]
2.5

0

Figure 3.3. Flux lines and flux density distribution of a 170 Hz slitted solid-rotor induction motor at a slip of 1.0
per cent. The rotor torque producing eddy-currents now penetrates far deeper than in the smooth rotor case.
Flux2D™ software was used.

The effect of the rotor slit depth on the electromagnetic torque and on the power factor of the
motor as a function of slip is shown in Figs. 3.4 and 3.5. In the calculations, the rotor slit
depth was varied from 5 mm to 70 mm, and the torque obtained from the smooth rotor was
kept as a reference value.
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Figure 3.4. Influence of the rotor slit depth on the electromagnetic torque vs. slip of the 120 kW, 10200 rpm
solid-rotor induction motor (2D calculation results). The torque increases until the slit depth has reached 60 mm.

87
The rotor slitting also significantly improves the motor power factor. Figure 3.5 shows that
the power factor obtained with the smooth Fe52 rotor is very low. By slitting the solid rotor,
the power factor is brought closer to the acceptable level. The power factor of the motor
achieves its maximum value when the depth of the rotor slits is 60 mm. The improvement in
the power factor by slitting the rotor is also considerable.
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Figure 3.5. Influence of the rotor slit depth on the power factor of the 120 kW, 10200 rpm solid-rotor induction
motor (2D calculation results).

As we can see in Figs. 3.4 and 3.5, the effect of the depth of the rotor slits on the motor
performance is significant. When all the rotor slits are kept equally deep, the optimal depth is
60 mm, which is about 60 per cent of the rotor radius. If the depth of the rotor slits is left to
30 mm, the electromagnetic torque generated at the same per unit slip is about 20 per cent
lower than in the previous case. The depth of the rotor slitting is restricted electromagnetically
by the saturation of the rotor core material between the slits.
In addition to the saturation of the rotor core material, the mechanical strength of the rotor
material limits the depth of the rotor slitting. In a report by Aho et al. (2006), the
electromagnetic and mechanical designs of the slitted solid rotor were discussed; it was
shown that the highest stresses in a slitted rotor appear at the root of the teeth. The notch
effect causes a stress concentration in the proximity of the bottom of the teeth, Fig. 3.6. The
stress distribution can be calculated accurately by using a structural finite element code.
However, this can be time consuming and therefore, an approximate method can be applied.
In this method, the centrifugal force Fc is assumed to act upon the mass centre of a tooth. The
area of the tooth’s root A is determined as a product of the width of the tooth w and the length
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of the slitted part L. The nominal stress S at the root of the tooth can be estimated with
sufficient accuracy as

S=

2
ρArcg Ω 2
Fc ρALrcg Ω
=
=
,
wL
wL
w

(3.1)

where ρ is the mass density, rcg is the distance of tooth mass centre from the axis of rotation
and Ω is the angular velocity of the rotor. We can see that the length of the slitted part does
not have an influence on the nominal stress.

= ρALrΩ2 2
FF
c c= ρ ALrcgω

S max = k t S

A

rcg
ws

S

ω
Ω
Figure 3.6. The geometry of a rotor teeth and the stress vectors affecting at the root of the rotor teeth, Aho et al.
(2006).

The maximum stress at the notch is an important parameter for the prediction of the fatigue
life of a component. The maximum notch stress Smax can be obtained by using a stress
concentration factor kt, defined as

S max = k t S .

(3.2)

The angular velocity of the rotor was 1068 rad/s and it was given as a load to the model.
Table 3.1 gives the numerically calculated stress concentration factors and the corresponding
analytically calculated nominal stresses for different slitting strategies. We can see that the
analytical method gives accurate nominal stresses. The stress concentration factors range from
2.4 to 5.4. The table also shows that kt values increase together with the width of the teeth’s
root w. Higher kt values for the slitting strategy, in which every second slit is deeper than the
other are also due to the bending effect of the teeth. The deformed shapes of the two
constructions are shown in Fig. 3.7; we may see that in the case of two-depth slits, the teeth
will bend, and as a result, the stress concentration factor will increase.
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The slitting strategies that were electrically the most promising, namely 60/30 mm, 60/40
mm, 50 mm, and 60 mm, were selected for mechanical calculation. It should be noticed that
the stresses shown in Table 3.1 are too high for some constructions at higher speeds. In
addition to the values obtained from Eq. (3.1), some safety margins should be set, since the
materials are not totally homogeneous, and they also have irregularities. When considering
the rotor strength with a safety factor of 1.6, the maximum allowable stress would be 340
MPa/1.6 = 212 MPa.

Figure 3.7. Deformed shapes of 60/40 mm and 60 mm slits. The angular velocity of the rotor was 1068 rad/s.
The colour contours represent the 1st principal stresses in Pa. The results were analyzed in more detail in Aho et
al. (2006).
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Table 3.1. Stress concentration factors and analytically calculated nominal stresses. Values above the maximum
212 MPa may be dangerous and, hence, 50 mm uniform slitting is the best alternative.

Slitting depth [mm]
60 / 30
60 / 40
60 / 50
40 / 30
50 / 30
50 / 40
40
50
60
70

FEM results
S max [MPa]
S [MPa]
71.2
69.9
68.9
37.1
50.9
50.0
40.5
57.4
85.4
146.7

311.1
302.3
285.9
200.5
243.5
248.8
166.8
205.1
251.0
354.1

kt
4.37
4.32
4.15
5.41
4.79
4.98
4.12
3.58
2.94
2.41

Analytical
S [MPa]
70.2
69.0
67.9
36.0
49.9
49.0
40.2
56.9
84.1
143.7

Some guidelines for the mechanical strength analysis of a slitted solid rotor can be drawn
according to the results obtained by this study. First, nominal stresses at the roots of the teeth
should not exceed the yield strength lowered by the safety margin. In addition, the fatigue life
of a notched member should be evaluated using realistic load cycles. It is also worth noticing
that slitting significantly reduces the rotor torsional rigidity. Only the solid, non-slitted part of
the core can resist torsion in a slitted rotor. This should be taken into account when
calculating the torsional natural frequencies of a motor-drive system.
3.1.2

Slit Depth Variation

As it was stated earlier, the depth of the rotor slitting is restricted by the saturation of the rotor
material between the slits. When the rotor slitting reaches deep in the rotor core, the core
material between the slits is highly saturated and the flux flow in the rotor teeth is restricted.
In addition, the mechanical strength of the rotor material sets limits for the rotor slitting, and
therefore in the case of the rotor studied, the constructions with over 50-mm-deep slitting
could be mechanically too fragile. As for the electromagnetic properties of the machine, a
good rule of thumb is that the slit depth should be about a half of the rotor radius, Huppunen
(2004). In order to achieve deeper slitting and to reduce the saturation of the rotor material
between the slits, the slitting can also be made in such a way that every second slit is deeper
than the other. Figure 3.8 illustrates the calculated electromagnetic torque and the power
factor at a slip of 1.0 per cent slitted rotors.
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Figure 3.8. Calculated electromagnetic torque and power factor of the motor with different slitted rotors at 1.0
per cent slip with the slit depth as a parameter (2D calculation results). The nominal output power of the motor is
120 kW and the synchronous rotating speed is 10200 rpm. The stator has 48 slots and the rotor has 34 slots.

Figure 3.8 shows that the electromagnetic torque and the power factor of the motor reach their
maximum values with the equal slit depth of 60 mm. The slitting combination in which every
other slit is 40 mm deep, and the other 60 mm gives quite similar results when considering the
electromagnetic torque and the power factor. We may conclude that when considering the
electromagnetic phenomena, the rotor slitting should be made by using equal slit depths.
Furthermore, the results of mechanical calculations, shown in Table 3.1, do not support the
idea of using the slitting in which every other slit is deeper than the other.
3.2 Selecting the Rotor Slit Number

The electromagnetic torque is produced by the interaction between the induced rotor current
and the air gap magnetic field created by the revolving stator winding. The fundamental air
gap field induces rotor currents, which interact with the fundamental air gap field and
generate the steady electromagnetic torque. Similarly, the air gap harmonic fields induce
currents into the rotor iron and generate harmonic components into the electromagnetic
torque. It is known that the multi-phase stator winding creates only spatial harmonics of odd
numbers in the air gap of the machine, Heller (1977)
v = 2ms ks + 1 ,

k s = 0, ± 1, ± 2, ± 3,... ,

(3.3)

where m is the number of phases. In the case of three-phase winding, the orders will be
v = 1, -5, 7, -11, 13, -17, 19…
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Stator slotting causes permeance harmonics, the orders of which are
vslot = 1 + 2ms q s k slot = 1 +

Qs
k slot ,
p

k slot = ±1, ± 2, ± 3,...

(3.4)

where Qs is the number of stator slots and q is the number of slots per pole and per phase. In
addition to spatial harmonics caused by the distributed winding system and permeance
harmonics, also time harmonics caused by an inverter supply are possible.
The electric angular frequency of the rotating air gap magnetic field can be defined as
ωv =

ω
v

.

(3.5)

The air gap magnetic field induces a current in the rotor iron. The angular frequency of the
rotor current ωrv reflects from the air gap magnetic field
⎡ω
⎤
ω rv = v ⎢ − (1 − s )ω ⎥ = sωv .
⎣v
⎦

(3.6)

The currents induced in the rotor iron create their own air gap magnetic fields having orders
μ =v+

Qr
kr ,
p

k r = 0,±1,±2,±3,...

