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Abstract— This paper presents a methodology for the opti-
mization of a new type of high speed electrical micromachine
for micro scale power generation. The micromachine is inte-
grated into the compressor of a microturbine which operates
at 500, 000 r/min [1]–[3]. Because of the high energy density of
fuel, the turbine-generator combination exceeds the limitations of
batteries and smoothes the way for high power or long endurance
applications. The micromachine is optimized for a mechanical
output power of 100 W within the dimensions of the turbine.
Special attention is paid to the problems caused by high speed
operation and their influence on the design of the machine.

Index Terms— Microelectromechanical devices, micromotor,
Permanent magnet generator, Transient analysis

I. I NTRODUCTION

Most portable and unmanned devices use batteries for
their power supply. Currently Li-ion batteries have energy
densities up to0.5 MJ/kg, but not only do they offer limited
autonomy, also charging times pose a problem. Fuel based
power generation on the other hand offers an energetic
density of about45 MJ/kg, and the fuel reservoir can easily
be refilled. Even with energy efficiencies as low as2 %, this
combination provides a solution for many applications which
require higher energy density than batteries can offer e.g.
for portable communication systems, communication systems
in UAV’s (Unmanned Aerial Vehicles), laptops or portable
electrical power generator.

In order to exceed the energy density of batteries, the
turbine and generator must be miniaturized and made as
efficient as possible. If the power unit has to maintain the
same output power when scaled down, the speed has to be
increased in order to reduce the forces acting in both the
turbine and generator. To generate100 W of mechanical output
power with conventional speeds requires an extreme high
torque to be produced by a machine in the order of a cm in
diameter. Assume that the micromachine has a rotating speed
of 5, 000 r/min, a torque of0.2 Nm is required to obtain
100 W of mechanical output power. If a2-pole radial flux
machine would have20 slots and an outer radius of1 cm, the
total current through a slot must be200 A with the air gap flux
densityB = 1 T, the length of the machine1 cm and ten slots
active. Clearly this is not realistic, therefore the speed must
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be increased. The target of this new machine is an operation
speed of500, 000 r/min and because this micromachine is
not only a generator but it is also used to start up the turbine,
the mechanical output power of100 W is provided [4]. The
electrical output power must be as large as possible.

II. M ICROMACHINE

High speeds result in high mechanical stresses, therefore a
symmetric solid rotor structure is chosen which is mounted
on the compressor disc, see Fig. 1. This configuration has
the advantage to be very robust and the placement of the
rotor directly onto the compressor avoids the use of an extra
bearing which leads to higher losses. This extra bearing would
have been inevitable if the micromachine was a stand alone
machine with a mechanical coupling with the turbine. Due to
the integration of compressor and rotor, the outer dimension
of the rotor is bounded to the dimensions of the compressor
in order to limit the friction loss between rotor and stator, see
Fig. 1.
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Fig. 1. Overview of the micromotor

To create a magnetic flux through the machine, there are
two possibilities: coils actuated by an external energy source
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or a permanent magnet. The use of coils is interesting in
high temperature environments. Operating temperature is the
most important drawback for permanent magnets (limited in
practice to operation temperatures of400 K). The temperature
problem is reduced by placing the magnet on the lowest
temperature side of the turbine (the compressor side) and by
extra cooling through passing the inlet air over the permanent
magnet, see Fig. 1. The permanent magnet is ring shaped
and axially magnetized. All the active parts, resp. permanent
magnet and coils, are placed on the stator (non-moving part),
to avoid damage resulting from high stresses and friction.
The magnet is in one piece, the segmentation visible in Fig. 1
is due to parametrization of the FE model.

In Fig. 2 an overview of the magnetic flux path is given.
The magnet creates a flux that crosses the air gap and enters
the rotor. From here it goes towards the outer diameter where
it again crosses the air gap towards the stator teeth. The flux
paths close via the stator back iron to the permanent magnet.

Permanent magnet

RotorStator

Flux path

Fig. 2. Magnetic flux path

The namehybrid is chosen because this micromachine
combines the force principles of a permanent magnet machine
and of a reluctance machine. In the next sections the design
methodology is explained, special attention is paid for the
influences of the high speed in section IV. To finish the results
of the non-linear static optimization process and the transient
solution are reported.

