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Abstract—A design approach for high speed variable flux
machines with fiber reinforced polymer filled flux barriers is
presented. To ensure high speed strength, the interfacial strength
between the composite and electrical sheet is investigated, as it
represents a strict boundary condition in the design process. A
tool chain for a combination of electromagnetic and mechanical
design is presented and its target values and boundary conditions
are discussed. Measurements of the interfacial shear strength
between electrical sheet and the composite are carried out and
the results are investigated with respect to the design process. An
optimization based on the measurement data is carried out and
the results of machines with and without composite reinforcement
are compared.

Index Terms—multi material design, optimization, high speed,
rotor design, insert

I. INTRODUCTION

Modern traction machines need to be both efficient during
operation as well as efficient with respect to material
consumption. A machine’s electric power Pel can be elevated
by increasing either the rotating speed n, the air gap flux
density B̂ or the current loading A. While the latter of the
goals above are achieved by using additional magnets or
advanced cooling for larger currents, higher rotating speeds
can only be reached by increasing the rotor’s mechanical
strength, while not decreasing electromagnetic performance.
Different approaches to reinforce a machine’s rotor have been
presented. In [1] the authors propose a synchronous reluctance
machine (SynRM) with fluid shaped barriers that are filled
with an epoxy resin to improve the machine’s speed strength.
An extensive review of the epoxy resin’s mechanical properties

This work was part of the research project ”ReMos2” (”Reluktanzmaschine
für effiziente Mobilität ohne seltene Erden 2”), financed through the Ministry
of Science, Research, and Arts of the Federal State of Baden-Württemberg in
the framework of ”Innovationscampus Mobilität der Zukunft”.

is given and the selection process is described. The adhesion
between resin and electrical sheet is then tested using a
simplified geometry. The contact area can withstand contact
pressures of 10MPa.
In [2], a ribless SynRM rotor is proposed and an epoxy resin
is used as filler. In addition to the filled flux barriers, there are
also end caps made from the resin to give additional support.
Also, there are no outer webs in the rotor’s flux barriers.
Through the avoidance of the webs in the center and on the
outer edges of the flux barriers, the machine’s peak current
with regard to maximum torque was reduced compared to the
same geometry with these webs.
The authors of [3] chose an approach employing additional
inserts in the rotor structure to improve speed strength. These
inserts are made from unidirectional glass fiber composite
which fulfils the function of the webs while being non-
magnetic. This reduces stray flux in the d-axis while allowing
for an improved maximum speed. Also, the authors provide an
extensive review of further techniques to reinforce a SynRM’s
rotor, which is recommended for further reading.
While the concepts for increased rotor speeds and improved
saliency in SynRM show conclusive results, they focus on
pure SynRM only and do not take permanent magnet assisted
SynRM (PMaSynRM) into account. Also, they employ either
epoxy resin or inserts for which the rotor needs to be
specifically designed to reach these goals.
This work therefore focuses on a PMaSynRM with AlNiCo
magnets, allowing it to be used as a variable flux machine
(VFM), the principle of which as well as the design process
are presented in [4]–[7]. To increase speed strength, the
machine’s flux barriers are filled using glass fiber reinforced
polyphenylene sulfide (PPS) with 40% fiber content. It is
applied into the barriers using injection molding, thus enabling
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manufacturing in large quantities and better recyclability
comapred to epoxy based approaches, as presented by the
authors in [8]. Further, investigations into the mechanical
modeling of variable flux machines were presented in [9], with
the focus imposed on the quick prediction of the magnetic
forces acting on the machine’s airgap.
In this work, the design process with the constraints imposed
by the filling of the flux barriers is presented. Section II
focuses on the general design process and presents a toolchain
developed for the design of VFM. The experimental data
necessary to define the mechanical constraints is presented and
analyzed in Section III, the rotor geometries resulting from the
design process are presented in Section IV. A brief summary
and an outlook on the project are given in Section V.
The focus of the work lies on the mechanical design.
Electromagnetic parameters are considered and presented in
part, but not as extensive as the mechanical parameters.

