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The Effect of PWM on Rotor Eddy-Current Losses in High-Speed
Permanent Magnet Machines
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High-speed permanent magnet (PM) machines, supplied by PWMvoltage source inverters, operate with distorted stator currents.
Harmonics present in these stator currents deteriorate themachine performance by generating losses. Mostly these losses are
following the machine design using a transient finite element model. The precise measurement of these rotor eddy-current losses
is extremely difficult, hence only a few papers provide convincing comparisons between predictions and measurements. This paper
presents a fast and precise analytical approach, verified with measurements, to consider rotor losses of machines, supplied by PWM
voltages, already during the design procedure.

Index Terms—High-speed PM machines, PWM losses, rotor eddy-current losses.

I. I NTRODUCTION

T HE interest in high-speed electrical machines has grown
significantly in last decades. In the past solid rotor

induction machines were the most widely used in high-speed
applications [1]. However with the development of rare-earth
permanent magnets, PM machines have become competitive
for these applications. The main advantages of PM machines
are high efficiency and high power density.

High-speed permanent magnet machine design involves
a multiphysical approach, which combines electromagnetics,
mechanics, thermal analysis, etc. In most well-designed per-
manent magnet machines, rotor magnet loss is considered to
be a parasitic loss, as it only constitutes a relatively small
proportion of the total power. However, considering thermal
aspects, especially rotor losses play a major role since they are
generated in almost an adiabatic environment (apparent within
totally enclosed machines).

Conventional PM machines are often designed to have a
stator field with a very dominant fundamental, with many
design features being incorporated to minimize the harmonic
content. The rotor is therefore exposed to an essentially
stationary applied field within its rotating reference frame. As
a consequence, rotor losses only tend to be problematic at high
speeds or in cases where the converter introduces significant
harmonics into the current waveform. In this machine, the
problems of frequency dependent losses are compounded at
higher frequencies, particularly as harmonic fields (generated
by spatial harmonics in the winding distribution and time
harmonics in the armature currents) play a significant role in
rotor eddy-current losses. The current harmonics originate in
inverter output voltages which are distorted due to Pulse Width
Modulation (PWM).

Harmonics in the inverter output voltages can easily be
assessed in advance for a selected PWM type. However, values
of the current harmonics for a given voltage depend on the
circuit impedance which is highly dependent on the frequency.
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This is mainly a consequence of the inductance change due
to the rotor eddy-currents. This paper calculates the rotor
eddy current losses in a PM machine supplied by the PWM
voltages by coupling the magnetic and electrical models. This
approach allows to calculate the current harmonics and the
rotor eddy-current losses caused by PWM voltages without a
priori knowledge of the machine inductance. For verification, a
high-speed machine with a slotless toroidal winding, supplied
by the regularly sampled sinusoidal and space vector PWM
VSIs, is analyzed, where both analytical and measurements
are presented.

II. PWM HARMONICS

Voltage source inverters used to drive high-speed PM ma-
chines have a three-leg topology and the only significant dif-
ference is the modulation strategy [2] [3]. There are many ex-
isting modulation strategies to be implemented in three-phase
inverters starting from the conventional ones, for instance,
naturally or regularly sampled sinusoidal PWM strategies,to
the more developed ones, such as space vector (SV) PWM.
Usually these PWMs have a constant switching frequency
and high-frequency components in the inverter output voltage
appear around multiples of this switching frequency. These
harmonics, sideband harmonics, are the main contributor to
the rotor eddy-current losses in high-speed PM machines.

The spectra of the voltage harmonics caused by PWM
switching can be expressed as a Fourier series. Analytical
expressions describing the harmonic spectra are presented
in [4], where the general form of the expressions can be
represented as
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where UDC is DC-bus voltage [V],ξ is a function ofM ,
m, and n; M is the amplitude modulation ratio,m is the
sideband order,n is the position of the harmonic in the
sideband,mf is the frequency modulation ratio (the ratio
between the switching and fundamental frequency),ω1 is the
angular frequency of the fundamental signal [rad/s], andx is
the phase shift of three phase voltages [rad]. To relatem and
n to the time harmonic order and the corresponding angular
frequency the following expressions can be exploited:

k = m ·mf + n, (3)

ωk = (m ·mf + n)ω1, (4)

wherek is time harmonic order.

III. M ODELING OF ROTOR LOSSES

Harmonic modeling (HM) or so-called Fourier modeling is
a superior approach for the modeling of the electromagnetic
behavior of PM machines which includes eddy-current effects.

HM assumes the division of a machine into regions with
different electromagnetic properties (e.g. PM, air-gap, wind-
ing, etc.), where Maxwell’s equations are directly solved to
obtain the field solution [5], [6]. For the simplicity reasons,
the magnetic field is expressed by means of vector potential,
which is introduced by:

~B = ∇× ~A, (5)

∇ · ~A = 0, (6)

where ~B is the magnetic flux density [T] and~A the magnetic
vector potential [Wb/m]. Field in each region is described by
the following governing equation

∇
2 ~A− µσ

∂ ~A

∂t
= −µ ~Js −∇× ~Brem, (7)

whereσ is electric conductivity [S/m],µ is magnetic perme-
ability of the region [H/m], ~Js is the current density [A/m2],
and ~Brem is the remanent flux density of PM [T]. The general
expression for the current density distribution in the complex
form can be expressed as:

Js = Ĵei(kω1t+qθ), (8)

where Ĵ is a function of the peak value of the winding
distribution (expressed as a Fourier series) and the amplitude
of the phase currents [A/m2]; q is the space harmonic order,
introduced by the winding distribution; andθ is the circum-
ferential coordinate [rad].

