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Abstract - The objective of the research project is the
development of a high-speed, high-efficiency generator system,
consisting of a permanent-magnet (PM) generator loaded with a
six-pulse controlled rectifier. In this paper, the effect of a shielding
cylinder surrounding the rotor of the PM machine on the rotor
losses is investigated. A machine model including the losses in
copper, iron, magnets and shielding cylinder is derived and
validated by means of measurements. A shielding cylinder is
generally not necessary to obtain a sufficiently small angle of
overlap, nor effective to reduce the reactive power. It introduces
extra rotor losses in the cylinder, but it shields the rest of the rotor,
thus avoiding losses in the rotor iron and the magnets. At high
speeds, a shielding cylinder reduces the rotor losses; atlow speeds,
segmenting the magnets is better. The distance between the
shielding cylinder and the stator should be large enough to obtain
acceptable rotor losses.

Index terms - permanent-magnet machine, shielding cylinder,
losses, eddy-current losses in magnets, controlled rectifier

I. INTRODUCTION

This paper arises from a research project, the aim of which is
the development of a high-speed, high-efficiency generator
system. It consists of a permanent-magnet (PM) generator with
surface-mounted magnets and a six-pulse controlled rectifier,
because these components enable high efficiency, high
reliability, high power density, and high speed. The generator
system can be applied in hybrid vehicles (Fig. 1), aircraft,
vessels, and total energy units.

The objective of this paper is to investigate the effect of a
shielding cylinder surrounding the rotor on the rotor losses in
rectifier-loaded PM machines, as depicted in Fig. 2. It is
important to know the rotor losses, because they heat the rotor,
which can only be cooled with difficulty, and the magnets
demagnetize if they become too hot. For example, there are
NdFeB magnets which demagnetize at about 120° C. A
shielding cylinder introduces extra rotor losses in the cylinder,
but it shields the rest of the rotor, thus avoiding the losses in the
rotor iron and the permanent magnets.

To make the model suitable to optimize the machine design,
it is analytic and its parameters are calculated from the
dimensions and material properties of the machine.

Several papers describe methods to calculate the losses in
shielding cylinders or retaining sleeves in PM machines [1], [2],
[3], [4]. Ref. [1] compares the losses in a shielding cylinder to
the losses in the solid rotor iron, and shows that when solid
rotor iron is used, a cylinder is necessary to obtain acceptable

rotor losses. Space harmonics of the magnetic field are
considered, because the losses they cause in the shielding
cylinder may be important.

Eddy-current losses in permanent magnets are often
neglected. This is allowed for plastic bonded or ferrite magnets
which have a very high resistivity. However, sintered rare-
earth magnets have a much lower resistivity, and the eddy-
current losses in these magnets may be important [5]. Several
papers discuss methods to calculate these eddy-current losses
[6), [7], [8], [9]. Often, simplifying methods are used: the
permanent magnets are replaced by cylinders of magnet
material [7], [8]. This does not give realistic resuits when the
magnets are segmented to reduce the eddy-current losses in the
magnets [5], [8], [9]. In this paper, the eddy-current losses in
segmented magnets are considered.

The additional value of this work is that it makes it possible
to compare machines with and without shielding cylinder.

The paper first describes the machine model derivation in
section II. Next, in section III, the models are validated by
means of measurements. In section IV, the derived model is
used to calculate the effect of some design parameters on the
rotor losses. In section V, some conclusions are drawn.

Fig. 1. Drive system of a series-hybrid vehicle consisting of gas turbine,
generator, rectifier, accumulator inverter and traction motor.

Fig. 2. Two-pole PM machine with shielding cylinder.
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I1. MODEL DERIVATION

This section gives a condensed description of the modelling
of the rectifier-loaded PM generator. The derivation of the
model is not described thoroughly, because more extensive
descriptions of parts of the model has been published in {4], [9],
(101, [11], [12]. Instead, the important assumptions, derivation
methods and results are given.

A.  Starting-points and Assumptions

The following starting points are taken in this paper.

- The stator conductors are subdivided into sufficiently
small parallel conductors, so that extra losses due to skin
effect in the stator conductors are negligible [12].

- Afibre bandage is used as a retainment sleeve to make the
rotor strong enough.

