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High-Speed Synchronous Reluctance Machine with
Minimized Rotor Losses
Heath Hofmann, Member, IEEE, and Seth R. Sanders, Member, IEEE

Abstract—This paper presents a refined design of a high-speed
synchronous reluctance machine with minimized eddy-current
losses in the rotor. Design criteria are the ability of the rotor to
withstand high speeds, ability to operate in vacuum, negligible
zero-torque spinning losses, high reliability, high efficiency, and
low manufacturing cost. The rotor of the synchronous reluctance
machine consists of bonded sections of ferromagnetic and nonmagnetic steels. Finite-element code, incorporating rotor rotation,
has been developed in MATLAB that calculates steady-state
eddy currents (and losses) in the rotor. A stator iron and stator
winding have been designed to minimize rotor losses, and two such
prototype machines have been fabricated. Experimental results
show an efficiency of 91% at a 10-kW 10 000-r/min operating
point, and rotor losses less than 0.5% of input power.
Index Terms—High-speed synchronous reluctance machine,
steady-state finite-element analysis.

I. INTRODUCTION

T

HERE is a need for a high-speed high-power low-cost
electric machine with low rotor losses in applications such
as the motor/alternator in a flywheel energy storage device.
Such devices store energy by spinning a high-inertia flywheel at
high rotational speeds. To reduce spinning losses, it is expected
that the flywheel and the rotor of the motor/alternator will spin
in vacuum, possibly supported by magnetic bearings. In such
a setup, the main method of heat transfer through the vacuum
is by blackbody radiation. To develop some intuition, a rotor
temperature rise of 100 C above a stator at a temperature of
100 C can accomodate a blackbody heat radiation of only 84
W for the prototype dimensions discussed in the sequel. Hence,
it is essential that the motor/alternator have low rotor losses.
We have designed a solid-rotor synchronous reluctance machine for flywheel applications, as introduced in [1]. A cross
section of the rotor design is shown in Fig. 1. The rotor consists
of bonded sections of ferromagnetic and nonmagnetic steels. As
this rotor is not radially laminated, extreme care must be taken
to ensure low rotor losses. Because the machine is synchronous,
the rotor ideally sees dc flux. Rotor eddy currents are, therefore,
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Fig. 1.

Synchronous reluctance rotor design (cross section).

only generated by harmonics, specifically, spatial stator winding
and slot harmonics, and temporal stator current harmonics.
This paper presents a refined design of the synchronous reluctance machine, with minimized eddy-current losses in the
rotor. First the advantages of synchronous reluctance machines
with respect to permanent magnet machines for this particular
application are discussed. Finite-element code, incorporating
rotor rotation, has been developed to calculate steady-state eddy
currents (and losses) in the rotor due to stator-current, statorwinding, and stator-slot harmonics. This paper will discuss this
finite-element software and how its results guided the machine
design. A stator iron and stator winding have been designed to
minimize these rotor losses. Two prototype machines have been
fabricated and tested, and experimental data are presented.
II. MACHINE SELECTION
A. Permanent-Magnet Machines
Most flywheel systems discussed in the literature use a permanent-magnet machine as the motor/alternator [1]–[4]. Permanent-magnet machines are a popular choice due to the high
efficiency that can be obtained since no power loss is associated with machine excitation. There are, however, several disadvantages in using permanent-magnet machines for this particular application. High-energy-product permanent-magnet materials can be prohibitively expensive. They are also brittle and
have marginal tensile strength and, thus, special care must be
taken in rotor design so that they can withstand the large centrifugal forces experienced at high rotational speeds. Permanent
magnets can demagnetize during excessive armature reaction,
creating reliability concerns. Finally, permanent-magnet motors
with iron in the stator experience significant “spinning” core
loss, even when no power is being transferred through the motor.
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The combination of these properties of permanent-magnet machines makes design of a low-cost high-reliability motor/alternator for flywheel applications particularly challenging.