(3.7)

where Qr is the number of rotor slits.
Following the basic principles for the rotor and stator air gap fields, the following interactions
can be derived:
• The fundamental fields with v = 1 and μ = 1 generate asynchronous torque and form
the basis for the operation of an induction machine.
• The rotor harmonic magnetic field μ = v induced by the stator harmonic fields
(v ≠ 1) generates harmonic asynchronous air gap torque components.
• The rotor harmonic magnetic fields μ ≠ v induced by stator fundamental wave
(v = 1) may interact with stator harmonic fields and generate synchronous air gap
torques.
• The rotor harmonic magnetic fields μ ≠ v created by stator harmonics (v ≠ 1) may
generate synchronous air gap torques.
In the following, interactions with different stator-rotor slot combinations are studied. In
principle, the phenomena observed can be explained based on the above list. To reduce the
frequency-dependent losses and to obtain acceptable power factors, the high-speed machines
normally have a two-pole winding. In three-phase machines, the -5th and 7th -order air gap
harmonic components tend to generate the 6th -order harmonic current on the rotor side. This
causes pulsating electromagnetic torque, which has the frequency of six times the supply
frequency. The induction of the 6th -order rotor current harmonic can be reduced with a 5/6
short pitch winding on the stator side. For a 5/6 short pitch winding, the number of stator slots
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has to be evenly divisible with 2pm. Therefore, the possible numbers of the stator slots for a
two-pole motor are 12, 24, 36, 48, 60, etc. In the following study, the selection of the rotor slit
number in the case of a motor with 48 stator slots is discussed. In the study, the rotor
dimensions were kept as constants. In the study, the rotor dimensions were kept constant:
however, the rotor slit number was varied between 28 and 39.
3.2.1

Stator – Rotor Slot Combinations

The effect of the air gap harmonic fields on the vibration of electromagnetic torque depends
highly on the ratio of the slot numbers of the stator and the rotor. In order to avoid the
disturbance caused by asynchronous and synchronous torques and vibration in the operation
of an induction motor, the rotor slit number Qr with respect to the stator slot number has to be
selected properly. The following conditions, shown in Eqs. (3.8)–(3.16), are based on the
work presented by Richter (1954).
To reduce the asynchronous harmonic torque, the rotor slit number has to be as small as
possible. It is generally recommended that
Qr < 1.25Qs ,

(3.8)

where Qs is the number of the stator slots. Therefore, in the case of 48 stator slots, the number
of rotor slits should be smaller than 60.
A three-phase winding creates only harmonics of odd numbers. To limit the synchronous
torques when the motor is at stall, the slit number of the rotor has to meet the condition
Qr ≠ 6 pg ,

(3.9)

where p is the number of pole pairs and g may be any positive integer. Equation (3.9) shows
that in the studied range of rotor slits, the rotor slit numbers 30 and 36 are not recommended.
However, in the speed-controlled electrical drives, the supply frequency of the motor is
gradually increased. Thus, the situation where the rotor is at stall and the stator frequency has
its nominal value cannot exist.
To avoid synchronous torques created by slot harmonics, the selection of the rotor slit number
has to meet the following conditions
Q r ≠ Qs ; Q r ≠

1
Qs ; Qr ≠ 2Qs .
2

All of the studied rotor slit numbers meet the conditions of (3.10).

(3.10)
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To avoid harmful synchronous torques during running, the following inequality has to be
valid
Qr ≠ 6 pg ± 2 p ,

(3.11)

where g is again any positive integer. The + sign is valid for positive rotation speeds and
- sign for negative rotation speeds. We see in Eq. (3.11) that the rotor slit numbers 32 and 38
would create synchronous torques at positive rotation speeds, while the rotor slit numbers 28
and 34 would create synchronous torques at negative rotation speeds.
To avoid dangerous slot harmonics, the following inequalities have to be valid
Qr ≠ Qs ± 2 p ; Qr ≠ 2Qs ± 2 p ,
Qr ≠ Qs ± p ; Qr ≠

Qs
± p.
2

(3.12)
(3.13)

We see that none of the studied rotor slit numbers meets the conditions of (3.12) or (3.13).
In order to avoid mechanical vibrations, the following inequalities have to be valid
Qr ≠ 6 pg ± 1

(3.14)

Qr ≠ 6 pg ± 2 p ± 1

(3.15)

Qr ≠ 6 pg ± 2 p m 1 .

(3.16)

As it is seen in Eqs. (3.14)–(3.16), all odd rotor slit numbers should cause mechanical
vibrations. This can be explained as follows. When the number of rotor slits is an even
number, the large local normal forces between the stator teeth and the rotor teeth cancel each
other on the perimeter on the air gap, and the net force acting on the rotor is zero. If the
number of rotor slits is an odd number, the motor geometry is not symmetric enough to
eliminate the forces, and a net force, known as unbalanced magnetic pull, usually occurs.
However, the estimation of the magnitude of the unbalanced magnetic pull caused by the odd
number of rotor slits is very difficult, and therefore odd numbers of rotor slits are very rarely
approached in the machine design.
3.2.2

Effect on the Motor Performance

In the following, the selection of the rotor slit number in the case of a two-pole motor with 48
stator slots is discussed. The solid rotor was axially slitted and six different odd rotor slit
numbers, 29, 31, 33, 35, 37 and 39 were analyzed. In order to compare the effect of the odd
number of the rotor slits on the performance of the motor, the calculations were also
performed with six different even rotor slit numbers, viz. 28, 30, 32, 34, 36 and 38. In all
calculations, the shape of the rotor slit was selected to be rectangular. The depth of a slit was
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40 mm, and due to practical manufacturing reasons, the width of the slit was selected to be
2.5 mm. The rotor core material was structural steel Fe52 (S355J0/EN 10025) and the outer
diameter of the rotor was 195 mm. The stator stack length was 340 mm and the number of the
stator slots was 48. The frequency supplied to the 120 kW motor was 170 Hz.
It has to be noticed in Eqs. (3.8)–(3.16) that there are actually no generally accepted rotor slit
numbers for a two-pole machine when there is no rotor skewing. In the studied case, the rotor
slits were non-skewed in order to achieve a robust rotor construction. Let us first consider the
rotor slit numbers that should be appropriate. According to the work by Richter (1954), the
rotor slit numbers 28 and 34 are recommended, because they are predicted to generate
particularly harmful synchronous torques only at negative rotational speeds, and thus they can
be recommended for positive rotation speeds. The rotor slit numbers 30 and 36 have to be
avoided, since they may produce so high synchronic torques at standstill that the machine will
not start up. However, in a variable speed drive, this is not a subject of concern. Figure 3.9
illustrates the trace of the electromagnetic torque when the rotor slit number is 28, 30, 34 or
36. The electromagnetic torque is drawn as a function of the rotation angle during one period,
which is a full mechanical rotation cycle.
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Figure 3.9. Electromagnetic torque with the rotor slit numbers 28, 30, 34 and 36 at 1 per cent slip (2D timestepping calculation results). The analyzed motor was a 120 kW solid-rotor induction motor. The rotor slit depth
was 40 mm.

As it is seen in Fig 3.10, a large ripple in the air gap torque appears when the rotor slit number
is 32. This is due to the existing synchronous harmonic torque. At certain slip values, the
angular speed for the stator winding harmonics v and rotor harmonics μ may propagate at an
equal speed. If Equation (3.11) is valid, a permanent force effect occurs between the
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harmonics. Due to this force effect, the harmonics tend to keep the rotor speed equal with this
synchronous slip. The synchronous torque will occur at speed
μ
n= v

−1

μ −1

ns .

(3.17)

The synchronous torques at a positive rotation speed in the case of 170 Hz two-pole motor
with 32-slit rotor (μ = -31, v = 31) occur at 637 rpm, and in the case of a rotor having 38 slits
(μ = -37, v = 37), the synchronous torque can be found at 537 rpm. At other rotor speeds, the
harmonics pass each other creating torque ripple. This causes additional vibration and noise in
the machine. It can also be assumed that the variation in electromagnetic torque indicates
additional variation in the air flux, and thus the rotor and stator iron losses will be higher if
there are synchronous torque components. The effect of the synchronous torque on the
electromagnetic torque waveform in the case of 32 rotor slits is presented in Fig. 3.10.
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Figure 3.10. Electromagnetic torque of the studied solid-rotor induction motor with the rotor slit numbers of 32
and 38 at 1 per cent slip (2D time-stepping calculation results). The analyzed motor was a 120 kW solid-rotor
induction motor. The rotor slitting depth was 40 mm.

The calculation results, in which the electromagnetic torque of the motor with even rotor slit
numbers is plotted as a function of the rotor rotation angle, are presented in Figs. 3.9–3.10.
Figure 3.11 plots the electromagnetic torque when the rotor slit number is odd. It deserves to
be mentioned that as shown in Figs. 3.9–3.11, the electromagnetic torque of the motor
increases as the number of the rotor slits increases. It can be clearly seen that the torque ripple
of the motor is considerably smaller when the number of the rotor slits is an odd number. This
is emphasized especially when the number of the rotor slits is 33 and 39. As it was mentioned
earlier, the stator winding creates only odd numbers of harmonic components into the air gap
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flux. When the rotor slit number is selected to be an odd number, the high order stator
harmonics (v ≠ 1, ks > 1) do not react effectively with the rotor harmonic components,
because the rotor and stator harmonic orders are not equal μ ≠ v. This results in a smoother
electromagnetic torque waveform, and it is expected to produce lower vibration and noise.
However, the presence of the 6th torque harmonic can be clearly seen especially in the cases
of odd slit numbers. This is because the low order stator harmonic fields (v ≠ 1) can generate
magnetic fields in the rotor having the same order as the stator harmonic field μ = v.
Especially -5th and 7th harmonics from the stator side (v = -5 and v = 7), which also have a
high amplitude, affect strongly the waveform of the electromagnetic torque. This is because
the same harmonic field orders exist also on the rotor side (μ = -5 and μ = 7). These -5th and
7th harmonic components generate the 6th order harmonic current on the rotor side. This
causes pulsating electromagnetic torque, which has the frequency six times the supply
frequency.
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Figure 3.11. Electromagnetic torque as a function of rotation angle when the rotor slit number is selected to be an
odd number (2D time-stepping calculation results). The analyzed motor was a 120 kW solid-rotor induction
motor. The calculations were performed at 1 per cent slip. The rotor slitting depth was 40 mm.

The effect of the rotor slit number on the resistive rotor losses at the nominal operation point
is presented in Fig. 3.12. The maximum value of the rotor loss is achieved when the number
of rotor slits is 30. The rotor losses are smallest when the number of the rotor slits is 39.
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Figure 3.12. Rotor losses at the nominal operation point of the 120 kW solid-rotor induction motor with different
rotor slit numbers (2D time-stepping calculation results). The rotor slitting depth was 40 mm.

The results indicate that the odd rotor slit numbers can provide a good performance for a
solid-rotor induction motor. The rotor losses and the electromagnetic torque pulsation are
slightly lower with the odd rotor slit number. However, the problem is the unbalanced
magnetic pull associated with the odd rotor slit numbers. In the following, the forces, which
are caused by the rotor asymmetry, are studied.
3.2.3

Unbalanced Magnetic Pull Due to the Asymmetric Rotor

The magnetic forces between the stator and the rotor, existing in the air gap of the machine,
are a consequence of the energy minimization principle; this means that the radial magnetic
field tries to close the air gap in order to minimize its own field energy. The electromagnetic
force affecting the rotor calculated over the air gap can be written in x- and y- directions (in
stator coordinates) as
2π B 2
rad

Fx = Leff r ∫

0

2μ0

2π B 2
rad

Fy = Leff r ∫

0

2μ 0

cosα dα ,

(3.18)

sinα dα ,

(3.19)

where Brad is the radial component of the air gap flux density, Leff is the effective length of the
machine, r is the rotor radius and μ0 is the magnetic permeability of vacuum.
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The total net force affecting the rotor consists of x- and y-components
2π B 2
δ

F = Fx + Fy = Leff r ∫

0

2μ0

(cosα e

x

)

+ sinαe y dα ,

(3.20)

In normal operation of an induction motor, there are large local forces acting between the
stator and rotor, but because of the magnetic and geometric symmetry, the total net force
affecting the rotor is zero in ideal cases. On the other hand, even a small change in the rotor
symmetry can destroy the force balance, and a large net force may occur. Asymmetry in the
construction of a motor, such as odd rotor slit number, leads inevitably to a distorted flux
distribution, which generates a large unsymmetrical magnetic pull between the rotor and the
stator.
The FEM-calculated unbalanced magnetic pull in the cases of an even and odd rotor slit
numbers is illustrated in Figs. 3.13–3.14. As it can be seen, the unbalanced magnetic pull
occurs also when the number of the rotor slits is an even number as illustrated in Fig. 3.13.
This is due to the permeance variation in the stator and the rotor teeth. However, as we can
see in Fig. 3.14, the magnitude of the unbalanced magnetic pull in the case of an odd number
of the rotor slits is considerably higher in magnitude compared with the unbalanced magnetic
pull calculated using even number of the rotor slits. The average force is defined as the
average of the absolute value of the unbalanced magnetic pull. The maximum value of the
unbalanced magnetic pull, which is 262 N, is obtained at the nominal operation point when
the number of the rotor slits is 31. However, with the rotor slit numbers 29 and 35, the
maximum value of the unbalanced magnetic pull is only 94 N. It has to be mentioned that the
weight of the analyzed rotor was 1000 N.
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Figure 3.13. Unbalanced magnetic pull with even numbers of the rotor slits (2D time-stepping calculation
results). The slip of the motor is 1.0 %.
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Figure 3.14. Unbalanced magnetic pull with odd numbers of the rotor slits (2D time-stepping calculation results).
The slip of the motor is 1.0 %.