- Steady-state operation is considered.

- Ref.[1] and [12] show that a machine with solid rotor iron
needs a shielding cylinder to prevent excessive rotor iron
losses. Therefore, in the machine without shielding
cylinder, laminated rotor iron is assumed.

- There is no star-point connection.

The derivations are based on the following assumptions.

- The magnetic permeability of iron is infinite.

- The relative magnetic permeability of the magnets is one.

- The effect of eddy currents in the stator and the rotor iron
and in the magnets on the magnetic field is negligible.

- The shielding cylinder is so thin that it can be replaced by
asurface current density in the calculation of the magnetic
field and that skin effect is negligible.

- End effects are negligible.

B.  Voltage Equations

As described in [4], [12], the derivation of the machine model
begins with the calculation of the magnetic field in the air gap
and the magnets. In this calculation, effects which hardly
influence the magnetic field or influence it only locally are
neglected. Therefore, the stator and the rotor surface are
assumed to be smooth; stator slotting is neglected at this stage.

Under the assumptions mentioned, the magnetic field is a
superposition of the fields caused by the permanent
magnetization of the magnets, the stator currents, and the
current density in the shielding cylinder (if a shielding cylinder
is present). The magnetic field is calculated two-dimensionally
and in a cylindrical coordinate system, because the effective air
gap, which includes the magnets, is large and cylindrical. Space
harmonics of the magnetic field are considered, because the
losses they cause in the shielding cylinder may be important.
The fields are calculated from the differential equation for the
magnetic vector potential (Poisson’s equation).

The expressions for the magnetic field are used to derive the
voltage equations of the PM generator. They form a model of
the relation between the terminal voltages and the terminal
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currents of the machine. These voltage equations are
transformed to the stator connected «f -system using the
orthogonal Clarke transformation and the rotor quantities are
referred to the stator.

The resulting voltage equations can be written as [4], [12)
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where
€, is-the no load voltage,
R, is the stator resistance,
L, is the leakage inductance,
L, is the main inductance for the kth space harmonic,
R is the cylinder resistance for the kth space harmonic,
+ isd for k=1,7,13,..
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Q is the mechanical angular speed:
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0 is the rotor position angle (Fig. 2).

The most important parameters of (1) are related to the
dimensions (see also Fig. 2) and the material properties in the
following way.
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where
r, is the outer radius of the rotor iron,
r,, 1s the outer radius of the magnets,
r,  is the radius of the middle of the shielding cylinder,
r, is the inner radius of the stator,
[, is the stack length of the machine,
N, is the number of turns of the kth space harmonic of the

conductor density [4], [12],
M, is the kth space harmonic of the permanent magnetization,
p. is the resistivity of the shielding cylinder,
d, is the thickness of the shielding cylinder, which can be



replaced by the skin depth when the skin depth is smaller
than the cylinder thickness.

In this model, the shielding cylinder is represented by two
short-circuited windings (one in the « and one in the B-axis) for
each space harmonic. For a PM machine without shielding
cylinder, the same model can be used when the equations and
representing the shielding cylinder are omitted.

C.  Steady-state Voltage Equations and Equivalent Circuits

In the rest of this paper, two situations are considered, namely
steady-state operation with rectifier load, and locked-rotor tests.
For these situations, the voltage equations are worked out.

During steady-state operation with rectifier, the relations
between the rotor position angle 6, the angular speed of the
rotor © and the angular frequency of the fundamental time
harmonic ®, can be written as

SRS ™
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This is used in the expression for the no-load voltage (3).
Furthermore, the time harmonics of which the harmonic
number is an integer multiple of three are omitted, because they
are not present in the line voltages. Using a complex
representation, this expression for the no-load voltage can be

written as
e d 6 1
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Furthermore, the stator currents form a balanced set of three-
phase currents without even time harmonics and without time
harmonics of which the harmonic number is an integer multiple
of three. Using a complex representation, this set of currents
can be written in the af-system as
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By substituting this set of currents in the shielding cylinder
voltage equation (the second expression of (1)), the shielding
cylinder currents are solved. Substituting the result in the stator
voltage equation (the first expression of (1)) results in
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where the slip s, ¢, ., resulting from the combination of the kth
space harmonic and the |6n+1]th time harmonic is given by
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The equivalent circuit for the |m|th (m=6n+1) time
harmonic is-depicted in Fig. 3. For the locked-rotor tests, the
same equivalent circuit can be used when it is taken that the no-
load voltages are zero and the slip is one for all harmonics.