where

B. Synchronous Reluctance Machines

and
are vectors containing the nodal magnetic vector pois a matrix representing the
tentials for the stator and rotor,
are matrices repconductivity of the rotor elements, the
is a
resenting the magnetic permeability of elements, and
vector which represents the enforced currents in the stator windand
are functions of time beings. The matrices
cause they incorporate the relative position of the rotor with respect to the stator. Inspection of (3) reveals an expression for

Synchronous reluctance machines have the following advantages over permanent-magnet machines.
• There is no concern with demagnetization,
• The excitation field can be arbitrarily adjusted, allowing
significant reduction of electromagnetic spinning losses at
zero torque, and
• Synchronous reluctance machine rotors can be constructed entirely from high-strength low-cost materials.
The synchronous reluctance machine is typified by having a
rotor whose structure is such that the inductance of the stator
(direct
windings varies sinusoidally from a maximum value
(quadrature inductance) as
inductance) to a minimum value
a function of angular displacement of the rotor. A figure of merit
for the synchronous reluctance machine is the ratio of direct
For example, the
inductance to quadrature inductance
of a synchronous remaximum achievable power factor
luctance machine is given by
(1)
ratios yield higher power factors, which correHigher
losses and reduced voltampere ratings of
spond to reduced
the inverter driving the machine [5], [6], [15].
III. FINITE-ELEMENT ANALYSIS
In order to optimize the machine design to minimize rotor
losses, we have developed finite-element code in MATLAB to
characterize steady-state eddy currents in the rotor. The partial
differential equation (PDE) for two-dimensional eddy-current
analysis is as follows [7]:

(2)
is the axial component of the magnetic vector potenwhere
tial, is the magnetic permeability, is the electrical conductivity, and is the current density corresponding to applied currents in the stator windings. We note that, although the problem
being simulated incorporates mechanical motion, we choose a
Lagrangian representation of the stator and rotor coordinates
and so velocity terms do not appear in the above formulation
[8]. To keep the analysis tractable, linear constitutive relation).
ships are assumed (i.e., constant
By discretizing a cross section of the synchronous reluctance
machine into a mesh and applying the linear Galerkin method
[9], the PDE is reduced to a differential-algebraic equation
(DAE)
(3)

(4)
which, in turn, allows us to write an ordinary differential equation (ODE) for

(5)
We will use this ODE formulation in the following discussion
of steady-state operation. Integration of the DAE in (3) is performed using the backward Euler method. Rotational motion is
taken into account by spacing the nodes equidistant along the
surface of the rotor, and choosing our time step such that it corresponds to a circumferential displacement of the rotor equivalent to the distance between two nodes on the rotor surface.
Hence, after each time step, we rotate the rotor by reassigning
nodal relationships at the stator–rotor boundary, which is done
and
, resimply by shifting rows and columns of
spectively.
A. Steady-State Analysis Using Generalized Minimum
Residual Method (GMRES)
Computing rotor losses requires knowledge of the steadystate operation of the machine. This could be achieved by running a transient simulation until the natural dynamics of the
system decay to an acceptable level. However, this is a time-intensive and computationally intensive approach. Instead, we use
an approach developed in [10]. Returning to the ODE problem
(5), the solution to the rotor magnetic vector potential can be
written in the following form [11]:
(6)
where

is the state transition matrix of (5) and
(7)

For a steady-state solution, we wish to achieve the same rotor
magnetic vector potential after one period of rotation
(8)
Using this relation and (6) yields the following system of equations:
(9)
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This equation can, therefore, be solved for
using a linear
solver. However, typical solvers such as Gaussian elimination
would require computation of the state transition matrix
which would be computationally intensive. Instead,
we use an iterative method, namely, GMRES [10], [12]. This
without knowledge of
All that is
method solves
necessary is the ability to generate the matrix–vector products
The matrix–vector product
is generated by
integrating the system (5) with initial condition and no input,
for one period. Once
is calculated, the
i.e.,
entire steady-state response can be calculated by integrating
(5). GMRES can also be used to calculate steady-state solutions
of nonlinear systems, as discussed in [10].
B. Rotor Losses
To calculate rotor losses, we perform a discrete Fourier transin order to acform (DFT) of the steady-state response
where the
quire the complex Fourier coefficients
correspond to the th multiples of the fundamental rotational
frequency of the rotor. Eddy-current rotor losses are then calculated by first integrating the square of the eddy-current magnitude over each element

Fig. 2.