Solutions of the governing equation in each region are ob-
tained by the method of separation of variables. The solutions
contain unknown constants which are calculated by solving a
system of equations, set by the boundary conditions (9) and
(10).

~n ·

(

~B1 −
~B2

)

= 0, (9)

~n×

(

~H1 −
~H2

)

= 0, (10)

where~n is the surface normal. Combining together the ob-
tained system of equations for every space harmonic results
in a linear matrix equation given by

AX = Y, (11)

where A is the matrix with coefficients dependent on the
geometry and the harmonic order,X is the matrix with all
unknown coefficients, andY is the matrix with field sources.
Solution of (11) gives values of the unknown constants of the
magnetic vector potential for every space harmonic. In order
to calculate the rotor eddy-current losses, the Poynting vector
has to be integrated over the conducting (rotor) surface (12)
for all time and space harmonics:

P = −
1

2

∮

S

Re( ~E × ~H∗)dS, (12)

where ~H∗ is the conjugated magnetic field strength [A/m],~E

is the electric field strength [V/m] and calculated as:

~E = −
∂ ~A

∂t
. (13)

However, HM requires the amplitude of the armature cur-
rents in order to model the armature field. The armature
currents in a PM machine are determined by the voltage
equation given by

u = iR+ Ls
di
dt

+
dΨPM

dt
, (14)

wherei is the armature phase current [A],R is the winding
resistance [Ohm],Ls is the synchronous inductance of the
machine [H] andΨPM is the PM flux linkage [Vs]. In high-
speed PM machines electrical circuit parameters, such as
resistance and inductance, vary with the change of frequency.
The resistance increases with frequency due to the skin and
proximity effects in conductors. According to [6] in high-speed
PM machines, by a proper conductor diameter selections, the
influence of the skin and proximity effect can be significantly
reduced. Thus the resistance value in (14) is approximated to
the DC resistance value.

The synchronous inductance in PM machines decreases with
frequency due to the eddy-currents in conducting regions.
The inductance change due to the eddy-currents is taken into
account in the HM.

The existing approaches for predicting the rotor eddy-
current losses caused by PWM voltages, assume separate
derivation of the electrical circuit parameters, the phasecur-
rents and the rotor losses. This extends the calculation time
which makes the method less attractive for use in design
optimization procedures.
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Applying the method described in [7] the rotor eddy-current
calculation can be performed in one step. In this method the
phase voltage equation is solved together with the HM. The
phase voltage equation is given as:

Uk = IkR+ jkω1ΨkAR + jkω1ΨkPM, (15)

wherek is the time harmonic order defined by (3),Uk [V]
and Ik [A] are the phase voltage and current ofkth time
harmonic in the complex form andΨAR is the flux linkage of
the armature reaction field [Vs]. In this equation the current
is a function of the armature field and the PM flux linkage.
The total flux linkage is obtained from the HM [6] by:

~ΨAR + ~ΨPM =

∮

coil

~Awd~l. (16)

The electric circuit input to the HM is the phase current
which is obtained from the voltage equation (15). At the same
time the voltage equation contains unknown total flux linkage
which is obtained by the HM. Combining the voltage equation
with the HM results in a new linear matrix equation (17).

WQ = S, (17)

where W is the matrix with known coefficients,Q is the
matrix with all unknown coefficients and current, andS is
the matrix with the voltage amplitude. This facilitates the
direct calculation of the rotor eddy-current losses causedby
the PWM voltages.

IV. M ODEL VERIFICATION

In order to verify the described approach two measurements
of a high-speed PM machine with two different inverters are
undertaken.

A. High-speed PM machine

The test machine, together with disassembled rotor and sta-
tor parts is shown in Fig 1. The impeller of a turbocompressor
is used as a load.

Figure 1. Picture of high-speed permanent magnet toroidal winding machine
with the impeller of turbocompressor on it.

The machine has a shaftless rotor structure, in which the
cylindrical PM is covered by the retaining sleeve made of
stainless steel. The stator iron core is made of sintered ferrite
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Figure 2. Cross-section of the test machine (dimensions in [mm]).

iron which has low iron losses. The machine is equipped with
a slotless three-phase toroidal winding (see Fig. 2). For the
purposes of loss reduction and magnetic field shielding the
housing of the motor is manufactured from aluminum, which
due to high electrical conductivity damps the eddy-currents in
the housing. The main properties of the machine are shown in
Fig. 2 and Table I.