II. MULTI DOMAIN MACHINE DESIGN

A. Design toolchain

The design principles for the type of machine taken as a
basis in this paper were presented in [8] with the concept
of composite-filled flux barriers to increase speed stability. In
Fig. 2, a workflow is presented to automatically determine
an optimal rotor geometry for a machine design for known
interfacial strengths τy,I.
Using latin hypercube sampling (LHS), a number k of rotor
geometries is automatically created within given limits for
pre-defined parameters, such as the magnets’ thickness, the
magnets’ width, the thickness of the rotor yoke or the angle
of the flux barriers. In total, 13 variable parameters are
implemented in the rotor design, which is displayed in Fig.
1. Note, that for the sake of readability, parameters describing

TC
TMCWMC

CAB CA
WA

Fig. 1: Rotor base geometry.

the same geometric feature for different parts of the machine
were omitted in Fig. 1. The full set of parameters as well as
their respective units and the limits in which they can vary are
given in Table I. Using the definition of the rotor geometry,
these k designs are then evaluated both in the electromagnetic
and the mechanical domain using FEA solvers. To solve the
mechanical problems, Dassault Abaqus is used, while Ansys
Electronics is employed for the electromagnetic calculations.
The electromagnetic FEA generates information regarding the
performance data of the resulting machines, the mechanical
FEA delivers information regarding the speed related boundary
conditions for machine operation. To improve the reliabilty

TABLE I: Parameters in the rotor design

Parameter Description Limits Unit

TMA Thickness magnet A [3, 4.5] mm
WMA Width magnet A [17, 21] mm
TMB Thickness magnet B [3, 4.5] mm
WMB Width magnet B [17, 21] mm
TMC Thickness magnet C [3, 4.5] mm
WMC Width magnet C [3, 4.5] mm
TC Pole cap at magnet C [8, 11] mm
WA Pole arc between poles C [5, 15] mm
CA Opening angle of flux barrier A [1, 3] ◦

CB Opening angle of flux barrier B [1, 3] ◦

CC Opening angle of flux barrier C [1, 3] ◦

CAB Angle between A and B [1, 3] ◦

CBC Angle between B and C [1, 3] ◦

of the mechanical results, the magnets’ sharp corners as
depicted in Fig. 1 are automatically chamfered. This avoids
failures in solving the numerical problem, since the chance
for singularities is reduced.
The results of both the electromagnetic and the mechanical
FEA are then post-processed using MATLAB and the
input parameters are set in relation to the respective output
parameters using Gaussian Process Regression. Depending
on the design goals selected, either a genetic or a multi
objective genetic optimization algorithm from MATBLAB’s
global optimization toolbox is employed. The machine designs
output by the optimizer are then again analyzed in FEA and
the most suitable one is selected.

Definiton of
the design space

Post processing

Training
Gaussian process
regression

Emag. FEA

torque T ,
efficiency η,
flux linkages Ψ

Mech. FEA

tensile stress σvm,
shear stress τI,
displacement u

Shear tests
shear strength τy,I

Optimization
multi objective
genetic algorithms

k designsk designs

Result
optimized rotor
geometry

Fig. 2: Design toolchain flow chart.

B. Design restrictions

The underlying dataset for the examinations undertaken in
this work consists of k = 1000 rotor geometries generated
using LHS with a fix stator and winding design, the data of
which are presented in Table II. The electromagnetic design

Elektromechanische Antriebssysteme ∙ 08 – 09. November 2023 in Wien

ISBN: 978-3-8007-6152-4 © VDE VERLAG GMBH ∙ Berlin ∙ Offenbach190
Authorized licensed use limited to: KIT Library. Downloaded on May 02,2024 at 15:34:37 UTC from IEEE Xplore.  Restrictions apply. 



goals consist of the machine’s output power at the corner point
Pnbase, the output torque at the corner point Tmax and the
external fields acting on the magnets Herr. While the first two
of these goals are maximized, the number of points beyond
the magnets’ BH-curve’s knee point Herr are to be minimized,
as described in [8]. The mechanical boundary conditions
imposed on the system are the sheet’s yield strength σy,S and
the maximum interface stress permitted τy,I. The correlation