Although the derived voltage equations are suitable for the
calculation of the terminal voltages and the terminal currents,
they only consider a part of the losses in the machine, namely
the copper losses. They neglect other important losses, such as
- the eddy-current loss in the magnets,

- the iron losses, and

- the losses due to the stator slotting.

Therefore, these losses are modelled and incorporated in the
machine model in the next subsections.

D. Eddy-current Losses in Magnets

Ref. [6] shows that it is possible to determine the eddy-
current losses in permanent magnets in a very accurate way,
considering flux redistribution due to the eddy currents.
However, here a simpler model is used [9], [12], which gives a
useful approximation of the eddy-current losses in segmented
permanent magnets. In [12], it is shown that the eddy-current
losses in the magnets due to the higher space harmonics are
small compared to the losses caused by the fundamental space
harmonic. Therefore, the higher space harmonics of the
magnetic field are not considered here.

The eddy-current losses in the magnets are determined using
the cross-section of the magnet of Fig. 4. The eddy-current
losses are calculated in the same way as the eddy current losses
in laminated iron [13]. Therefore, the following assumptions
are used.

- The magnetic flux density B only has a (radial) y-
component, which is a reasonable assumption for the
fundamental space harmonic.

Fig. 3. Equivalent circuit of the PM machine for the |m|th time harmonic.
The fundamental, the fifth and the seventh space harmonic are depicted, for
the other space harmonics, the circuit can be extended in the same way.
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Fig. 4: Cross-section of a magnet in a rectangular coordinate system.. The
current density J flows in the (axial) z-direction, the magnetic flux density is
in the (radial) y-direction perpendicular to the plane of the drawing. The x-
direction is the tangential direction.

- As earlier mentioned, the effect of eddy currents in the
magnets on the magnetic field is negligible.

- End effects are negligible, so that the current density only
has a component in the (axial) z-direction. This
assumption is reasonable if the magnet length in the z-
direction is much larger than the magnet width b,,
otherwise, the losses are overrated.

- The magnet width b, is so small that the magnetic flux
density can be considered constant over the magnet width.

With this, the eddy-current losses in the magnets per unit

volume are calculated as

2
oo om [ 92) ’
m
12p,\ dt
where p, is the resistivity of the magnets.

Comparable expressions are derived in, for example, [13] for
the eddy-current losses in laminated iron.

Because of the assumptions used, the losses are not calculated
very accurately. However, it is expected that for machines with
segmented magnets, the results are much better than the results
calculated assuming a cylinder of magnet material.

The eddy-current losses in the magnets are represented by a
magnet loss resistance in the equivalent circuit [9], [12], as
depicted in Fig. 5. The magnet loss resistance is given by

2p . 2p 2 2
R - 6r,r,’ 3p,n°r, N 14y
Y =

13)

where
[ isthe magnet length in the direction of magnetization, and
a, is half the magnet pole arc (see Fig. 2), which is
subdivided in magnets of width b, .
The first term in this expression originates from referring the
rotor quantities to the stator; the same term is present in the
expression for the shielding cylinder resistance (6).

E. Iron Losses

The classical theory about iron losses separates between
hysteresis losses P, , and eddy-current losses Pp, , [13]:

P, B’ (15)

Fe,h
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B at low frequencies (16)
®”B
where ® is the angular frequency, and § is the Steinmetz
constant, which is approximately 2.
In modern literature, often a third term is added: the excess
losses [13]:

P - m1_5B“].5

- @B’
Fet at high frequencies

Fee (17)

In this study, a simpler model for the iron losses per unit mass
is used [10], [12], which is comparable to the model used in
[14]:

15( 51)2
® B
kg, = CFekFe,O[;] -

18
5 (18)

where kg, , is the iron losses per unit mass at a given angular

frequency «, and magnetic flux density B, and c,, is a

dimensionless empirical correction factor.

The claim that (18) is a useful expression for the iron losses,
can be made plausible by comparing it to the equations for the
hysteresis, the eddy-current and the excess losses.