The total net force affecting the solid rotor is much higher in the cases with an odd number of
rotor slits compared with the even numbers of rotor slits. This phenomenon is emphasized
especially when the number of the rotor slits is 31. As it is shown by Figs. 3.14 and 3.15, the
unbalanced magnetic pull between the stator and the rotor is affected by the loading of the
motor. Usually the forces acting on the rotor are divided into the radial component
(x-direction) and a tangential component perpendicular to the radial one (y-direction). The loci
of the force vectors in the cases of studied odd rotor slit numbers are shown in Fig. 3.16.
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Figure 3.15. Unbalanced magnetic pull with odd numbers of the rotor slits (2D time-stepping calculation results).
The slip of the motor is 0.5 per cent.
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Figure 3.16. Traces plotted by the radial force vector acting on the rotor with odd numbers of the rotor slit (2D
time-stepping calculation results). The slip of the motor is 1.0 %.
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It can be seen in Fig. 3.16 that the force vector rotates at a high frequency. This is mainly due
to the presence of high-order force harmonics. Furthermore, the rotation frequency of the
radial force differs considerably at different rotor slit numbers. The rotation frequencies and
the maximum amplitudes of the radial force vectors at the nominal slip of the motor obtained
by different rotor slit numbers are given in Table 3.2.
Table 3.2. Rotation frequencies and the maximum amplitude of the radial force vector at the 1 per cent slip of the
motor with 48 stator slots.

Number of rotor slits
29
31
33
35
37
39

Rotation frequency [kHz]
4.8
15.8
5.9
5.9
5.9
6.9

Max. amplitude [N]
94
262
181
93
176
133

Figure 3.17 shows the total net force affecting the rotor during one mechanical rotation cycle.
When the rotor slit number is 34, the forces are balanced and the net force affecting the rotor
is about zero. When the rotor slit number is odd, a large net force occurs. The maximum value
of the unbalanced magnetic pull (about 260 N at 1 % slip) is achieved with a 48-slot stator at
the nominal operation point when the number of the rotor slits is 31. The minimum value of
the unbalanced magnetic with an odd rotor slit number pull (about 93 N) is achieved at the
nominal operation point when the number of the rotor slits is 35. The minimum value is still
about 20 times the unbalanced pull of even-slot rotors. The frequency of the unbalanced force
is, however, high – in the range of several kHz. The weight of the rotor is about 1000 N.
Thus, from these points of view, the effects of the unbalanced pull are low.
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Figure 3.17. Total net force affecting the rotor with odd numbers of the rotor slit at mechanical rotating cycle of
the rotor (2D time-stepping calculation results). It can be seen that a large variation in the net force occurs in
especially with rotor slit number 31. With the even rotor slit number 34, the forces are balanced and the net force
as about zero.
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3.3

Conclusions

Slitting and its mechanical and performance effects were studied in this chapter. It was
observed that a suitable number of rotor slits of correct depth produces the best efficiency and
the best power factor for a solid rotor. In this case, the best electromechanical performance at
the rated torque was achieved when the rotor slit number was 34 and the slits were of even
depth of about 60 % of the rotor radius. The rotor mechanical strength, however, limits the
practical slit depth to about 40–50 % of the rotor radius.
The motor behaviour with odd rotor slit numbers was also analyzed. Odd numbers of rotor
slits produce significant unbalanced magnetic pull at a high frequency. The unbalanced
magnetic pull is at least 20 times larger with odd slit numbers compared with even rotor slit
numbers. Although the unbalanced net force does not exceed the weight of the rotor, the force
is quite large and should therefore be considered with special care. It was also found that the
torque ripple of odd-slit-number rotors may however be lower than that of even-slit-number
rotors.
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4. COATING OF A SOLID STEEL ROTOR
When designing medium-speed, solid-rotor induction motors, special attention has to be paid
on the elimination of the air gap harmonic fields. Three different factors cause harmonic
distortion on the rotor surface flux density: 1. spatial stator winding harmonics, 2. stator slot
openings and 3. time harmonics in the supply current. The induced fundamental eddy-currents
on the rotor surface contribute to the normal operation of the machine, but the eddy-currents
induced by the harmonic fields cause harmful additional losses. The higher the electrical
conductivity of the rotor material is, the higher are the induced eddy-currents on the rotor. In
machines with correctly designed short pitch stator windings, the flux density waveform
distortion is mainly due to the permeance variations caused by the stator slot openings. The
more distorted the air gap flux density waveform is, the more rotor eddy-current losses are
generated. Because of high peripheral speeds, this phenomenon is emphasized in high-speed
motors. Also frequency converter supplies contribute to extra losses in high-speed machines,
since the voltage pulse width modulation causes additional time-harmonic components to the
air gap flux.
The change in the local permeance between the stator and the rotor causes a change in the air
gap flux below the slot openings, which can be estimated for instance by the method proposed
by Heller (1977). An efficient and commonly applied method to reduce the effects of the
permeance harmonics on the rotor surface that are mainly caused by the stator slotting is to
increase the air gap length. A long air gap length settles down the flux density distortion
before it reaches the rotor surface. However, it also decreases the magnetizing inductance
over the air gap of the motor and leads to a larger stator current. The magnetizing inductance
of a rotating field winding is proportional to the pole pitch τp and inversely proportional to the
pole pair number p. For instance, Vogt (1996) gives the formula for the magnetizing
inductance Lm, which in the case of a three-phase machine is
Lm =

3
1 4 τp 1
2
μ0 (Nξ1 ) L
,
2
2 p π δ i αi

(4.1)

where Nξ1 is the effective number of turns, δi is the equivalent air gap length and αi is the
main flux saturation factor. To get acceptable power factors and to limit the frequency
dependent losses, we usually have to adopt the use p = 1 constructions for solid-rotor highspeed induction machines.
The further reduction of the air gap flux variation due to the slot permeance harmonics can be
achieved by selecting as small stator slot number as the constructional factors allow.
However, a small number of stator slots causes a larger amount of winding harmonics, and
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hence a compromise has to be made. The use of semi-magnetic slot wedges, chording of the
stator winding or special slot opening constructions effectively reduce the lower space
harmonics in the air gap flux (Huppunen 2004). However, the dimensioning of the length of
the air gap or the effects of the semi-magnetic slot wedges or slot-opening designs are outside
the scope of this thesis.
The actions on the stator side for reducing the air gap harmonic contents on the rotor surface
are not always adequate. Thus, an additional solution for reducing rotor eddy-current losses
may be needed. The eddy-currents caused by the high frequency air gap harmonics can be
somewhat reduced by machining axial grooves in the surface of the solid rotor body.
Tangential slitting could also be used as Peesel (1958) showed. A further improvement can be
made by coating the solid rotor with a proper coating material. In a machine with a solid iron
rotor, a shielding cylinder covering the rotor surface can be recommended in order to obtain
proper performance during high-speed operation. Besides the reduction of gas friction losses,
the coating material may also reduce eddy-current losses and even strengthen the rotor
mechanics. The coating material, placed on the surface of the rotor, should act as a highfrequency filter for the air gap harmonics. It should attenuate high frequency harmonics
before they penetrate into the rotor core material, thus reducing the rotor eddy-current losses
caused by the air gap harmonics. There are two principal alternatives for selecting the coating
material: the material should have either an infinite conductivity or infinite resistivity. In the
first case, there will be no losses despite the heavy eddy-currents damping the flux variations,
and in the latter case, there will be low losses in the core material, since the coating material
smoothes the slot-opening-caused flux variations before they enter the solid rotor body.
Figure 4.1 shows the coating principle when a high-resistivity ferromagnetic coating is used.
Coating

c)
Figure 4.1. Core material is slitted, and on top of the rotor, there is a uniform 2–4 mm thick ferromagnetic
coating. The coating smoothes the rotor surface, which reduces the friction losses. The high-resistivity
ferromagnetic coating also reduces the total rotor losses.
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The effect of the rotor coating with a high-conductivity low-permeability material on the rotor
losses in the case of smooth solid-rotor machines has been studied extensively; the results of
these studies are reported by Lähteenmäki (2002). An analytical model for the selection of the
copper coating thickness in the case of high-speed synchronous machines was introduced by
Shah (2006). It was shown that in order to reduce the total rotor losses, the copper coating
thickness must be carefully determined in conjunction with the air gap length and all the
significant air gap harmonics. However, it is significant to realize that the manufacturing of a
copper-coated rotor is a complicated and expensive process. Thus, the rotor with a copper
coating is not always the most desired or even practical solid rotor construction. The use of a
high-conductivity material will not be discussed further here, since the use of, for instance,
copper on a large rotor surface is difficult from the manufacturing point of view and,
especially, in this very case it was not allowed by the rotor environment. It may, however be
mentioned that, in principle a copper coating is a good alternative from the electro magnetic
performance point of view.
An alternative approach is to cover the solid rotor surface for instance with high-resistivity
ferromagnetic stainless steel. The high-resistivity coating material for the solid iron rotor
should be selected such that it can be firmly attached on the rotor iron by welding, thus
boosting the rigidity of the slitted solid rotor construction. The coating may be manufactured
by using a stainless ferromagnetic tube, which may be welded to every tooth and the ends.
This procedure may significantly strengthen the slitted rotor construction and ease the
fulfilment of the mechanical requirements set by the high circumferential velocity of the rotor.
In addition that the sleeve closes the rotor surface and thus reduces the gas friction losses, it
should also have a tendency to damp the losses induced by the eddy-currents.
In this chapter, the possibility and the effect of coating the slitted solid rotor with highresistivity ferromagnetic material is discussed. A series of finite element calculations was
performed to analyze the effect of the rotor coating material electrical resistivity, initial
relative permeability and saturation flux density on the induced rotor eddy-current losses.
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4.1