TABLE II: Characteristics of the machine under investigation

Characteristic Value

No. of phases m 3
No. of pole pairs p 3
No. of slots Ns 36
No. of conductors per coil Zc 4
Stator bore diameter Db (mm) 140
Electric sheet material NO-30
Maximum current (A) 100
DC link Voltage (V) 400

between the rotor design parameters varied in the DOE and
the mechanical properties of the machine is presented in the
form of a correlation matrix in Fig. 3. Here, the interaction
between mechanical and electromagnetic design parameters
and restrictions becomes visible. As can be seen for the middle
magnet’s thickness TMB, the increase of its size will likely
decrease the mechanical stress in the sheet σvm, as well as
the interfacial shear stress τI. However, it also has a negative
correlation to the corner speed torque, meaning an increase
of TMB will likely decrease the maximum torque as well.
Another example can be made for the width of the innermost
magnet WMA. Increasing the value of this parameter appears
to decrease the mechanical stress overall, while increasing the
number of working points with too large external fields Herr.
The correlation between the outer magnet’s thickness TMC
and Herr shows the plausibilty of the figure. If the parameter
is increased, i.e. if the outermost magnet gets thicker, the
number of erroneous fields becomes smaller. Since magnet
C is subjected to the largest magnitudes of external fields, the
negative correlation between its thickness and Herr appears
conclusive.
As becomes clear from the flow chart presented in Fig. 2
the load on the interface between PPS and electrical sheet
in the form of shear stress τI is the critical mechanical
design restriction. The effect of the PPS in the machine’s flux
barriers on the stress in the sheet can be seen in Fig. 4a and
4b, respectively, where the maximum stress on the electric
sheet is presented for both the machines with reinforced flux
barriers and those without for speeds of n = 15 000 1/min,
n = 17 500 1/min and n = 20 000 1/min.
The mechanical parameters of both the electrical sheet and the
PPS are listed in Table III; it shows the yield strength σy, the
Young’s modulus E and the thermal expansion coefficient α
for both materials. As can be seen from the table, the thermal
expansion coefficient α is similar for electrical sheet and PPS.
This is important for the long term stability of the injected
rotor because there is significant heat development to be
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Fig. 3: Correlation matrix of mechanical and electromagnetic
parameters for nmax = 17 500 1/min.

TABLE III: Mechanical properties of rotor materials

Material σy (MPa) E (GPa) α (10−6K−1)

NO-30 420 210 13.2
PPS (GF 40 %) 180 32 14.5

expected as a result of the rotor’s iron and the magnet losses. If
materials with too large a difference between their expansion
coefficients were used, the differences in thermal expansion
might lead to a destruction of the interface. To ensure no
damage is inflicted on the rotor sheet stacks during the mold
injection process, simulations were carried out to optimize
flow paths of the mold and to ensure an even distribution of
pressure during the filling process.
Considering a typical safety factor of 1.4 the machines
without the composite reinforcement would be safe to run
at a maximum speed of 15 000 1/min only. Through the
application of the PPS the maximum stress is reduced below
the sheets’ yield strength for all maximum speeds considered.
While σy,s is a known parameter that can be taken from
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Fig. 4: Simulated von Mises stress in the sheet for the k =
1000 rotor geometries.
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Fig. 5: Schematic representation of the shear test specimen.

the material’s datasheet, the maximum shear strength of the
interface τy,I is unknown due to the material combination.