- At high frequencies, the iron losses are dominated by the
eddy-current losses and the excess losses, which are both
proportional to !>,

- At medium frequencies, (18) is an approximation of the
sum of the three contributions.

- That (18) is not valid at low frequencies does not matter,
because these frequencies do not occur.

The measurements reported in this study [10], [12] and in
[14] indicate that (18) is useful for frequencies above 400 Hz.

Further, the calculation of the iron losses is mainly based on
the following assumptions.

- The losses due to higher space harmonics are negligible.

- The losses can be calculated as the sum of the losses due
to the time harmonics.

The iron losses are represented by iron loss resistances in the
equivalent circuit of the machine. Because it is assumed that the
iron losses are proportional to ®'3, the resistances are
frequency dependent. In the equivalent circuit of Fig. 5, the
stator iron losses are represented by the resistance R ,.and the
rotor iron losses are represented by the resistance R, .

It is taken into account that a part of the stator iron losses is
caused by the leakage fluxes. Therefore, the iron loss resistance
R, is not only connected in parallel to the main inductance,
but also to a part of the leakage inductance, as shown in Fig. 5.

A stray loss resistance R g, is incorporated to represent the
stray losses. Stray losses are for example eddy-current losses in
the end regions induced by leakage fluxes and iron losses
caused by the higher space harmonics of the magnetic field of
the stator currents [15]. Because stray losses are basically iron
losses, they are assumed to be the same function of the angular
frequency as the other iron losses.



Fig. 5: Equivalent circuit of the PM machine for the |m|th time harmonic.

For the fundamental time harmonic, ¢, , has a value, e, ,, =0; for the
0.

higher time harmonics, e, ,, has a value, e, | =

F.  Extra Losses due to Stator Slotting

In the generator model described above, the stator was
assumed to be smooth and cylindrical. However, most
machines have stator slots, which may cause considerable
losses in the shielding cylinder. The modelling of the field and
the eddy currents due to the stator slotting is quite complicated.
It is questionable whether analytic methods are suitable to
determine these losses.

In [2], the magnetic vector potential in a slotted air gap with
a conducting magnet retaining ring is calculated analytically.
However, this was not done for a cylindrical model of the
machine but for a linear model, and the slots were
approximated by triangular extensions of the air gap where the
field is one-dimensional.

In this study, the conformal transformation described in [12]
and [16] was used to calculate the amplitude of the pulsation of
the magnetic flux density at the cylinder radius. Also in [17], a
conformal transformation is used to calculate this pulsation.

Next, the current in the shielding cylinder is calculated. In
[17] and [18], this is done on the assumption that the effect. of
the current in the cylinder on the magnetic field is negligible,
which is not necessarily the case for larger machines.
Therefore, the current density in the shielding cylinder is
calculated using the voltage equations of the windings
representing the shielding cylinder derived in section II.B. The
voltage induced by the pulsation in these short-circuited
windings is calculated after which the current in these windings
is calculated. Because these windings do not only have a
resistance but also an inductance, the effect of the currents on
the magnetic field is considered.

It should be noted that the extra losses caused by the stator
slotting are not independent of the losses caused by the space
harmonics of the magnetic field of the stator currents.
Therefore, the current density caused by the stator currents and
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the current density caused by the stator slotting are added
before the losses are calculated.

Because of the assumptions used, the results are not expected
to be very accurate, but they satisfy to get an indication and to
identify some trends. For a more extensive description of the
calculation is referred to [12].

G. Harmonic Analysis of the Rectifier-loaded Generator

There are several ways of calculating the voltage and current
waveforms of the machine loaded with a six-pulse controlled
rectifier as depicted in Fig. 6. It is possible to take (1), model
the thyristors and determine the waveforms by means of
numerical integration in the time domain. Even when only the
first space harmonic is considered, the calculated waveforms
will be quite accurate. Losses due to higher space harmonics,
iron losses and eddy-current losses in the magnets can then be
calculated when the current waveforms are known.

However, in this study, the model of the PM generator is
combined with a model of the controlled rectifier and the
resulting equations are solved in the frequency domain, which
has two important advantages:

- the steady-state performance can be determined without
considering the transient interval, and

- amachine model with frequency-dependant parameters as
derived in this study can be used.