Motor Performance with a Coated Solid Rotor

When the rotor is coated with a high-resistivity ferromagnetic material, a high-surface
impedance is achieved to damp the air gap harmonic effects in the coating layer. The surface
impedance for the corresponding flux wave may be defined as a relation between the electric
and magnetic field strengths. The highest value of the rotor surface impedance Zrs can be
obtained when the coating material has a high permeability and a low conductivity. If the
medium has a high surface impedance, it damps the magnetic flux variations trying to
penetrate through it. If the surface impedance of a coating material is large, it offers the flux
density variations, without causing large losses, to settle down before penetrating into the
well-conducting rotor core material.
According to the knowledge of the author, for the practical commercially available
ferromagnetic materials, the range of electrical resistivity is somewhere between 10 μΩcm
and 140 μΩcm. To determine the effect of the rotor coating layer on the motor performance,
and especially on its rotor losses, the resistivity, initial relative permeability and the saturation
flux density of the coating material were varied. Figures 4.2–4.4 show the FEM-calculated
rotor losses in the 120 kW two-pole solid iron rotor. The thickness of the coating layer was 3
mm and the length of the air gap was 2.5 mm. The number of rotor slits was 34 and the
number of stator slots was 48. The inner diameter of the stator and the mechanical air gap
length were kept constant in all the calculations to obtain comparable results. The rotor core
material beneath the coating layer has a resistivity of 30 μΩcm, a saturation flux density of
2 T and an initial relative permeability of 1000. The initial relative permeability for the
coating material was 200 and the saturation flux density was 1 T. These values were selected,
because such materials are available in practice.
It can be seen in Figs. 4.2–4.4 that the electrical resistivity is dominating; the higher the
resistivity, the more effectively the rotor losses are reduced. According to Fig. 4.2, if the
coating material resistivity is higher than the corresponding value of the rotor core material,
the rotor losses are reduced. The effects of the initial permeability and saturation flux density
of the coating material on the rotor losses are small. However, the results indicate that the
saturation flux density and the initial relative permeability of the rotor coating material should
be high. It should be noted that when the rotor is coated, the effect of the rotor slitting on the
rotor surface is partly lost. Therefore, in Fig. 4.2 the rotor losses are slightly higher compared
with the uncoated rotor, although the resistivities of the coating and the rotor core material are
the same.
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Figure 4.2. Rotor losses as a function of coating material resistivity for the 120 kW, two-pole, 170 Hz solidrotor induction motor (2D time-stepping calculation results). The solid rotor was slitted and had a uniform
3-mm-thick coating layer, the saturation flux density of which was 1 T and the initial permeability 200. All the
calculations were accomplished at the nominal operation point of the motor. The rotor core was made of a
material with the following properties: ρ = 30 μΩcm, μr0 = 1000 and Bs = 2 T.
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Figure 4.3. Rotor losses as a function of coating material saturation flux density for the 120 kW, two-pole,
170 Hz solid-rotor induction motor (2D time-stepping calculation results). The solid rotor was slitted and had a
uniform 3-mm-thick coating layer, the resistivity of which was 80 μΩcm, and the initial permeability of 200. All
the calculations are accomplished at the nominal operation point of the motor. The rotor core was made of a
material with the properties: ρ = 30 μΩcm, μr0 = 1000 and Bs = 2 T.
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Figure 4.4. Rotor losses as a function of coating material initial relative permeability for the 120 kW, two-pole,
170 Hz solid-rotor induction motor (2D time-stepping calculation results). The solid rotor was slitted and had a
uniform 3-mm-thick coating layer, the resistivity of which was 80 μΩcm and Bsat = 1 T. All the calculations are
accomplished at the nominal operation point of the motor. The rotor core was made of a material with the
properties ρ = 30 μΩcm, μr0 = 1000 and Bs = 2 T. The surface losses increase as a function of initial permeability
despite the increasing surface impedance of the coating. The flux variations penetrate through the coating as the
initial relative permeability increases, and therefore the coating should be thicker.

The thickness of the coating material required to prevent the penetration of the harmonic flux
components into the rotor core material is described by the depth of penetration of the
electromagnetic wave and the surface impedance. If the surface impedance of a material and
the coating layer thickness are large enough, they allow the flux density variations to settle
down before penetrating the well-conducting core material. In Figs. 4.2–4.4, the thickness of
the coating material was kept at a constant value of 3 mm. However, when the
electromagnetic properties of coating material are changed, also the depth of penetration
alters. If the ratio between the electrical resistivity and the coating material thickness is not
properly dimensioned, the high-frequency magnetic fields may penetrate through the coating
layer and generate additional eddy-losses on the rotor core. On the other hand, if the coating
layer is too thick, it will cause a higher slip, because the high-resistivity coating material does
not produce torque as effectively as the high-conductive rotor core material.
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The optimal rotor coating material thicknesses that minimize the rotor losses with the
corresponding coating material resistivity are illustrated in Fig. 4.5. The analyzed motor was a
120 kW solid-rotor induction motor. The rotor core was slitted, and the rotor was coated with
a uniform tube. All the calculations were performed at the nominal operation point of the
motor. It can be seen that the thickness of the coating layer should be increased as the
electrical resistivity of the material increases.
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Figure 4.5. Effects of the electrical resistivity on the optimal coating layer thickness (2D calculation results). The
motor analyzed was a 120 kW, two-pole, 170 Hz solid-rotor induction motor. The rotor core was made of a
material with the properties ρ = 30 μΩcm, μr0 = 1000 and Bs = 2 T. The initial relative permeability was kept at a
constant value of 500. All the calculations were accomplished at the nominal operation point of the motor.

Figure 4.6 shows the effect of the initial relative permeability and the saturation flux density
on the optimal coating layer thickness. The effects of the saturation flux density and the initial
relative permeability are quite small when the optimal coating layer thickness is considered.
The thin coating layer can be achieved, if the electrical resistivity is low, and the saturation
flux density and the initial relative permeability are high.
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Figure 4.6. Effects of the electrical resistivity, saturation flux density and the initial relative permeability on the
optimal coating layer thickness (2D calculation results). The motor analyzed was a 120 kW, two-pole, 170 Hz
solid-rotor induction motor. The rotor core was made of a material with the properties ρ = 30 μΩcm, μr0 = 1000
and Bs = 2 T. The resistivity of the coating material was 80 μΩcm. All the calculations are accomplished at the
nominal operation point of the motor.

The performance comparison of uncoated and coated rotors is given in Fig 4.7. The uncoated
slitted solid rotor was kept as a reference rotor. The thickness of the ferromagnetic coating
layer was 2 mm. The selected coating material was stainless steel (Sandvik 1080SM). The
electrical resistivity of Sandvik 1080SM is 80 μΩcm, the saturation flux density is 1 T and the
initial relative permeability is 200. When the electromagnetic torque in Fig. 4.7 is considered,
it can be seen that the torque generation ability is lower with a coated rotor than it is in motor
having an uncoated solid rotor. This is because the torque-production characteristics of the
coating material are not very good. In coated rotors, the fundamental flux wave attenuates
slightly and the slip has to be increased in order to achieve the rated torque. Hence, the slipdependent rotor Joule losses are slightly higher in a motor having a coated rotor than in the
case of an uncoated rotor. The increase in the rotor impedance decreases also the power factor
of the machine. This, however, is mainly caused by the reduced losses.
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Figure 4.7. Electromagnetic torque and power factor of the 120 kW solid-rotor induction motor as a function of
slip (2D calculation results). The electrical resistivity of the coating material (Sandvik 1080SM) is 80 μΩcm, the
initial relative permeability 200 and the saturation flux density 1 T. The corresponding values for rotor core
material are ρ = 80 μΩcm, μr0 = 200 and Bs = 1 T. The thickness of the coating layer is 2 mm.

When the total loss in terms of output power is considered, the effect of the high-resistivity
coating material on the electrical efficiency of the machine is significant. The power loss
density distribution on the solid rotor with and without a coating layer is shown in Fig. 4.8.
We can see that the coating cylinder made of a proper material attenuates the flux density
variation because of the stator slotting. This reduces the rotor core losses. Although the slipdependent losses of the rotor increase when the rotor is coated with a high-resistive
ferromagnetic material, the rotor losses with the coating material Sandvik 1080SM can be
reduced by 15 %, and approximately a 1.0 % improvement in the electrical efficiency of the
motor can be achieved. In addition, the gas friction losses that were not taken into account in
the FEM calculations decrease, thus improving the motor performance at high rotational
speeds.
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Figure 4.8. Distributions of the loss density on the rotor with and without the rotor coating in the nominal power
operation of a 120 kW solid-rotor induction motor. The electrical resistivity of the coating material (Sandvik
1080SM) is 80 μΩcm, the saturation flux density 1 T and the initial relative permeability 200. The thickness of
the coating cylinder was 2 mm. The rotor core was made of ferromagnetic steel Fe52 (ρ = 26 μΩcm, μr0 = 1000
and Bs = 2 T). It can be seen that the losses on the rotor core surface are reduced, when the rotor is coated with a
high-resistivity material.

The reduction of the air gap harmonic fields penetrating into the rotor core material decreases
the rotor losses and increases the total efficiency of the motor. However, this is valid only to
some extent, because the high-resistivity coating increases the slip-dependent losses. The
material and the thickness of the coating layer should be chosen with special care to reduce
the rotor losses without causing too high an increase in the slip-dependent losses. The main
principle in the dimensioning of the rotor coating cylinder thickness is that the harmonics
caused by the stator slotting should be attenuated in the coating layer. Therefore, the coating
material thickness should be considered case by case, because the optimal thickness is
dependent on the selected material and on the rotor surface current frequency generated by the
stator slot permeance variations.
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4.2

Conclusions

Coating of a solid rotor with a suitable ferromagnetic material may considerably improve the
performance of a solid-rotor induction motor. The material properties and the thickness of the
coating material must, however, be carefully selected. The effects of the coating material
resistivity, initial permeability and saturation flux density on the rotor losses were studied.
As a practical coating material example, one commercial ferromagnetic stainless steel was
studied. This material has a resistivity of about 80 μΩcm, a saturation of about 1 T and an
initial permeability of about 200. Using this material as a coating material improved the
efficiency of the 120 kW machine by one per cent unit. If higher resistivity materials were
available, the improvement would even be greater.
Using a coating that closes the rotor surface may be problematic in a machine that operates at
ambient pressure, since the effective cooling surface of the rotor is significantly reduced by
the coating. The coating may, however, be highly beneficial, if the air gap pressure is high
and the decrease in the rotor surface caused by the coating does not disturb the heat transfer of
the rotor. In such a case, the friction losses are also considerably smaller, and the effect of the
rotor coating may be remarkable.
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5. SOLID ROTOR END-EFFECTS
Hitherto, all the calculations in this work have been performed by using a two-dimensional
approach. In 2D calculations, the whole rotor is treated as an infinitely long solid conductor.
Hence, the inductances of the rotor ends are not taken into account in the coupled circuit
modelling. In such calculations, the rotor power factor angle remains too small, and thus, the
motor power-factor obtained from the 2D finite element analysis is overestimated. This may
be seen when comparing the FEM calculated results with the laboratory measurement results.
For instance, in the Fig. 2.17 FEM-calculated motor power factor was 0.68. The
corresponding measured value was 0.61. The FEM calculations give the rotor power factor of
0.89 for the slitted rotor with 34 slits at its rated slip. This rotor power factor corresponds to
rotor power factor angle of 22.6°.
An equivalent circuit representing a solid-rotor induction machine is given in Fig. 5.1. The
main principle of the electromagnetic solid rotor analysis is that it yields the equivalent rotor
impedance, which can be used in an equivalent circuit presentation. In accordance with the
usual practice, an equivalent circuit for a solid-rotor induction motor consists of the stator
impedance Z s = Rs + jω s Lsσ in series with two parallel branches representing the magnetizing
impedance Z m = jωLm and the rotor impedance referred to the stator Z ′ r = Rr′ + jωs Lrσ′ (s ) . The
stator iron loss resistance
presentation. A solid-rotor
the squirrel cage constant
L'rσ(s). The slip-dependent

RFe parallel to the magnetizing inductance is not shown in this
machine differs from normal squirrel cage machines; contrary to
leakage inductance, the solid rotor leakage depends on the slip
term Rr′ (1 − s ) / s in the equivalent circuit represents the generated

electromechanical power.