III. EXPERIMENTAL INVESTIGATION OF INTERFACIAL
STRENGTH

For this reason, shear test specimens were manufactured
in different configurations to determine τy,I. The interfaces
between sheet and composite in the electric machine are
approximated using rectangular stacks of electric sheets
made from NO-30 with a width of hs = 5mm, a length of
ls = 80mm and a heigth of ws = 20.1mm where the height
describes the direction of stacking. The resulting contact area
has a size of 20.1mm×20.0mm. A schematic of the samples
is presented in Fig. 5. To ensure the highest possible joint
strength, the metal specimens were pre-treated in different
ways.
Firstly, the electric sheet specimens were pre-treated using
plasma. Plasma coating is a chemical-physical process in
which a plasma composite layer is produced on the metal
body under atmospheric pressure. The coating consists of
an organosilicon compound, which is added to the plasma
as a precursor and is deposited on the metal. The silicon
bonds with the metal or metal oxide at the molecular level.
The deposited layer fills even small cavities and thus creates
a high impermeability of the bond. At the same time, it
serves as an anticorrosive barrier against the penetration and
infiltration of water, salt solutions and gases. The organic
components contained in the layer ensure the adhesion of the
plastic [10].
In addition, the surfaces of further electrical sheet
samples were etched using nanoscale sculpturing. In
this electrochemical process, whole or large parts of unstable
grains are selectively removed from the surface. This produces
a three-dimensional surface structure characteristic of this
process. Since no grain boundaries are dissolved in the
process, the advantageous mechanical properties are fully
retained [11].
Preliminary tests with adhesion promoters based on
aminopropytriethoxysilane showed only low interfacial
strengths between metal and plastic and were therefore not
pursued in further investigations.
The specimen and tool preparation is presented in Table IV,
where Ei denote the etched specimen and Pi denote the
specimen pre treated using plasma. The fabricated shear test
specimens were tested on a ZwickRoell universal testing
machine. Using the forces at break determined in this way,

TABLE IV: Tool and specimen preparation for the different
shear tests

Tspec (◦C) Ttool (
◦C)

E1 260 160
E2 280 160
E3 300 160
E4 280 140
E5 280 120
P1 280 160
P2 300 140
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Fig. 6: Interface stress and shear strengths.

the shear strength τI can be calculated according to [12]:

τI = F ·

√
9 · (hs

2 + hs

2 )2

w2
s · l4u

+
4

w2
s · l2u

(1)

with the loading force F , the thickness of the first and second
bonded material ,both hs, the lapping width ws and the lapping
length lu. The calculated tensile strengths in the interface
are shown in Fig. 6b while the shear stress according to the
simulations is presented in Fig. 6a. The maximum simulated
shear stress is τI ≈ 16MPa at n = 20 000 1/min, while the
minimum occurs at n = 15 000 1/min with τI ≈ 5MPa. The
results of the shear tests extend from samples which were
destroyed upon insertion into the testing machine, such as
the test series E1 and P1, to a maximum shear strength of
τy,I ≈ 21MPa in series E4, which allows rotor speeds of
more than 20 000 1/min. While the median value of the shear
strength is similar with τy,I ≈ 10MPa for the test series E2 -
E4, series E1 and both of the series of plasma treated specimen
have lower median values.
The results obtained so far show etching of the electrical sheet
as the most promising pre-treatment to obtain high strengths.
Further improvements in interfacial strength are expected
through optimization of the injection molding process. As
presented in Table IV the samples need be pre-heated to
bond the sheet to the PPS. Since both preheating and the
etching could result in damage to the sheets’ baking varnish,
the electrical resistance was measured before and after the
pre-treatment and preheating. No damage to the coating was
detected.
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IV. RESULTS

In this section the rotor geometries achieved through
application of the design process described in Section II
with the boundary condition defined through the experiments
presented in Section III are presented and compared to a
rotor geometry without composite injection optimized with
the same toolchain. The maximum speed targeted is nmax =
17 500 1/min. The maximum value for the boundary condition
of the interface stress is selected according to the upper
quartile of E4 to τI,max = 15MPa, the maximum value for the
von Mises stress in the sheet is set to σvm,max = 400MPa.
Using these nonlinear boundary conditions, the optimization
is carried out for both the data with and without composite
and 77 data sets, i.e. 77 rotor geometries with values for
each of the 13 rotor parameters, result from each process. Out
of these 77 data sets each, the resulting machines with and
without composite reinforcement are selected according to the
lowest number Herr, which might not yield the highest torque
Tmax or the highest base speed power Pnbase, but assures
operation without accidental demagnetization. The machine
without composite injection is denoted as M1, while the one
with composite injection is denoted as M2.
Fig. 8 presents the resulting sheet stress in both the data sets
with and without the composite in the flux barriers. The stress
σvm has similar median values compared to the data presented
in Fig. 4. For the machines without composite however, there
is a tendency towards higher values, while the stress σvm of
M2 is distributed evenly. This shows the positive effect of the
composite on the conflict of goals discussed in Section II-B:
without composite injection, the maximization of torque and
power can only be achieved with comparably high stress σvm