Table I
TOROIDAL MACHINE SPECIFICATIONS

Parameter Value
Rated power 50 W
Rated speed 80000 rpm
Rated torque 6 mNm

DC phase resistance 0.88 Ohm
Turn number 28
Active length 16 mm

B. PWM inverters

For two measurements two standard three-leg inverters of
different modulation types are utilized. First inverter isbased
on the asymmetrical regular sampled sinusoidal PWM with
the switching frequency of 62.5 kHz. The DC-bus voltage of
this inverter is 70 V. The inverter has filtering chokes of 60µH
on each phase output. The inverter is controlled in a way that
the fundamental current component is maintained constant.

The PWM strategy of the second inverter is based on
the asymmetrical regular sampled space vector modulation.
The inverter has a switching frequency of 60 kHz and DC-
bus voltage of 24V. The inverter output has no inbuilt filter
components and during the measurement, for the harmonic
measurement accuracy reasons, no filter components were
added. A sensorless control strategy is used to control the
machine.

V. RESULTS

The precise measurement of rotor magnet eddy-current loss
is extremely difficult. By way of example, loss segregation
methods are prone to large errors, particularly since the rotor
magnet eddy-current losses tend to form only a small portion
of the total loss. As a consequence, thermometric methods,
in which the magnet eddy current loss is obtained from the
initial rate of temperature rise and knowledge of relevant ma-
terial properties, have been widely employed, although these
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methods are themselves prone to problem of heat dissipation
due to conduction. Here, the stator currents and rotor eddy-
current losses are calculated directly for two PWM modulation
strategies: regularly sampled sinusoidal PWM and regularly
sampled space vector PWM. Following, the peak values of
calculated currents are compared with the measured ones and
the results are presented in Tables II and III. Additionally,
the rotor eddy-current losses corresponding to the analytically
obtained current harmonics are presented in these tables. It
should be noted, that the influence of the cable impedance
(e.g. between motor and inverter) is not accounted for in the
analytical model.

Table II
PER HARMONIC COMPARISON OF CALCULTED AND MEASURED PEAK
VALUES OF CURRENTS CAUSED BY REGULAR SAMPLED SINUSOIDAL

PWM AND CORRESPONDING ROTOR LOSS(M = 0.23 AND f1 = 434 HZ).

m n Calculated Measured Rotor
current, A current, A loss, mW

1 -2 0.021 0.025 1.4
1 2 0.021 0.021 1.5
2 -1 0.113 0.11 98.5
2 1 0.113 0.11 96.9
3 -2 0.020 0.016 4.1
3 2 0.020 0.013 4.2
4 -1 0.048 0.050 26.5
4 1 0.048 0.051 26.2
5 -2 0.017 0.012 3.8
5 2 0.017 0.011 3.7

These analytically obtained results are in good agreement
with the measurements, where the discrepancy in both cases
can be explained by the parasitic elements in the circuit
and measurement error. Further, the losses, summarized in
the tables, should not be directly compared with each other,
because the DC-bus voltages, modulation ratios and motor
control strategies are different.

Table III
PER HARMONIC COMPARISON OF CALCULTED AND MEASURED PEAK

VALUES OF CURRENTS CAUSED BYSV PWM AND CORRESPONDING

ROTOR LOSS(M = 0.29 AND f1 = 507 HZ).

m n Calculated Measured Rotor
current, A current, A loss, mW

1 -2 0.011 0.014 0.4
1 2 0.011 0.013 0.5
2 -1 0.085 0.090 55.7
2 1 0.085 0.087 55.5
3 -2 0.012 0.015 1.5
3 2 0.013 0.015 1.6
4 -1 0.036 0.022 14.7
4 1 0.036 0.022 14.6
5 -2 0.011 0.011 1.4
5 2 0.011 0.011 1.4

Figure 3 illustrates the synchronous inductance variation
with frequency, as obtained by the analytical model. It is
worth noting that the inductance value at low frequencies
decreases faster than at higher ones due to the outer part of the
winding being in close proximity to the aluminum housing.
This housing, made of highly conducting material, results
in this fast inductance drop over frequency. The following
inductance drop is due to the eddy-currents in the rotor.
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Figure 3. Change of the synchronous inductance of the motor versus
frequency obtained analytically

VI. CONCLUSION

A rotor of a totally enclosed electrical machine has little
heat transfer to the stator, which complicates the cooling of
the rotor. Therefore a highly specialized and costly cooling
design is usually necessary to accommodate the rotor eddy-
current losses. Besides this measurement of these losses is
challenging.

In this paper an analytical model, supported with measure-
ments, for rotor eddy-current losses calculation in high-speed
permanent magnet (PM) machines supplied by PWM VSI
is presented. This model utilizes PWM voltages, expressed
through Fourier series, and calculates the losses in one step,
resulting in shorter calculation time in comparison with the
existing models. The frequency dependency of the electrical
circuit elements, such as the phase resistance and the machine
inductance, is taken into account in the model.

To validate the model, measurements have been performed
by supplying the machine by regular sampled sinusoidal and
space vector PWM voltage converters. The obtained current
waveforms are in a good agreement with those obtained
by measurements. The presented approach allows a fast as-
sessment of the rotor eddy-current losses caused by PWM
voltages, which is essential during high-speed PM machine
design.
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