III. D ESIGN OUTLINE

In order to avoid a time consuming optimization with finite
elements (FE), an optimization process based on a FE-model
combined with a fast Discrete Circuit Modelling (DCM) model
is used (Fig. 3). First, the reluctances of the DCM-model are
evaluated with the FE-model. Optimization is then performed
on basis of the DCM-model and the final geometry is subjected
to a FE analysis. If the computed performances of the machine
do not match the DCM values, the optimization process is
restarted with updated values of the reluctances.

A. System of equations

The system of equations is composed of the following set
equations:
• Magnetic circuit equations
• Electrical circuit equations
• Coupling magnetic and electrical circuit

• Mechanical equations

3D FE computation

of initial model

Compose parametric
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Optimization

DCM model

FE verification of

DCM model

Adaption

DCM model

Optimized

DCM model

Fig. 3. Overview of the design process

The magnetic circuit equations are based upon Fig. 4 which
is a simplified representation of the machine derived from the
FE draft. A magnetic scalar potential is defined in each node.
By using Kirchoff’s current law, it is possible to writeN − 1
linearly independent relations for theN unknowns, withN
the number of nodes. The last relation to complete the set of
magnetic equations is given by the arbitrary constraintubpm =
0. Saturation is accounted for by using a linearization of the
permeability of the material (iron). The reluctances which can
saturate have a diagonal, see Fig. 4.
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Fig. 4. The magnetic scheme

The second set of equations is based upon the electrical
circuit equations. It is assumed that the electrical circuits
are connected into star, this is also true for the load. The
number of linear independent equations is equal toNph. The
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equations consist ofNph − 1 Kirchoff voltage equations and
1 Kirchoff current equation. The load that is present in these
equations can be resistive, capacitive or inductive. This has
only its implications on the arrangement within the matrices
of (3) when solving the problem.

The third set of equations gives the coupling between
the magnetomotive force (mmf) of the coils and the current
through it.

The last set consists of two mechanical equations:

dω

dt
=

Tappl +
∑

i

∑
j Pij(ust,i − ur,j)2 − kθ − cω

Jmech
(1)

dθ

dt
= ω (2)

with

Tappl the applied torque
Jmech the inertia of the rotor
k the spring constant (zero in this case)
c the damping factor
θ the angular position of the rotor
ω the circumferential speed

The summation term represents the reluctance force. The
total number of unknowns is:

X =




umagn(Nst + 4 + Nr × 1)
Fst(Nst × 1)
iph(Nph × 1)

θ(1× 1)
ω(1× 1)

upot(Nph × 1)∫
idt(Nph × 1)




By differentiating the magnetic circuit equations, the time
dependence of the magnetic circuit is obtained. By using a
three step, fifth order Runge Kutta implicit time integration
scheme, the total system equations can be solved [5] [6]. The
system equations look like:

MẊ + KX + B = 0 (3)

B. Magnetic circuit

As mentioned above the design is started with a draft of
the final model. The dimensions are not correct but the model
will help to predict the reluctances. For the FE analysis the
whole machine is modelled while for the DCM analysis only
the active part is used (part that is overlapped by the rotor).
The result of the3D non-linear FE computation is shown in
Fig. 5. The proposed reluctance scheme is shown in Fig. 6.
To calculate the reluctances, the blocks in Fig. 6 have to be
revolved around the center axis to obtain the active part of
the machine. The revolving angle isθ, corresponding to the

Fig. 5. 3D calculation to derive the magnetic scheme
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Fig. 6. The magnetic scheme

revolving angle of the rotor. Following reluctances are used:

<1 =
1

µθLsb
ln

(Rout + Rpm

Rpm + Rin

)
(4)

<2 =
Lpm

µpm
π
2 (R2

pm −R2
in)

(5)

<3 =
Lar

µπ
2 (R2

pm −R2
in)

(6)

<4 =
Lag

µ0
π
2 (R2

pm −R2
in)

(7)

<5 =
1

µθLrt
ln

(Rout + Rpm

Rpm + Rin

)
(8)