Finite-element mesh of prototype design.

(10)
and
correspond to the magnetic vector
where
potential at the nodes of the th triangular finite element of the
is the area of the th element, and
is the electrical
rotor,
conductivity of the th element, and then summing the resistive
losses of all elements at all frequencies
(11)
where

is the stack length.

C. Finite-Element Analysis Results
The finite-element mesh of the prototype design is shown in
Fig. 2. As the eddy currents appear only on the rotor surface,
a very fine mesh is constructed on the surface of the rotor to
capture these dynamics. This surface mesh can be seen in Fig. 3.
A steady-state response was calculated for the prototype design at a 60-kW 48 000-r/min operating point using the finite-element tool. Fig. 3 displays eddy currents on the rotor surface
corresponding to the 72nd harmonic, which are generated by the
stator slots. A breakdown of eddy-current rotor losses as a function of harmonic frequency is presented in Fig. 4. Simulations
suggest that rotor losses in our design will be ≈ 300 W when

Fig. 3. Plot of the 72nd harmonic eddy-current magnitudes on rotor surface
(60-kW 48 000-r/min operating point). Design has 72 stator teeth.

operating at a 60-kW 48 000-r/min operating point. Using the
blackbody heat dissipation of 84 W discussed in Section I, this
would allow the machine to operate at full power with a duty
cycle of 28%. When coasting at 48 000 r/min and zero torque,
but at rated flux (0.08 Wb), rotor losses are estimated to be approximately 50 W.
IV. DESIGN STRATEGY
A. Base-Case Machine Design
This section discusses how the finite-element results influenced the synchronous reluctance machine design. To qualitatively discuss the effects of design changes, we use a base-case
machine design and operating point, as defined in Table I. We
note that this design is slightly different than the design of our
prototype. In all simulations, we assume relative permeabilities
for the ferromagnetic steels and
for the
nonmagnetic steels. The windings for the base case design are
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TABLE I
BASE CASE SYNCHRONOUS RELUCTANCE
MACHINE DESIGN

Fig. 4. Eddy-current losses in rotor as a function of harmonic frequency
(60-kW 48 000-r/min operating point).

designed to minimize rotor losses due to winding harmonics, as
will be discussed in Section IV-C. The rotor dimensions remain
constant in all simulations.

TABLE II
ROTOR LOSSES FOR DIFFERENT ROTOR MATERIALS

B. Rotor Design
Primary design criteria for the rotor are:
• choice of thicknesses of the ferromagnetic and nonmagnetic sections;
• choice of materials for the ferromagnetic and nonmagnetic
sections.
The thicknesses of the sheets are chosen to optimize the
ratio of the machine, as discussed in [1].
The choice of steels for the rotor magnetic and nonmagnetic
sheets depends on criteria besides their magnetic properties. The
materials must have high yield strength to withstand the large
centrifugal forces experienced at high speeds. Also of interest
is the electrical resistivity of the materials. Table II shows
the rotor losses for different materials, as calculated by finiteelement analysis. The ferromagnetic materials studied are 3%
m) and 4140 (
m),
silicon–iron (
an inexpensive carbon steel. The nonmagnetic materials studied
m),
are Nitronic 50, a specialty stainless steel (
m). The Nitronic 50 steel
and aluminum–bronze (
was chosen for its high tensile strength (120 000 lb/in2). These
results suggest that it is desirable to use materials with higher
resistivities.
C. Stator Design
The key design criteria for the stator were to achieve a power
rating of 60 kW over the speed range of 24 000–48 000 r/min,
while achieving an efficiency of ≈ 95%. While attaining these
performance goals, it is also necessary to minimize rotor losses.
As discussed in the introduction, rotor losses are generated by
spatial stator winding and slot harmonics, and temporal stator
current harmonics. The next two sections focus on minimizing
the winding and slot harmonics experienced by the rotor.