Rs

Lsσ

Is

Ir

L´rσ(s)

R′r

Im
Lm

R´r(1–s)/s

Figure 5.1. Equivalent circuit of a solid-rotor induction machine. Rs, stator resistance, Lsσ, stator leakage, Lm,
magnetizing, L'rσ, rotor leakage referred to stator, R'r, rotor resistance referred to stator, s slip. The rated phase
values of the machine equipped with a Fe52 rotor are Us = 230 V (phase voltage), Is = 300 A, cosϕn = 0.61. The
per unit values are Lsσ = 0.084, Lm = 3.57, Rs = 0.009.
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The rotor surface impedance Zr seen by an axial electric field Ê0 at the surface of the solid
rotor can be expressed in the form
Zr =

Eˆ 0
Eˆ 0
,
=
ˆ
J s n × Hˆ 0

(5.1)

where n is the unit vector normal to the surface, Ĥ 0 is the magnetic field strength at the
surface of the solid rotor, and Ĵ s presents the induced rotor surface current in A/m. The finite
element field solution, hence, gives the rotor impedance and its phase angle.
The linear theory of eddy-currents in solid conductors is well known and documented. In the
linear analysis, it is assumed that the active part and the reactive part of the surface impedance
are equal and constant. This results in a rotor surface impedance as
Z r,linear =

1+ j

δσ

= (1 + j)

ωslip μ
= Z rs ∠45o .
2σ

(5.2)

In Eq. (5.2) the depth of penetration of the electromagnetic wave into the conducting material
is defined as
δdp =

2
,
ωslipσμ

(5.3)

where σ is the electrical conductivity of the material and ωslip is the angular frequency of the
penetrating field. In the linear theory, it is assumed that the penetration depth of the
penetrating field is calculated with a constant permeability μ.
When the active and reactive parts of the surface impedance are considered to be equal, there
is a 45° phase shift between the electric field strength and the surface current. This produces
for a non-saturating rotor a power factor of cosϕ r = 0.707. This is contrary to many results
obtained with practical experiments, which have shown that the phase angle of solid rotor is
far less than 45°. This can be explained with the fact that the ferromagnetic steel saturates and
a constant value of μ cannot satisfactorily represent the nonlinear magnetic behaviour of the
rotor steel.
Agarwal’s limiting non-linear theory (1959) assumes idealized rectangular magnetization
characteristics. In Agarwal’s model, it is assumed that the flux density within the material
may exist only at a magnitude to a saturation level. The depth of penetration is defined as in
the linear theory, except that the permeability μ is defined in terms of the peak value of the
sinusoidal applied surface magnetic field Ĥ 0 and the saturation value of magnetic field flux
density Bs
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δdp =

2 Hˆ 0
2
.
=
ωσμ
ωσBs

(5.4)

In the case of a sinusoidal imposed tangential magnetic field, the rotor surface impedance
according to Agarwal’s limiting non-linear theory, that is Zr,non-linear is
Z r,non -linear = RAgarwal + jX Agarwal =

8H m
(2 + j) = 8 5 ∠26.6o .
3πσδH m
3πσδ

(5.5)

According to Agarwal's limiting non-linear theory, the phase shift for a totally saturated rotor
is 26.6 degrees. This gives a rotor power factor of cosϕr = 0.894. Correspondingly
sinϕr = 0.448. Hence, Agarwal’s limiting non-linear theory suggests that there are a per unit
resistance of 0.894 and a corresponding per unit inductive reactance of 0.448 in the rotor. In
practice, the rotor power factor is somewhat lower. Both the linear theory and the limiting
non-linear theory produce a constant power factor for the rotor impedance. An approximate
solution obtained by assuming the permeability to be constant may yield good results as long
as the material remains on the linear portion of the magnetization curve. This, however, takes
place only at very small slips. At rated operation points of typical solid-rotor machines, the
rotor surfaces are heavily saturated and their behaviour approaches Agarwal's non-limiting
theory.
Assuming heavy saturation, the rotor phase angle ϕ r approaches the theoretical value of 26.6°
given by Agarwal’s theory. If the saturation is lower, the rotor phase angle starts to approach
the value of 45° given by the linear theory. It is assumed that the phase angle of the rotor
impedance is somewhere between these two extremes, given by the linear theory and the
limiting non-linear theory. Pillai (1969) used a non-linear variation of fundamental BH curve
in the calculations. It was concluded that the rotor impedance phase angle varies between
35.3° and 45°. Test results showed that the real phase angle of the rotor impedance
approaches the lower value when the slip increases and the magnetic field strength drives the
surface of the rotor steel into the magnetic saturation. Respectively, at very low slips the
magnetic state of the rotor is lighter and the phase angle approaches 45°.
Figure 5.2 shows the phasor diagram of the solid-rotor induction motor studied. In the figure,
Lsσ is the leakage inductance of the stator, Lm is the magnetizing inductance of the machine at
the nominal point, L'rσ is the rotor leakage inductance of the machine referred to the stator, R'r
is the rotor resistance referred to the stator and Ir is the rotor current. Because of a very low
value of the stator per unit resistance, the voltage loss caused by the stator winding resistance
Rs is neglected in the phasor diagram. The slip is represented with the symbol s. Ψs is the
stator flux linkage, which includes the air gap flux linkage Ψm and the stator flux leakage Ψsσ.
Correspondingly, Ψr is the flux linkage of the rotor, which includes the air gap flux linkage
Ψm and the rotor flux leakage Ψrσ. The stator voltage Us creates the stator flux linkage, of
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which a back electromagnetic force Es is derived. A voltage Em is included in the rotor from
the air gap flux linkage. This voltage is consumed completely in the rotor resistance and in the
rotor leakage reactance.
jωLsσIs

Us

Um

Is

−I'r

ϕs

Ψs
Im

E'r = −I'rR'r(1/s)

−I'r

ϕr

−jωLrσ′ Ir′

Ψ r'

Lsσ Is

Ψm

Lrσ′ Ir′

Em E
s

−jωLsσIs
Figure 5.2 Phasor diagram of the solid-rotor induction motor at its rated operational point (slitted Fe52 rotor).
Voltage, current and flux linkage phasor lengths are referred to per unit values. The power factor angle of the
motor is 52° and the rotor power factor angle is 36° which is well between Agarwal's 26.6° and 45° of the linear
theory.

The total impedance Ztot of the electrical machine consists of the stator Zs and rotor
impedances Zr. The total impedance of the motor can be determined by laboratory
measurements as a ratio between the phase voltage supplied to the motor and the current
flowing into the stator winding
Z tot =

Us
Is

=

P
2

I s cos ϕs

,

(5.6)

where Is is the phase current phasor of the machine, Us is the phase voltage phasor, P is the
real power supplied to the motor and cosφs is the motor power factor. When the performance
of the induction motor equipped with a solid steel rotor is determined by the 2D finite element
calculations, the main problem is related to the rotor impedance behaviour, which, of course,
is tightly related to the rotor field solution.
Usually, the axial length of the rotor slits is equal to the length of the stator stack length. Due
to the slits, the eddy-currents are forced to flow axially along the rotor teeth in the stator stack
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region. The rotor end-regions that are beyond the laminated stator core short-circuit the rotor
teeth and act as “end-rings” made of ferromagnetic material. 2D calculations are not capable
of taking the magnetic fields of the end-areas into account and, hence, the three-dimensional
rotor end-effects should be taken into account with a complex corrective end-effect factor ker.
The rotor impedance, fixed with end-factor is

Z fix = k er Z r .

(5.7)

The end-effect factor is in principle a complex number, since it should be capable of
evaluating also the inductance of the end-region, as the end-region impedance angle might not
be the same as in the active areas of the rotor. The phase angle of the rotor impedance is
cos ϕ r =

Rr
=
Zr

Rr
Rr + (ω r Lrσ )
2

2

=

Rr
Rr + (sωs Lrσ )
2

2

.

(5.8)

When the rotor is made of one single piece of ferromagnetic material without electrically
high-conductive end-rings, the rotor end fields have a significant effect on the motor
characteristics. It is obvious that if the effects of the end-areas of a solid steel rotor are not
included in the analysis, the rotor impedance will be too small and the output power of the
motor will be too optimistic. In two-dimensional numerical finite element calculations, the
three dimensional rotor end-effects are traditionally taken into account by modifying the rotor
effective resistivity by an end-factor, described, for instance, by Trickey (1936), Russell
(1958), Yee (1971), O’Kelly (1972) and Woolley (1973).
To take into account the induced eddy-currents flowing peripherally at the ends of the rotor, a
variety of correction factors have been suggested to modify the rotor impedance. Further, to
take into account the complex three-dimensional current distribution in the end regions of the
rotor iron, a full three-dimensional finite element analysis is required. However, modelling of
the whole solid-rotor induction motor with the three-dimensional time-stepping finite element
method is too large a problem for the present-day computers. However, the proposed endfactors can be applied only to the resistive part of the rotor impedance, which may result in a
correct torque, but the calculation of the power factor of the rotor and also the motor will
indisputably fail. This is demonstrated in Fig 5.3.
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Xr,er
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M

Zr

ϕs

Rtot,ef

ϕr

Rr,er

Xr,act
Rr,act

Figure 5.3. Solid-rotor induction motor total impedances at the rated operational point of the machine (rated
torque). Zmeas,tot is the total motor impedance measured at stator terminals. Its phase angle is ϕs = 52°. Zef,tot is
calculated with two-dimensional approach with end factor resistivity correction. Its phase angle is 48°. The
resistive part of the total impedance Rtot,ef is correct when the resistivity of the material is corrected with the endeffect factor. The reactance of the total machine impedance corrected with the resistance correction factor is,
however, too small. The rotor impedance consists of the active part impedance Rr,act + jXr,act and the end ring
impedance Re,er + jXr,er. The rotor phase angle is ϕs = 36°.