<6 =
Lag

µ0
θ
2 [(Rout −Rcon)2 − (Rpm + Rcon)2]

(9)

Acon = Rcon[Rout −Rpm − 2Rcon] (10)

<7 =
Lpm + Lar

µ[ θ
2 [(Rout −Rcon)2 − (Rpm + Rcon)2]−NslotAcon]

(11)

Herein is:

Rout the outer radius of the machine
Rin the inner radius of the machine
Rpm the outer radius of the permanent magnet
Lsb the width of the stator back
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Lar additional length of PM with
permeable material

Rcon width of the conductor
Lag the air gap length
Lrt width of the rotor
Acon area on stator surface occupied

by a single conductor
Nslot the number of slots overlapped by the rotor

and that carry current of the same phase

IV. D ESIGN CONSIDERATIONS

Some parameters can be optimized on the basis of a few
considerations regarding machine control and eddy current
losses:
• The mechanical time constant of the machine is (speed

control):

τmech ∼ Jmech

c
(12)

In order to decreaseJmech and hence the time constant,
Lrt must be kept as low as possible. IncreasingJmech

can also be advantageous in canceling the fluctuations in
the driving system or the ripple in the electrical output
power.

• The electrical time constant of the machine is:

τelec =
L

R
(13)

with
L the inductance
R the electrical resistivity

The inductanceL can be written asN
2
s

< . Herein isNs

the number of turns in series and< the reluctance of the
system. To minimizeτelec, Ns must be small and< must
be as large as possible, which corresponds to minimizing
the reluctance of the rotor (minimizingLrt) since there
flows a homopolar flux through it which causes no eddy
current losses. TakingNs = 1 means connecting all
turns parallel with each other. This does not influence
the copper losses as can be seen in following equations:

Pcop,p = 2ρeff,c(T, f)lcNpAcJ
2 (14)

Pcop,s = 2Nsρeff,c(T, f)lcAcJ
2 (15)

with
ρeff,c(T, f) the effective specific resistivity

of the conductor which
dependents on temperature
and frequency

Ac the conductor area
lc the conductor length
J the current density
Ns the number of turns

that are in series
Np the number of turns

that are in parallel
In formulae (14) and (15)Pcop,p represents the copper
loss for the parallel connection andPcop,s represents the
copper loss for the series connection of all turns. If a

number of turns is required, it is better to put all turns
in parallel to minimize the time constant. The factor2 in
(14) and (15) comes from the fact that2 pole pairs are
used (see later).

• The losses due to eddy current are equal to:

Pec,stat = θ
[
(
Rout + Rpm

2
)2 − (

Rpm + Rin

2
)2

]
. ...

ω2B̂2
statLsbV olstat

ρeff,stat(T, f)
(16)

Pec,teeth = θ
[
(Rout −Rcon)2 − (Rpm + Rcon)2...

−NslotAcon

]
. ...

ω2B̂2
teethLrtV olteeth

ρeff,stat(T, f)
(17)

These formulae show that the electrical frequency of the
machine and the magnetic flux densities in the stator teeth
and back should be as small as possible to minimize the
eddy current losses. This also has a positive effect on the
copper losses. If the frequency is reduced,ρeff,stat(T, f)
and ρeff,c(T, f) are reduced. In the conductors the al-
ternating current induces eddy currents which shift the
current density from the inside towards the outside of
conductor. This is the skin effect and is modelled by:

J(x) = J(r).
I0(
√

j m.x)
I0(
√

j m.r)
(18)

Herein ism =
√

ωµ
ρe

andx the position on the radius.ω

is defined as2πfelec, µ is the magnetic permeability and
ρe is the specific resistivity. The parameterr is the outer
radius of the conductor andJ(r) is the current density on
the outer surface. Fig. 7 shows the influence of the radius
of the conductor and frequency. In this example copper
is used (ρe = 1.724.10−8 Ωm andµ = 4π.10−7 H/m).
Due to the skin effect, the AC resistanceRAC increases
with frequency. Using following equation [7]:
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RAC

RDC
= ξ

sinh(2ξ) + sin(2ξ)
cosh(2ξ)− cos(2ξ)

(19)

Herein is RDC the resistance if DC current was used.
ξ is the normalized conductor height and is equal toh

δ ,
with h the conductor height andδ the skin depth.δ is
defined as

√
2

ωµσ with σ = 1
ρe

.