1) Winding Harmonics: The magnetomotive force (MMF)
a stator winding phase exerts on the rotor at an angle can be
represented in terms of odd-numbered spatial harmonics
(12)
where is the instantaneous current in the phase winding. For a
three-phase two-pole winding structure with sinusoidal currents
with the rotor spinning at the
of frequency and peak value
same frequency , the total MMF seen by the rotor at an angle
can be shown to have the form given by

(13)
and
spatial harmonics of
The rotor sees the
the stator windings aliased into time harmonics. Using (13),
a winding structure has been designed to minimize rotor losses
for a given fundamental MMF. In this design, we assume eddy
currents developed in the rotor completely cancel the MMF harmonics, taking into account the skin effect at different frequencies.
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TABLE III
ROTOR LOSSES OF VARYING WINDING CONFIGURATIONS

Fig. 5.

Stator slot designs.
TABLE IV
ROTOR LOSSES OF CLOSED SLOTS VERSUS OPEN SLOTS

TABLE V
ROTOR LOSSES AS FUNCTION OF SLOT NUMBER. STATOR WINDINGS ARE
SINUSOIDALLY DISTRIBUTED IN SLOTS TO ELIMINATE WINDING HARMONICS

Fig. 6. Calculated L =L ratio of synchronous reluctance as function of air
gap. Calculations performed using a magnetic circuit model presented in [1].

on the number of turns in a phase. However, because this is a
high-speed machine, the number of turns comprising the stator
windings must be low to keep the voltage rating reasonable,
hence this is a practical solution. The windings were assembled
in a ring-winding configuration, as shown in Fig. 9.
Simulations also suggest that rotor losses are reduced if the
number of slots is increased, as shown in Table V. To remove
the effect of winding harmonics in this comparative analysis,
currents are assigned in the slots in an ideal sinusoidal fashion,
as discussed in Section IV-C–1. All of the designs have closed
stator slots.
D. Air Gap
Synchronous reluctance machines are typically designed with
ratio. Fig. 6 shows
small air gaps, so as to improve the
ratio of the base case design as a function of air gap,
the
calculated using a magnetic circuit model originally presented
in [1], and further refined in [13]. However, as shown in Fig. 7,
small air gaps can also cause higher rotor losses.

Rotor losses for various winding schemes are presented in
Table III. The “sinusoidal” winding scheme is an ideal, nonphysical scheme in which each slot has a fraction of all three
phases, distributed sinusoidally according to the angular location of the slot. In the “concentrated” winding structure, each
half of a phase is placed in contiguous slots.
2) Slot Harmonics: This section analyzes the effect of stator
slots on rotor losses. The focus is on two aspects: the number of
stator slots, and whether the slots are closed or open, as shown
in Fig. 5. Finite-element analysis reveals that the rotor losses are
dramatically reduced if the stator slots are closed, as shown in
Table IV. In the open-slot design simulated, the stator teeth faces
comprise 2/3 of the total surface area.
In order to achieve sufficiently low rotor loss, our prototype
design incorporates closed stator slots. Most machines have
open stator slots in order to assist in winding the stator coils.
To avoid this problem in construction of the prototype, we use
copper bus bar instead of wire, as copper bars can be inserted
more easily into the stator slots. As each bus bar represents
one turn of a winding, this approach places a practical limit