The end-effects are such that they decrease the power factor of the machine from the values
given by the calculations in Chapter 2. In the calculations at the rated torque, every slitted
rotor, independent of the resistivity, produces the motor power factor of cosϕ = 0.68. The real
motor, however, produces the power factor of cosϕ = 0.61. Thus, there must be an extra endeffect inductance that increases the total reactance of the machine as it is illustrated in Fig.
5.3. At the moment, the complex end-effect factor may be defined only by experiments. In the
following, the experimental results of a test motor are reported in order to be able to compare
the calculated results with the real ones.
5.1

Experimental Measurements

To evaluate the effect of the solid rotor end region on the motor performance, a set of
laboratory measurements were made. The motor analyzed was a three-phase, two-pole,
170 Hz induction motor equipped with a slitted solid steel rotor. The rated output power of
the motor was 120 kW. The effect of the solid rotor “end ring” length on the motor
performance was identified with careful laboratory measurements. The axial length of the
rotor was shortened by cutting the rotor end iron piece by piece. The rotor was slitted using
non-skewed slits of equal depth. The depth of the rotor slitting was 40 mm and the width of
the rotor slits was 2.5 mm. The axial length of the rotor slits was equal to the length of the
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stator stack length. The rotor core material was ferromagnetic low-carbon steel Fe52. The
main parameters of the solid-rotor induction motor and the solid rotor construction studied are
shown in Fig. 5.4.

60-0 mm

300 mm

Number of pole pairs
Number of phases
Number of stator slots
Stator outer diameter
Stator bore diameter
Active stator stack length
Stator cooling duct width
Air-gap length
Rotor length
Rotor slit depth
Number of rotor slits
Rated voltage
Rated phase current
Rated frequency
Rated output power

1
3
48
400
200
280
20
2.5
420 – 300
40
34
230
300
170
120

mm
mm
mm
mm
mm
mm
mm
V
A
Hz
kW

Figure 5.4. Dimensions of the rotors and the main parameters of the machines measured in the laboratory.

To find out the practical effects of the solid rotor end areas, the rotor first had long end
"rings", which were gradually reduced as the tests proceeded. As an a priori assumption, the
torque-producing capability of a pure solid rotor should increase as the ends become shorter.
This is due to the idea that the current paths become shorter when the ends are short. This,
again, is based on the skin effect that forces the rotor current to flow in the free end areas on
the rotor surfaces.
The properties at each rotor length of the test motor were measured in the laboratory. During
the load tests, the shafts of two high-speed machines were mechanically connected via a
torque transducer. The tests with the shaft of the motor connected to load machinery were
made for the determination of efficiency, power factor, speed and current in a large power and
slip range. The temperatures of the rotating solid rotor and the stator winding temperature
were measured during the load test to get comparable results between measurements and
finite element calculations.
The original rated output power of the test motor was 120 kW. However, to achieve as
comparable results as possible between the measured and numerically calculated values,
instead of a frequency converter, the motor was supplied directly from the 50 Hz network.
While the supply frequency was reduced from 170 to 50 Hz, the supplied voltage had to be
reduced to keep the air gap flux and the motor performance at rated values. Thus, the reduced
nominal output power of the motor was around 35 kW.
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The torque production of an induction machine is based on the interaction of the air gap flux
density and the rotor conductor currents. To induce rotor current, a slip must be present. In
order to achieve the rated torque, the rotor electrical angular frequency ωslip must be kept the
same as in the rated frequency supply. Therefore, the per unit slip with reduced 50 Hz
frequency supply case was large. The nominal per-unit slip of the test motor at rated
frequency of 170 Hz is 0.01. When the frequency is reduced to 50 Hz, the nominal slip of the
motor increases and takes place at 0.034.

Torque [Nm]

The measured torque versus speed curves with different rotor end iron lengths are given in
Fig. 5.5. As it was presumed, the trend in the results is that a rotor with a short end iron gives
a higher torque than a rotor with a long end iron. The apparent resistivity seems to be higher
with the long rotor ends. This phenomenon is emphasized at higher slip values. If the torque
generation ability at the highest loaded point is considered, the improvement between 60 mm
and 5 mm rotor end-ring lengths in the torque can be more than 10 %. If the rotor end iron is
totally removed, the torque-producing capability is reduced. This is because the saturation of
the rotor end starts to decreases the effective torque producing rotor length. These
observations indicate that the apparent resistivity of the rotor is very sensitive to changes in
the rotor electrical angular frequency.
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Figure 5.5. Torque versus slip with different rotors. The length of the rotor end was varied between 0 mm and
60 mm. The short rotor ends produce the highest torque at a certain slip. However, if the rotor end is totally
removed (0 mm), the generated torque decreases. The rated torque of about 110 Nm is found with the 30 mm
end rings at about 2898 [1/min]. This corresponds to a 102 [1/min] slip, which at the rated supply frequency
should be equal to 1 % per unit slip
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Power factor

The power factor is the ratio between the amount of real power supplied and the actual
amount of apparent power used. The higher the power factor, the more effectively the
electrical energy is being used. In the case of a solid-rotor induction machine, the rotor core is
used both a current- and magnetic-flux-carrying circuit, and thereby the poor power factor of
the motor cannot be avoided. Figure 5.6 shows the measured power factor of the motor as a
function of rotational speed with a 50 Hz sinusoidal supply. If the rotor end iron is kept long,
the power factor of the motor is slightly higher at high values of slip. This may be explained
with the high rotor resistance, and hence, high rotor losses. In the rotor with short ends, the
torque producing capability is better with lower rotor losses, and hence the power factor is
slightly lower. At high values of the rotor electrical angular frequency, the rotor ends are
totally saturated and the long rotor becomes slightly better when the power factor is
considered. However, the effect of the rotor end iron length on the power factor is
insignificant.
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Figure 5.6. Measured power factors versus speed for the test motor with eight different lengths of the rotor end
iron. The rated power factor of 0.61 is found with all end ring lengths at about 2898 [1/min].

The measured stator phase current versus rotational speed at a sinusoidal 50 Hz supply is
given in Fig. 5.7. It can be seen that the phase current increases when the rotor end iron is
shortened. This is understandable since the rotor converts electrical energy more efficiently to
mechanical one, and the torque at a certain slip is higher.
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Figure 5.7. Measured currents versus speed for the test motor with eight different lengths of the rotor end iron.

Torque [Nm]

The generated torque versus stator phase current are compared in Fig. 5.8. It can be observed
that the solid rotor with 60 mm and 0 mm end irons creates the same torque by a higher stator
phase current that the others. This indicates that the rotor ends are heavily saturated in short
rotors. The low performance of the long rotor can be explained with the high rotor resistance.
The proper end iron length reduces the stator losses and the efficiency of the motor is
increased.
0 mm

190
180
170
160
150
140
130
120
110
100
90
80
70
60
50
40
30
20
10
0

5 mm

10 mm

20 mm

30 mm

40 mm

50 mm

60 mm

0 mm

150

175

200

225

250

275

300

325

350

375

400

425

450

475

500

Phase current [A]

Figure 5.8. Measured torques versus stator phase currents. The torque versus current ratio in a solid-rotor with
0 mm and 60 mm long ends is higher than with other rotor end lengths between these two extremes.
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Figure 5.9 shows the test motor efficiency versus the rotation speed of the rotor. It can be seen
that the motor efficiency is increased with a shorter end iron. This is emphasized at high
values of the rotor slip electrical angular frequency. When the slip angular frequency is low,
the optimal rotor end-ring length is slightly increased. This might be explained with the fact
that the surface current penetrates deeper when the angular frequency is high. Therefore, at
lower rotor slip frequencies, a slightly longer end ring is needed to ensure the flux flow from
one pole to other. At higher rotor slip frequencies, the penetration depth is smaller. Thus, to
minimize the rotor impedance, short rotors are more advantageous at high slips.
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Figure 5.9. Measured efficiencies versus speed for the test motor with eight different lengths of the rotor end
iron. The measurements were made with a reduced 50 Hz supply.

The experimental results have indicated that the motor losses are smaller with a short rotor
end iron. The shorter the end iron is the lower is the rotor equivalent resistivity and the more
efficiently the solid-rotor induction motor is operating. The effect of the rotor end iron length
on the total efficiency of the motor can be more than one per cent, and thus the design of the
solid rotor end iron length should be considered with special care. Although the highest
efficiency is reached when the rotor end iron length is short, for all the practical purposes, a
mechanical analysis of the rotor end iron is inevitably required to assure a rigid rotor body
construction during high-speed operation.

127

5.2

Numerical Calculations

In the case of 2D numerical calculations of a solid iron rotor, the rotor equivalent resistivity ρ
must be modified by an end-effect factor k

ρ fix =

ρ
k

.

(5.9)

According to Russell (1958), the rotor ends can be taken into account in the computations by
modifying the rotor resistivity by the end-factor depending on the geometry of a solid rotor

k Russell = 1 −

⎛ πL ⎞
tanh⎜ r ⎟ ,
⎜ 2τ p ⎟
πLr
⎝
⎠

2τ p

(5.10)

where τ p is the pole pitch and Lr is the rotor length.
In the study presented by Yee (1971), it is assumed that the rotor current density is confined
in a thin shell around the rotor. According to Yee, the end-factor for a smooth solid rotor is
defined as

k Yee

⎛
⎛ aL ⎞ ⎞
aLr ⎜⎜1 + coth⎜ r ⎟ ⎟⎟
⎝ 2 ⎠⎠
⎝
=
,
⎛
⎛ aL ⎞ ⎞
aLr ⎜⎜1 + coth⎜ r ⎟ ⎟⎟ − 2
⎝ 2 ⎠⎠
⎝

(5.11)

where a = π/τp and Lr is the rotor length.
According to Trickey (1936), the end-factor depends on the inner and outer diameters and the
pole pair number of the rotor, and is defined as

k Trickey

⎡ ⎛D
⎢1 + ⎜ in
p ⎢ ⎜⎝ Dr
= ⎢
2 ⎢ ⎛D
in
⎢1 − ⎜⎜ D
⎣ ⎝ r

p
⎞ ⎤
⎟⎟ ⎥
⎠ ⎥⎛⎜1 − Din ⎞⎟
,
p ⎥⎜
Dr ⎟⎠
⎞ ⎥⎝
⎟⎟ ⎥
⎠ ⎦

(5.12)

where Dr is the rotor outer diameter and p is the pole pair number. In the case of a slitted solid
rotor, the inner diameter Din can be defined according to the rotor slit depth:

Din = D r − 2 y slit ,

(5.13)

where yslit represents the depth of the rotor slitting. It should be noted that Eq. (5.12) does not
take into account the rotor length. Thus, according to Trickey’s formula, the correction factor
is a constant value for all rotor lengths.
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O’Kelly (1972) proposed an expression that defines the end-factor that reduces the rotor
equivalent conductivity. It was suggested that the end-effect correction factor k could be
written as

k O'Kelly =

Lr
πr ,
Lr + ave
p

(5.14)

where Lr is the rotor length and rave is the average rotor radius.
Woolley (1973) defined the end-factor k as
⎡1 ⎛
⎛ pL ⎞ ⎞⎤
2
k Woolley = ⎢ ⎜ Q1 + Q1 + 4k1 ⋅ tanh⎜⎜ r ⎟⎟ ⎟⎥
⎢2 ⎜
⎝ Dr ⎠ ⎟⎠⎥⎦
⎣ ⎝

(5.15)

The variables Q1 and k1 are defined as
⎛ pL ⎞
⎞
⎛ D
Q1 = 1 − ⎜⎜ r + k1 ⎟⎟ tanh⎜⎜ r ⎟⎟ ,
pL
⎝ Dr ⎠
⎠
⎝ r
k1 =

(5.16)

zer ρ c
,
yslit ρ er

(5.17)

where zer and ρer represent the end region thickness and the resistivity, respectively, yslit is the
slit depth and ρc is the cylindrical shell region resistivity.
Table 5.1 illustrates the calculated end-factors according to Eqs. (5.10)–(5.17). The length of
the solid rotor end iron was varied from 0 mm to 60 mm, and thus the total axial length of the
rotor body was varied between 300 and 420 mm. Other machine parameters needed in the
end-factor calculations are given in Fig. 5.4.
Table 5.1. Rotor end-effect factors. The resistivity of the rotor core material is divided by the factors.