Fig. 8 shows that working with a frequency off =
16, 667 Hz almost doubles the DC resistance value, for
f = 33, 334 Hz it triples.
The number of poles should therefore be minimized for
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Fig. 8. Increase of resistance as function of frequency

high speed machines, which is obvious. The minimum
pole pairs that can be used in this machine is2. The
resulting operating frequency is16, 667 Hz and the
corresponding AC-resistance is1.8 times higher than the
DC value.

V. OPTIMIZATION

In this section a non-linear static optimization is
performed. Due to numerical problems the non-linear
transient optimization could not be finished in time. Therefore
the resulting geometry of the static optimization is used in the
transient model to calculate the output power as generator.

Three ratios are used to optimize the electrical microma-
chine:

Pmech

Pcop
(20)

Pmech

V ol
= Pmech (21)

Pmech

Pcop
(22)

Herein isPcop:

Pcop =
Pcop

V ol
(23)

Pmech

Pcop
, the total power ratio, is the ratio of the total

mechanical output power per the total copper loss. If this
ratio is maximized, the maximum mechanical output power
to copper loss is obtained for a certain volume.

The second ratioPmech, the mechanical power density,
gives the maximum mechanical output power per unit volume
(expressed in cm3).

The last ratio Pmech

Pcop
, the specific power density ratio,

optimizes the use of the material. To determine the power
densities, the volumes of the windings and the machine must
be calculated. The volume of the machine can be written as
(see Fig. 6):

V ol = π(R2
out −R2

in)[Lsb + Lar + ...

+Lpm + Lag + Lrt] (24)

and the mechanical output powerPmech:

Pmech = 2NslotBairlcJNpAc[
Rout + Rpm

2
]ω (25)

herein is the air gap flux densityBair

Bair = Bmagn
<3

<tot
(26)

with Bmagn the remanent flux density of the permanent
magnet and

<tot =
∑

<i (27)

The volume of the active conductors is:

Volcon = 2NpNslotR
2
conπ

[
2(Rout −Rpm − 2Rcon) + ...

(Rpm + Rpm)
θ(Nslot + 1)

Nslot

]
(28)

The basic parameters of the linear static DCM analysis
are given in Table I. In further analysis, the influence of

Parameter V alue Dimension
Rpm 3 [mm]
Lpm 1 [mm]

Nslot 1 [−]
θ π

6
[rad]

Lsb 2 [mm]
Lar 1 [mm]
Lrt 2 [mm]

Rcon 0.1 [mm]
Lag 0.1 [mm]

Bmagn 1.1 [T ]
Np 3 [−]

µpm 1.1 [−]

TABLE I

BASIC PARAMETERS OF GEOMETRY

some important parameters is studied starting from these
basic values. The parameters that are not focused on during
the study are equal to the values printed in Table I. The
materials that will be used for the construction of the machine
must undergo some further testing, mechanical as well as
magnetic. It is not necessary to use these special materials
to prove the method, therefore a standard steel is implemented.



6

One of the most significant parameters areRpm and Lpm

which determine the geometry of the permanent magnet. The
influence ofRpm andLpm on the mechanical power density,
Pmech, and the specific power density ratio,Pmech

Pcop
, are shown

in Fig. 9 and 10. Both figures show that there is an optimum
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Fig. 9. The torque and the mechanical power density for varying geometry
of the PM

permanent magnet size. The explanation for this is that for
large sizes ofRpm, the reluctance of the teeth increases. To
maintain the high torque and thus the highBair the length of
the permanent magnetLpm has to increase. The gain in torque
compensates the increase in volume so that the overall effect
is a gain in the specific power density ratioPmech

Pcop
. The total

power ratio Pmech

Pcop
follows the same trend. For small sizes

of Lpm the air gap flux density is not sufficient enough to
provide good torque, therefore the specific power density ratio
Pmech

Pcop
is decreasing with decreasingLpm. If Rpm is decreased

Bair decreases as well, resulting in a decreasing torque and
output power. Another result is shown in Fig. 11. It can be
seen that the flux density in the stator and the rotor can be
controlled byRpm for small values ofRpm. For large values
of Rpm, Lpm is the control parameter. The influence ofLrt is
obvious, decreasingLrt increases the flux density in the rotor
and decreases the time constant, see section IV because the
rotor is pushed deep into saturation. On the other hand the
teeth should remain in the linear region. ThereforeLsb must
be larger to minimize the losses in the stator back but not to
large since it has a negative influence on the specific power
density ratio and the mechanical power density. The parameter
Lar is useful if the area available for conductors is too small.