E. Analytical Expressions for Rotor Losses
Simplified analytical expressions for the rotor losses, derived
from models presented in [8], support these finite-element results. The derivation and explanation of these expressions would
take a significant amount of space, however, and, therefore, the
interested reader is referred to [13].
V. EXPERIMENTAL SETUP
A. Prototype Fabrication
A design incorporating the considerations discussed in Section IV is presented in Table VI. Two prototype machines of
this design have been fabricated. The rotors consist of layers of
4140 (magnetic) and Nitronic 50 (nonmagnetic) steels bonded
together by brazing (see Fig. 8). An amorphous nickel foil was
used for the braze. Tensile strength tests performed on a sample
of the brazed material show the bond can withstand up to 58 000
lb/in2. Results of mechanical finite-element analysis suggest the
rotor experiences a Von Mises stress of 22 000 lb/in2 at 48 000
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Rotor losses versus air gap.

Fig. 8. Prototype rotor, consisting of brazed sheets of 4140 (magnetic) and
Nitronic 50 (nonmagnetic) steels.

TABLE VI
SYNCHRONOUS RELUCTANCE MOTOR/ALTERNATOR PROTOTYPE
DESIGN SUMMARY

Fig. 9. Prototype stator with copper bus bar. Teflon sheet is used as a slot
lining. The copper bus bar is coated with silver to minimize contact resistance
and is wrapped in Kapton tape for insulation. A ring-winding configuration is
used.

r/min, yielding a safety factor of approximately 2.6. As mentioned earlier, a higher resistivity for the ferromagnetic steel
would be preferred, such as that of silicon–iron, but sheets of
silicon–iron of the desired thickness were not readily available.
The stator windings were constructed using copper bus bars
in a ring-winding configuration (see Fig. 9). The laminations
were laser cut, and then welded together along the outer diameter to make the stack. The lamination was designed such that

the stator teeth meet at a point. This is done to minimize rotor
losses, as discussed previously. However, when manufactured,
there must either be a small amount of material connecting the
teeth, or a small gap between the teeth. The prototype laminations have an approximately 15-mil spacing between the tips of
the stator teeth, as shown in Fig. 10. Deep-groove ball bearings
with ceramic balls and a high-speed grease are used. The two
prototype machines are connected at the shaft with a flexible
coupling. The aluminum stator housings can be sealed together
and used as a vacuum chamber. An infrared temperature sensor
is mounted on the chamber, and is directed at the flexible shaft
coupling. Electrical connections are made to the machines via
brass bolts through holes in the endplates. The finished setup is
shown in Fig. 11.
A schematic of the experimental test setup is shown in Fig. 12.
Two high-efficiency inverters, connected to a common voltage
bus, have been constructed to drive the machines. A three-phase
filter at the output of each inverter removes pulsewidth modulation (PWM) harmonics, exposing the machines to relatively
ideal voltages and currents. Driving one machine as a motor and
the other as a generator causes power to flow in a loop. An
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Closeup of prototype stator, showing small gap between stator teeth.
Fig. 12. Experimental setup.

Fig. 11. Machine housings, housing coupling used to create a vacuum
chamber, and infrared sensor used to measure rotor temperature. Electrical
connections made to machines via brass bolts in holes through endplates.

external power source is used to supply the necessary power
to keep the machines at a given steady-state operating point.
Measurement of this dc input power allows accurate assessment
of the total system losses. A stator-flux-oriented torque control
scheme is used to drive the machines, as presented in [14].

Fig. 13. Two-phase stator current locus in stator flux reference frame
(k k
0:08 Wb, 4000 r/min). Experimental data and least-squares curve
fitting to analytical model.