End factor

Rotor end length [mm]
0

5

10

20

30

40

50

60

k Russell

0.41

0.42

0.43

0.46

0.48

0.51

0.53

0.55

k Yee
k O'Kelly
k Trickey

0.69

0.70

0.71

0.72

0.74

0.75

0.76

0.77

0.49

0.50

0.51

0.53

0.54

0.55

0.57

0.58

0.85

0.85

0.85

0.85

0.85

0.85

0.85

0.85

k Woolley

0.63

0.64

0.66

0.70

0.73

0.76

0.79

0.82
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The comparison of the measured and numerically calculated torque versus slip characteristics
is presented in Fig. 5.10. The measurements and the numerical calculations were performed in
eight different load conditions. The total length of the rotor was 340 mm including the endiron lengths of 20 mm. The friction and windage losses of the motor were determined in noload tests. The friction power associated with the resisting drag torque of a rotating rotor was
260 W, which was taken into account in the computations. As can be seen in Fig. 5.11, the
end-factors written above are not able to accurately describe the rotor end-region. The
calculations with the correction factor proposed by O’Kelly give quite accurate results
compared with the measured values and thus provide a good approximation in a wide rotor
angular frequency range. However, the calculation fails with O’Kelly’s factor, because the
behaviour of the correction factor is more linear than the real measured torque versus speed
characteristics. When the finite element calculations performed with the generally used
Russell’s end-factor are considered, the results are not too realistic as the rotor frequency
increases. However, it should be noted that the 2D finite element calculations with Russell’s
end-factor describe the generated electromagnetic torque with a fair accuracy, when the motor
is close to synchronous operation and the rotor is not heavily saturated.
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Woolley
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Electromagnetic torque [Nm]
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Figure 5.10. Measured and calculated electromagnetic torque versus speed characteristics. The total length of the
rotor body is 340 mm having the end iron lengths of 20 mm.
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Figure 5.11. Measured and calculated power factors versus speed. The total length of the rotor body is 340 mm
having the end iron lengths of 20 mm. All the calculated results are too optimistic.

Most of the proposed methods are partly based on the calculation of the penetration depth,
and should thus be a function of rotor slip frequency. The magnetic flux in the rotor endregions is associated with the most heavily saturated parts of the rotor. As it can be seen in
Figs. 5.10 and 5.11, the difference between the measured and calculated values increases as
the rotor electrical angular frequency increases. The difference is mainly due to the saturation
of the end region of the solid rotor. The end region of the solid rotor drifts in a deeper and
deeper saturation causing a skin effect to the rotor currents, which, again, increases the
apparent resistance when the slip increases. Thus, the effect of the slip on the correction factor
should be taken into account by varying the end-factor in the calculation.
5.3

Corrected End-Factor

As it was shown in Fig. 5.10, Russell’s end-factor describes well the increase of the rotor
resistivity caused by the current paths in the rotor ends, when the rotor is not heavily
saturated. Therefore, Russell’s end-factor can be used as a basis for the slip-corrected endfactor. The total correction factor that contains the correction factors for the curved current
paths kRussell, and the factor that takes into account the effect of the increased slip kAho, may be
written as
k tot = kRussell ⋅ kAho .

(5.18)
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The correction factor kAho should further increase the rotor resistivity. According to the
experimental measurements and finite element calculations, the correction factor that takes
into account the effect of the slip kAho can be written as
4

kAho

⎛ n ⎞
⎟
=⎜
⎜ nsynch ⎟ ,
⎠
⎝

(5.19)

where nsynch is the synchronous rotating speed and n is the asynchronous rotation speed of the
rotor.
Figures 5.12–5.13 show the calculated and measured electromagnetic torque with a 340 mm
rotor body length, that is, the rotor end iron length is 20 mm. The finite element calculations
were carried out by applying a genuine Russell’s correction factor and by applying the slipfixed correction factor defined in Eq. (5.19). The calculation results were compared with the
measured values. The results indicate that the accuracy obtained with finite element
calculations at high slip values can be increased with the slip-fixed end-factor.
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Figure 5.12. Measured and calculated electromagnetic torque versus speed characteristics with a 340 mm rotor
length. The effect of the curved current paths in the end region of the rotor and the effect of the slip on the rotor
resistivity were taken into account in the finite element calculations.

132
0.75
0.70
0.65

Power factor

0.60
0.55
Russell
Russell-Aho
Measured

0.50
0.45
0.40
0.35
0.30
2790

2810

2830

2850

2870

2890

2910

2930

2950

2970

2990

Rotation speed [rpm]

Figure 5.13. Measured and calculated power factor versus speed characteristics with a 340 mm rotor length. The
effect of the curved current paths in the end region of the rotor and the effect of the slip on the rotor resistivity
were taken into account in the finite element calculations.

Table 5.2 gives the absolute values of the motor parameters found either by measurements or
by numerical calculations. In the calculations, the rotor resistivity was modified by the
Russell-Aho end-factor. It may be seen that the results are good from the resistance point of
view, but there remains the problem of the correct phase angle of the rotor. That cannot be
taken into account by modifying the resistivity of the rotor material, since the fields at the
end-areas behave differently compared with the fields in the active rotor parts. The difference
between the measured and calculated reactances is mainly caused by the error in the rotor
inductance and, especially, in the end region inductance. Inductances depend on the magnetic
state of the motor. Therefore, to obtain accurate results, the rotor performance should be
determined from the field equations by applying 3D finite element calculation.
Table 5.2. Measured and FEM-calculated impedances for the solid steel rotor motor. In the FEM calculations,
the rotor resistivity was modified by the Russell-Aho end factor. The rotor end length was 20 mm. The error
between measured and calculated values occurs mainly in the reactive part of impedance.
MEASURED
Reactance Phase angle
[deg]
[Ω]

Resistance
[Ω]

FEM
Reactance
[Ω]

Phase angle
[deg]

Resistance

Reactance

Phase angle

59.3

0.333

0.535

58.1

0.0 %

4.6 %

2.0 %

52.9

0.230

0.282

50.8

1.5 %

8.7 %

4.0 %

0.224

50.8

0.177

0.197

48.1

3.3 %

12.0 %

5.3 %

0.185

50.2

0.144

0.155

47.1

6.6 %

16.3 %

6.2 %

Slip with
170 Hz
supply

Resistance
[Ω]

0.5 %

0.333

0.561

1.0 %

0.234

0.309

1.5 %

0.183

2.0 %

0.155

DIFFERENCE (MEASURED - FEM)
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The theoretical justification of the behaviour of magnetic fields in the rotor would require a
3D nonlinear eddy-current analysis. Some analytic estimations using Agarwal's theory might
be made. The resistive part of the rotor in 2D calculations is corrected by increasing the rotor
material resistivity in the calculations, as was done above. This, however, neglects the rotor
end leakage inductance. The rotor end leakage may be estimated roughly by using Agarwal's
non-limiting theory. The rectangular approximation to the BH curve is good only at very high
levels of magnetization. This analysis gives a constant value of 26.6° to the rotor impedance
phase angle when the applied magnetizing force is assumed to be sinusoidally distributed
(MacLean 1954, Chalmers 1972, Yee 1972). We assume that the ferromagnetic end ring is
heavily saturated and produces an inductance corresponding to the phase angle of 26.6°.
The effect of the length of the rotor end area on the accuracy of 2D finite element calculation
is shown in Figs. 5.14 and 5.15. The electrical angular frequencies of the rotor currents were
10.6 rad/s, 16.0 rad/s or 21.5 rad/s (i.e., the per unit slips with 170 Hz supply are 0.01, 0.015
and 0.02, respectively). It can be seen that the 2D calculations with the proposed corrected
Russell’s factor show a quite high accuracy when the slip is large. The calculations follow
well the measured values, if the rotor end length exceeds Agarwal’s penetration depth. We
calculate Agarwal's penetration depth by using the saturation flux density of 2 T and a
corresponding saturation field strength of 10000 A/m for Fe52 (Pyrhönen 1991) at 0.01 slip
corresponding to a 10.6 1/s angular frequency.
δAgarwal =

2 Hˆ 0
2 ⋅ 10000
=
= 0.016 m
ωrσBs
10.6 ⋅ 3.7 ⋅ 10 6 ⋅ 2

(5.20)