in the electrical sheet, while the reinforced rotors can better
withstand the mechanical load. The shear stress in M2 has a
tendency towards lower values.
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The performance values for both selected machines M1 and
M2 as well as the mechanical stress are presented in Table
V. While the electromagnetic parameters are similar for both
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Fig. 8: von Mises stress of the 77 optimized machines with and
without composite reinforcement (FRP) and the shear stress of
those with reinforcement.

machines, the load on the electrical sheet differs by a factor
of more than 3.6. The security factor for the sheet is 1.1
in the case of the machine without composite injection. The
shear stress acting on the interface in the machine M1 with
composite injection lies within the upper and lower quartile
(see Fig. 8c), so does the stress acting on the sheet (Fig.
8b). The comparison between the geometries of M1 and
M2 shows similar geometric features. However, the effect
of the composite injection into the flux barriers provides
a considerable amount of additional sturdiness. Further, the
underlying assumption for the boundary condition of the
interfacial shear stress is an instantaneous failure of the rotor,
should the interface fail. This assumption might prove to be
incorrect, since the composite inside of the barriers has a
stabilizing effect on the electrical sheet even in the case of
interface failure.
The efficiency map of M2 is presented in Fig. 7.

TABLE V: Parameter data for optimized machines

Parameter (unit) M1 M2

Tmax (Nm) 63.76 63.68
Pnbase (kW) 40.061 40.011
ηmax (%) 96.98 96.98
Herr (–) 3 4
σvm (MPa) 381.2 105.57
τI (MPa) – 10.46

V. CONCLUSION AND OUTLOOK

A design process for high speed variable flux machines
is presented and the necessary boundary conditions for the
composite filling of the flux barriers are investigated. Using
the presented optimization workflow, a rotor geometry can
be determined based on the preliminary results, which allow
rotor speeds of up to vrot = 127m/s, corresponding to
n = 17 500 1/min under consideration of electromagnetic
optimization goals. Under consideration of outliers in the
measurement data for the shear strength τy,I, speeds of up
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381.2

v. Mises stress
in MPa

205.6

0.0

Fig. 9: Comparison of stress in optimized rotor geometries,
left: M2, right: M1.

to vrot = 145m/s or n = 20 000 1/min are possible. The
measured interface strength shows large variations, depending
on sample preparation as well as diverging environmental
conditions within the individual test series. One reason for this
is the large manual component in processing the specimens.
Depending on outside temperature among other parameters,
a pre-heated stack of electrical sheet might be inserted into
the injection process with differing temperatures, thus yielding
distributed results as seen here. An automated process allows
for better control of the environmental conditions and may
therefore yield more reproducible results.
In addition to the shear strength investigated here, tensile stress
tests for the interface between electrical sheet and composite
need to be carried out, to define the mechanical limitations
imposed upon the system by this stress component and to
determine which of these interface loads is the limiting one in
terms of speed strength. Once this investigation is concluded,
a rotor prototype will be built and the resulting speed strengths
of that rotor will be determined experimentally to validate the
mechanical path of the design toolchain presented here.
A further improvement of the rotor’s speed strength to be
validated in the speed tests can be achieved through carbon
fiber sheets placed axially between the rotor segments, as is
presented in [8]. The combination of the composite injection
and these inlays would allow rotor speeds above n =
20 000 1/min.
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