Because the way the waveforms are calculated is not of
primary importance and has been published before [11], [12],
[19], it is not reported here.

III. MODEL VALIDATION

For the validation of the derived models, two types of
experiments have been used, namely locked-rotor tests and
measurements of voltage and current waveforms of the
rectifier-loaded PM machine.

A. Locked-rotor Tests

Locked-rotor tests are used to validate the models for the
losses. During these tests, the rotor is locked, and a sinusoidal
voltage of variable frequency is supplied to two of the machine
terminals. From the measured voltage, current and power, the
measured resistance and inductance are derived.

+4 i
O ST, ST, 4TS Zd
u + tsa
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u,, ST, ST, ST, v

Fig. 6. Generator feeding a DC voltage source via a controlled rectifier.



The measured values of the resistance and inductance are
compared to calculated values. These calculated values are
obtained from the equivalent circuit of Fig. 5, which is valid for
the machine during the locked-rotor tests when it is substituted
that the no-load voltage is zero and that the slip is one for all
harmonics.

With the locked-rotor tests, the resistance and the inductance
for sinusoidal voltages and currents are measured. These
sinusoidal voltages and currents are comparable to the
harmonics during rectifier load. Therefore, these locked-rotor
tests are valuable for the validation of the machine model.

Fig. 7 depicts the results of the locked-rotor tests of a
machine with shielding cylinder. The measured and calculated
results correlate reasonably. For the higher space harmonics,
the model is neither verified nor refuted, because the effect of
the-space harmonics is small compared to other losses.

At low frequencies, only the losses in the stator coils are
measured, other losses are negligible. At frequencies between
10 and 100 Hz, also the losses in the shielding cylinder are
measured. Above about 300 Hz, the shielding cylinder
completely shields the rotor, and the losses in the shielding
cylinder hardly increase. At frequencies above 1 kHz, iron
losses cause a further increase of the measured resistance.

Fig. 8 gives the results of the locked-rotor tests of a PM
machine without shielding cylinder.

resistance (Ohm)

10° 10° 10* 10°
frequency (Hz)

inductance (mH)

20 ' ' '

10° 10 10° 10° 10* 10°
frequency (Hz)

Fig. 7. Measured ( +,X, *,0,* at currents from 0.1 A up to 2 A) and
calculated () resistance and inductance during the locked-rotor tests of a
machine with shielding cylinder.
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Again, at low frequencies, only the losses in the stator coils
are measured. At frequencies above 500 Hz, iron losses and
eddy-current losses in the magnets cause an increase in the
measured resistance. In contrast to what was assumed earlier,
the effect of the eddy currents in the magnets on the magnetic
field in the air gap is not negligible at frequencies above 10
kHz. This is modelled by connecting the magnet loss resistance
in parallel to the inductance L, (see Fig. 5), where it effects the
magnetic field in the air gap. From the reasonable correlation
between measurements and calculations, itis concluded that the
model is useful.

B. Voltage and Current Waveforms with Rectifier Load

To validate the complete model, also voltage and current
waveforms of the rectifier-loaded machine are measured and
calculated. Fig. 6 depicts the experimental setup. The same PM
machine is used for the locked-rotor tests depicted in Fig. 8.

Fig. 9 depicts measured and calculated line voltage and
phase current waveforms of a PM machine without shielding
cylinder. There is no inductance between the rectifier and the
voltage source in the DC-circuit. Therefore, the current in the
DC-circuit i, is not constant and when a phase is conducting,
the terminal line voltage is equal to the voltage of the voltage
source U,. Again, the correlation is good.

10
£ 10°
=
<}
g 10"
8 10°
10‘1 " -l L " N
10 10 107 10° 10* 10°
frequency (Hz)
AR RRATRERT g
T
g
8 +
=
o]
£
i . .
10° 10' 107 10° 10° 10°
frequency (Hz)

Fig. 8. Measured ( +,X, *,0,* at currents from 0.2 Aup to S A) and
calculated (-) resistance and inductance during the locked-rotor tests of a
PM machine without shielding cylinder.
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Fig. 9. Measured (-) and calculated (- -) voltage and current waveforms of a
rectifier-loaded permanent- magnet machine without shielding cylinder.