=

TABLE VII
MACHINE PARAMETERS CALCULATED BY LEAST-SQUARES CURVE FITTING OF
DATA IN Fig. 13 (0.08-Wb 4000-r/min OPERATING POINT)

B. Experimental Results
Fig. 13 displays measured two-phase steady-state stator currents in the stator-flux reference frame, with a stator-flux magnitude of 0.08 Wb and a rotational velocity of 4000 r/min. Each
point corresponds to a different torque value. Values of posicorrespond to motor and generator operative and negative
and
tion, respectively. Direct and quadrature inductances
were then extracted from this data by performing a least-squares
curve fitting of the experimental data with the analytical model.
was
To achieve a better curve fit, a core-loss conductance
added to the model in parallel with the machine inductance. The
resulting parameters are shown in Table VII.
Further data was taken at 10 000 r/min with a commanded
stator-flux magnitude of 0.085 Wb and a commanded torque of
10 N m, resulting in a 10-kW operating point. The results are

reported in Table VIII. We note that these losses include other
losses besides core and copper losses, such as drag losses due
to the air drag and the mechanical bearings. Rundown experiments on the system suggest these drag losses are approximately
175 W at 10 000 r/min. Although the machine was not tested at
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TABLE VIII
EXPERIMENTAL RESULTS (10 000-r/min 10-kW OPERATING POINT)

Fig. 15.

Thermal circuit used to determine rotor losses.

TABLE IX
THERMAL PARAMETERS

Fig. 16. Curve fitting of estimated parameters to experimental data for T (10
kW, 10 000-r/min 0.08-Wb operating point).

Fig. 14.

Rotor heating experiment (10 000 r/min, 10 N1m, 0.08 Wb).

the 48 000-r/min operating point, spin tests were conducted at
speeds up to 24 000 r/min without difficulty.
C. Rotor Heating
One of the most important design goals was to minimize
losses in the rotor. In order to determine the amount of heat being
generated in the rotor, the following experiment was performed.
The motor/generator pair was run at 10 000 r/min, 10.0 kW for
1 h with the machine housing evacuated to <1 torr. The measured machine efficiency at this operating point at the end of the

experiment was 88%. Temperature measurements were taken on
the shaft coupling (using an infrared thermometer), and on the
machine housing every 5 min. Rotor temperature ( ), housing
) are
temperature ( ), and their difference (
shown in Fig. 14.
The thermal model used to estimate rotor losses is shown in
Fig. 15, with its parameters described in Table IX. In this model,
it is assumed that all heat leaving the rotor travels through the
bearing, in other words, heat transfer via blackbody radiation is
negligible. The blackbody radiation leaving the rotor at a rotor
temperature of 55 C and a stator temperature of 43 C (the rotor
and housing temperatures, respectively, at the end of the above
experiment) is estimated to be 5 W. While not negligible, this
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heat transfer turns out to be approximately an order of magnitude less than the total estimated rotor losses, hence, this is a
reasonable assumption.
J/ C can be calculated
The rotor heat capacity
from the volume and material properties of the rotor. Based on
the thermal model, it can be shown that the dynamics of the rotor
temperature are represented by the expression

(14)
Discretization of (14), using trapezoidal integration, results in
the following expression:
(15)
where is the time interval between data points. Using the experimental data and (15), least-squared-error values of the coefficients and are determined. Only the final 45 min of data
are used in order to reduce the effects of startup transients on the
using the calculated parameters is
results. A curve fitting of
shown in Fig. 16. Based on this curve fitting, the heat generated by a rotor is estimated to be approximately 45 W, or less
than 0.5% of the input power. Finite-element analysis performed
at the same operating point yielded losses of 25 W. Possible
explanations for this discrepancy are unmodeled effects, such
as stator current harmonics, the small gap between the stator
teeth, and the assumptions of linear material properties. Nevertheless, the goal of reducing rotor losses has been satisfactorily
achieved.
VI. CONCLUSION
A high-speed synchronous reluctance machine with minimized rotor losses has been designed, fabricated, and tested.
Finite-element code has been developed to characterize
eddy-current losses in the rotor, thereby aiding the design
process. Experimental results show that good efficiency and
low rotor heating are achieved by the prototype machines.
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