The dimensions resulting of an optimization analysis, are
printed in Tables II and III. The high values of theBrot are
clearly a consequence of the small dimensions ofLrt. The
geometry of the optimization for the specific power density
ratio was subjected to a non-linear FE analysis to validate the
DCM-model. The results are shown in Fig. 12. In this figure
only the half of the rotor is shown. The results, as can be seen,
are in good correspondence.
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Fig. 10. Specific power density ratio and torque for varying geometry of
PM
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Fig. 11. Flux densities in stator and rotor for varying geometry of PM

Parameter V alue Dimension
Rpm 5.5 [mm]
Lpm 5.0 [mm]

Nslot 1 [−]
Np 5 [−]

θ π
2

[rad]
Lsb 1 [mm]
Lar 7.0 [mm]
Lrt 2 [mm]

Rcon 1.2 [mm]
Lag 0.1 [mm]

T 0.002 [Nm]
Pmech 23.1 [W/cm3]
Pmech
Pcop

28.1 [−]
Pmech
Pcop

15.1 [−]

Bair 0.4 [T ]
Bstat 0.5 [T ]
Brot 1.6 [T ]

Bteeth 0.5 [T ]

TABLE II

OPTIMIZATION FOR SPECIFIC POWER DENSITY RATIO AND MECHANICAL

POWER DENSITY WITH STANDARD STEEL
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Parameter V alue Dimension
Rpm 6.7 [mm]
Lpm 8 [mm]

Nslot 1 [−]
Np 11 [−]

θ π
2

[rad]
Lsb 1 [mm]
Lar 7.0 [mm]
Lrt 1.5 [mm]

Rcon 0.6 [mm]
Lag 0.1 [mm]

T 0.002 [Nm]
Pmech 19.9 [W/cm3]
Pmech
Pcop

47.9 [−]
Pmech
Pcop

13.0 [−]

Bair 0.6 [T ]
Bstat 0.4 [T ]
Brot 2.4 [T ]

Bteeth 0.9 [T ]

TABLE III

OPTIMIZATION FOR TOTAL POWER RATIO WITH STANDARD STEEL

Fig. 12. A non-linear static FE analysis of the optimize geometry for the
specific power ratio

VI. T RANSIENT ANALYSIS

The result of the transient computation is shown in Fig. 13.
The micromachine is used as a generator with the dimensions
of the optimization for maximum specific power density and
mechanical power density. The machine is driven by a torque
of 0.002 N from standstill. Only the time interval from0 to
0.1 s is shown for phase1. This figure dependents on the
load that is connected to the machine which is1000 Ω, pure
resistive. Therefore the electrical power generated by phase
1 is pure active as can be seen in Fig. 14. These figures
correspond to an acceleration from0 to 814 rad.
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Fig. 13. Voltage of phase1 during startup to814 rad
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Fig. 14. The electrical power of phase1 during startup to814 rad

VII. C ONCLUSIONS

In this paper a non-linear static optimization method of a
new hybrid micromachine is presented. This micromachine has
a mechanical energy density of23.1 W/cm3, a total power
ratio of 28.1 and a torque of0.002 N if the non-linear
model of the micromachine is optimized for specific power
density ratio or mechanical power density. If it is optimized
for the total power ratio, than the mechanical energy density
is 19.9 W/cm3, a total power ratio of47.9 and the torque is
0.002 N. The non-linear FE calculation shows that the non-
linear DCM optimization process gives adequate results for
the flux densities. In the future, the magnetic properties of the
special materials that can withstand the high mechanical stress
will incorporated in the model as well as a thermal analysis.
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