Based on this result, we may say that the suitable end ring length of the motor at its rated
operation point is about 15 mm.
Figures 5.14 and 5.15 show the correlation of calculated and measured torque at three
operation points. In the FEM calculations, the rotor end-effects were taken into account by
modifying the rotor resistance by the end-factor: the end-factor based on the work by Russell
is shown in Eq. (5.10) and the definition of the modified Russell’s end-factor, Russell-Aho, is
shown in Eq. (5.18). In Fig. 5.14, it should be noted that some end correction factor should be
applied even when the rotor is as long as the active stator stack and there are no ferromagnetic
end rings.
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Figure 5.14. Measured and calculated electromagnetic torque versus speed characteristics with 300–340 mm
rotor lengths. The effect of the curved current paths in the end region of the rotor and the effect of the slip on the
rotor resistivity were taken into account in the finite element calculations by the end-factors.
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Figure 5.15. Measured and calculated electromagnetic torque versus speed characteristics with 380–420 mm
rotor lengths. The effect of the curved current paths in the end region of the rotor and the effect of the slip on the
rotor resistivity were taken into account in the finite element calculations by the end-factors.
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In Figures 5.14–5.15, we see that the torque calculation is satisfactorily correct when Russell's
corrected end-effect factor is used. However, in Fig 5.13 we may see that the machine power
factor is still too optimistic when this resistivity correction is used. We now adopt a new
approach and assume that the power factor may be corrected by using Agarwal's inductance at
the rotor end. This is done in the following example.
EXAMPLE:
We correct the rotor resistivity by the Russell factor for a 20 mm long end area

k Russell = 1 −

2τ p

⎛ πL
tanh⎜ r
⎜ 2τ p
πLr
⎝

⎞
⎟ = 0.46 .
⎟
⎠

We also calculate kAho at n = 2898 at 50 Hz supply (i.e. slip is 1 % at 170 Hz supply)
4

k Aho

⎛ n ⎞
⎟ = 0.87 .
=⎜
⎜ nsynch ⎟
⎝
⎠

k Russell-Aho = k Russellk Aho = 0.46 ⋅ 0.87 = 0.40 .
1
k Russell− Aho

=

1
= 2.50 .
0.40

The end leakage field effect is, hence, 1.50 times the active part effect. The end corresponds
to about 1.50/2.50 = 0.60 of the rotor total resistivity. The rotor end leakage reactance when
the rotor ends are totally saturated is
X er = j0.60 ⋅ tan (26.6°) = j0.30
We now take the rotor per unit impedance from the 2D FEM calculation result which is
Zr = 1∠22.6°. This is a natural result since the rotor core is slitted and Agarwal’s 26.6° is
valid for a smooth surface. When we add the reactive part of Agarwal's impedance j0.30 to
rotor’s active part impedance 1∠22.6° = 0.92 + j0.38 we get the rotor total impedance
Z r = 0.92 + j(0.38 + 0.30) = 0.92 + j0.68 = 1.14∠36° .
The measured rotor impedance at 1 % slip with 20 mm ends is 1.16∠36°. We may, hence,
conclude that the addition of Agarwal's inductance in a correct proportion to the rotor
impedance gives a very good agreement with the measured values.
The motor power factor after the addition of Agarwal's inductance is shown in Fig. 5.16.
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Figure 5.16. Motor power factor after Agarwal's inductance has been added in the rotor impedance.

5.4

Conclusion

The end phenomena of a solid rotor were studied. Various end-effect factors suggested by
different authors were compared, and a correcting factor valid for the studied case was
suggested. Among several early end-effect factors, Russell's end-effect factor gives the best
results for the torque at low slip. When Russell's end-effect factor is corrected with a new
factor introduced in this study, reliable results may be obtained for the torque of solid rotors.
Adding the end region leakage inductance calculated according to Agarwal's theory corrects
the rotor inductance and the calculated power factor of the motor is finally in a good
agreement with the measured ones.
After this study, the end-effect factor still remains a subject of future study, which may not be
fully solved before the 3D calculations become every-day tools for designers. However, very
good estimates may be found using the proposed slip-dependent correction factors.
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6. CONCLUSIONS
A comprehensive analysis of solid-rotor induction machines is presented in the thesis.
However, the state-of-the-art computational power is still limited today, and therefore, most
of the analyses were performed by two-dimensional calculations, and the real threedimensional end-effects were mainly studied by experiments.
All the main characteristics of the solid rotor were studied; the results of these studies may be
regarded as the main contributions of this dissertation:
Ferromagnetic solid rotor material
The optimization of the solid rotor material is a very complicated process; the main guidelines
may be found in Chapter 2, but are repeated here for the convenience of the reader:

Resistivity of the ferromagnetic solid rotor material should be as low as possible to
produce torque at a low slip. The lower the resistivity of the rotor core material the
lower are the rotor slip-dependent losses and the more efficiently the motor is
operating. The rotor surface losses caused by the air gap harmonics increase while the
resistivity of the rotor material decreases. However, the conductivity of the
ferromagnetic material alloys does not reach the values at which the surface losses
increase to a harmful level.
Saturation flux density of the rotor core material in the case of a smooth rotor should
be about 1 T to ensure the flux penetration deep into the rotor core. For a slitted solid
rotor, the saturation flux density can be higher. The practical values for a slitted rotor
construction are between 1 T and 2 T.
Initial relative permeability of the ferromagnetic rotor core material at the origin of
the BH curve is rather insignificant. If the saturation flux density of the smooth rotor
core material is about 1 T, the practical lower limit for the initial relative permeability
is about 250. If the saturation flux density of the smooth rotor core material is higher,
the initial relative permeability has to be decreased to obtain a proper penetration
depth of the magnetic flux. In the case of a slitted rotor, the initial relative
permeability should be above 250.
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Axial rotor slitting
In addition to the rotor material optimization, also the optimization of the solid rotor slitting
strategy is a very complicated process, and it should be studied case by case. The rotor slitting
designs were studied in Chapter 3. Below, the main contributions of the study associated with
the rotor slitting are presented:

Rotor slit depth should be approximately half of the rotor radius. A suitable number of
rotor slits of a correct depth produce the best efficiency and the best power factor for a
solid rotor. In the cases studied, the best electromechanical performance at the rated
torque was achieved when the rotor slit number was 34 and the slits were of an even
depth of about 60 % of the rotor radius. The rotor mechanical strength, however,
limits the practical slit depth to about 40–50 % of the rotor radius.
The rotor construction, where every other rotor slit is deeper than the other is
mechanically vulnerable and it is therefore not recommended for the medium-speed
solid rotor applications.
Odd numbers of rotor slits produce a significant unbalanced magnetic pull at a high
frequency. The unbalanced magnetic pull is at least 20 times larger with odd slit
numbers compared with even rotor slit numbers. Although the unbalanced net force
does not exceed the weight of the rotor, the force is yet quite large. Therefore, the use
of odd rotor slit number should be carefully considered. The torque ripple and the
rotor losses of odd-slit-number rotors are lower than those of even-slit-number rotors.
Coating of a slitted solid rotor
Coating of a solid rotor with a suitable ferromagnetic material may considerably improve the
performance of a solid-rotor induction motor. However, the material properties and the
thickness of the coating material must be selected with care. Below, the main observations
found in Chapter 4 are given.

A uniform ferromagnetic coating cylinder surrounding the rotor core improves the
medium-speed rotor performance at high rotational speeds. The ferromagnetic
cylinder can be attached tightly on the rotor core material, thus improving the
mechanical properties of the slitted solid rotor. In addition, a solid coating layer makes
the rotor surface smooth, thus reducing the gas friction losses. A smooth surface,
however, needs an effective cooling system. Rotors operating in ambient air pressure
may be better cooled by using open rotor slits.
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When the total loss in terms of output power is considered, the effect of the high
resistivity coating material on the electrical efficiency of the machine is significant.
The reduction of the air gap harmonic fields penetrating into rotor core material
decreases the rotor losses and increases the total efficiency of the motor. Although the
slip-dependent losses of the rotor slightly increase when the rotor is coated with a
high-resistive ferromagnetic material, the total rotor losses with the coating material
Sandvik 1080SM can be reduced by 15 %, and approximately a 1.0 % improvement in
the electrical efficiency of the motor can be achieved. If higher resistivity materials
were available, the improvement would even be greater.
Solid rotor end-effects
When the rotor is made of a single piece of ferromagnetic material without electrically highconductive end-rings, the rotor end fields have a significant effect on the motor
characteristics. The length of the rotor ends should be approximately equal to the Agarwal’s
penetration depth. If the rotor end region is longer, the apparent resistivity of the rotor is
increased and the performance gets worse. If the rotor end is too short, it will saturate and the
active torque producing rotor length becomes shorter, hence, reducing the torque output.

Veracity of performed FEM calculations
The performance of the solid steel rotor induction machine can be determined through
the FE calculations with tolerable accuracy. Although the calculation of a solid rotor is
a pure three-dimensional eddy-current problem, the performance of the rotor can be
estimated quite well using 2D tools. However, an end-factor, which considers the
curves current paths in the rotor ends, is needed. This is because the rotor ends form a
significant fraction of the total rotor impedance. Otherwise, the rotor impedance and
the phase angle will be too small and the output power of the motor will be too
optimistic.
Corrected end-factor
Several corrective end-factors to describe the behaviour of the curved current paths in
the rotor ends have been proposed in the literature. However, most of the proposed
correction factors, which are dependent on the geometry of the rotor, are unsuccessful,
because they do not depend on the electric angular rotor frequency. The performance
of a ferromagnetic solid steel rotor, and especially the rotor ends, is very sensitive to
changes in the rotor frequency. Therefore, a slip-dependent correction factor, which
estimates the magnetic state of the rotor, is required to increase the calculation
accuracy at high values of slip. The correction factor, proposed by Russell, can be
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used as a base point for the corrective slip dependent end-factor, because it gives quite
accurate results close to synchronous operation.
Veracity of proposed end-factor
The slip-dependent rotor correction factor, which is partly based on Russell’s endfactor, gives accurate results at a wide speed range. It should be noted that the slipfixed end-factor, proposed in this thesis, is a fitting between measured and calculated
values. Therefore, it cannot be guaranteed that it can be applied to different rotor
geometries. Moreover, most probably, at very high slip values, the correction is too
strong and the calculation loses its veracity. The accurate justification of the magnetic
fields in the rotor ends would indisputably require a 3D nonlinear eddy-current
analysis.
6.1

Future Work

Traditionally, the analysis of the rotating electric machines has been performed by analytical
means. However, the effects of the stator and the rotor slotting, saturation of ferromagnetic
materials and the movement of the rotor with respect to the stator are difficult to model by
analytical methods. Furthermore, the actual electromagnetic field problem in the case of a
solid-rotor induction motor is a pure three-dimensional non-linear eddy-current problem,
which is a very complicated one to be tackled with analytical equations.
When the solid rotor is not equipped with electrically high-conductive end rings, the rotor end
fields have a significant effect on the motor characteristics. In 2D numerical finite element
calculations, the 3D rotor end-effects can be approximated in the 2D model by modifying the
rotor effective resistivity by an end factor. This gives the torque with a proper accuracy, but
indisputably fails in the calculation of the rotor phase angle. Therefore, the power factor
obtained from the FEM calculations is too optimistic.
To take into account the complex three-dimensional current distribution in the end regions of
the rotor iron, a full three-dimensional finite element analysis is required. In addition, to
accurately model the electromagnetic fields inside the motor, a time-stepping 3D FEM should
be used. The use of the transient 3D FEM is not recommended, because the problem in which
the vector potential is to be solved within the whole rotor volume substantially increases the
number of unknown variables, thus making the problem too demanding for the present-day
personal computers.

141
The rotor materials play a major role in the improvement of the solid-rotor induction motor
efficiency. The copper-iron alloy seems promising, but so far, it is not a readily commercially
available material. The higher resistive ferromagnetic materials used as a coating cylinder for
the slitted solid rotor also have potential to increase the motor efficiency. Further
experimental measurements with different rotor core and coating materials are needed to
complement and strengthen the picture of the optimal rotor design with different materials.
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