IV. GENERATOR DESIGN

To illustrate the usefulness of the derived model, it is used to
investigate some important design aspects of PM generators,
such as the effects of the shielding cylinder, the magnet width,
the rotational speed and the shielding cylinder radius.

Fig. 10 depicts the calculated voltage and current waveforms
of the same rectifier-loaded PM machine with and without
shielding cylinder. The voltage of the voltage source in the DC
circuit and the power delivered to this source are the same.

The effect of the addition of a shielding cylinder is that the
angle of overlap decreases, as could be expected because the
commutation inductance decreases. However, the shielding
cylinder is not necessary to obtain a sufficiently small angle of
overlap, as is the case in a rectifier-loaded electrically-excited
synchronous machine, which usually needs a damper to make
commutation possible. This is caused by the larger air gap in a
PM machine, which results in a smaller inductance.

The fact that the shielding cylinder reduces the angle of
overlap does not mean (as is sometimes suggested) that the
machine with a shielding cylinder supplies less reactive power.
The phase angles between the fundamental time harmonics of
the phase currents, the terminal voltages and the no-load
voltages hardly depends on the presence of a shielding cylinder.

Fig. 11 depicts the rotor losses of a machine with and without
shielding cylinder based on the derived model. From this
figure, important conclusions can be drawn.
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1)  The rotor losses in a machine without shielding cylinder
are approximately proportional to the square of the magnet
width and the square of the frequency, as earlier shown in
[9]. In this case, the most important part of the rotor losses
is the eddy-current losses in the magnets.

1500
1000

line voltage (V)
=)

100

50

phase current (A)
=

0 0.5 1 15
time (ms)
Fig. 10. Calculated line voltage and phase current waveforms of the same

rectifier-loaded PM machine without (- -) and with (<) shielding cylinder.
The no-load line voltage is depicted dotted (..).
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Fig. 11. Calculated rotor losses as a function of the generator speed, with
cylinder for different values of the cylinder thickness &_(-), and without
cylinder for different values of the magnet width b, (- -). Output power and
voltage are proportional to speed; at 20 krpm, the output power is 120 kW.



2) In a machine with shielding cylinder, the rotor losses
hardly depend on the frequency, and they are inversely
proportional to the shielding cylinder thickness. This is of
course only valid as long as skin effect in the cylinder is
negligible; when skin effect is not negligible, the rotor
losses increase with square root of the frequency.

3) A general statement about the usefulness of a shielding
cylinder is not possible. At high speeds, a shielding
cylinder is an effective way to reduce the rotor losses; at
low speeds, segmenting the magnets may be better.

Fig. 12 depicts the rotor losses as a function of the shielding
cylinder radius. From this figure, it is concluded that the
distance between the stator surface and the cylinder is very
important. If the distance between the stator surface and the
cylinder is large, only the fundamental space harmonic causes
losses in the shielding cylinder. If the distance between the
stator surface and the cylinder is too small, the losses due to the
higher space harmonics and stator slotting become excessive.

V. CONCLUSIONS

An analytic model suitable to investigate the effect of a
shielding cylinder on the rotor losses in a PM machine loaded
with a six-pulse controlled rectifier is given. The model
includes the most important electromagnetic losses, such as the
copper losses in the shielding cylinder and the stator, the iron
losses, and the eddy-current losses in the magnets. The model
is validated by means of measurements.

In a machine with solid rotor iron, a shielding cylinder is
necessary to obtain acceptable rotor losses. In a machine with
laminated rotor iron, a shielding cylinder is usually not
necessary to obtain a sufficiently small angle of overlap, nor
effective to reduce the reactive power. A general statement
about the usefulness of a shielding cylinder is not possible: at
high speeds, a shielding cylinder is an effective way to reduce
the rotor losses; at low speeds, segmenting the magnets is
better. The distance between the shielding cylinder and the
stator should be large enough to obtain acceptable rotor losses.

25 T y

rotor losses (kW)

0 A . i —_

62 64 66 68 70 72 74
cylinder radius (mm)

Fig. 12. Calculated rotor losses as a function of the cylinder radius 7, ata
speed of 20 krpm and a cylinder thickness of 0.5 mm, at an output power of
120 kW (-) and in no-load (- -).
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