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Acceleration-Performance Optimization for
Motors With Large Air Gaps
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Abstract—This paper presents an optimization-procedure yield-
ing for minimal acceleration times for different speed ranges using
the example of a magnetically levitated slice motor with a large
air gap. The optimization is based on a set of analytical equations
together with selected 3-D finite element method simulations with
the aim to optimize both the stator geometry and the number
of drive turns. It is shown that the use of 3-D instead of 2-D
simulation tools is obligatory for motors with large air gaps for
achieving sufficient simulation accuracy. The relevant equations
for the optimization are derived, and the accuracy of the proposed
method is verified by measurements on a prototype system.

Index Terms—Acceleration, large air gaps, magnetic levitation,
permanent magnets, synchronous machines, yield optimization.

NOMENCLATURE

da Outside rotor diameter.
dtooth Air gap between stator teeth.
E Rotational energy.
fel Electrical frequency.
Id Drive current.
Ipe,max Maximum output current of power electronics.
J Inertia.
kbemf(,sim) (Simulated) back-electromotive force (EMF)

constant.
Ld Drive-winding inductance.
Ld,sim Simulated drive-winding inductance.
m Number of drive phases.
mrotor Rotor mass.
Nc Number of turns per coil.
Nd Number of turns per drive phase.
Nd,0 Number of turns for 3-D simulation results.
Nd,opt Optimal number of turns.
nr Rotational speed.
nr1, nr2 Integration boundaries of the rotational speed.
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p Number of pole pairs.
Pd Electrical motor power.
Pmech Mechanical power.
Rd Drive-winding resistance.
tacc Acceleration time.
Tm,2d Motor torque derived from 2-D simulations.
Tm,3d Motor torque derived from 3-D simulations.
Ubemf(,sim) (Simulated) back EMF.
Udc DC-link voltage.
wtooth Stator tooth width.
δmag Magnetic air gap.
δmech Mechanical air gap.
Δnr Rotational-speed span.
η Motor efficiency.
Θd Drive ampere turns.
λ Power factor.
Φ Flux.
ω Electrical angular frequency.

I. INTRODUCTION

E LECTRIC motors with large air gaps are deployed in
many industry applications. For example, linear induc-

tion motors that are widely used in positioning systems are
characterized by air gaps of several millimeters [1]. Rotating
motors with large air gaps are used when an encapsulation of
the revolving rotor with a chamber is demanded. The encap-
sulation can be needed for protection of the equipment (e.g.,
in audio–visual equipment [2] or for underwater thrusters [3])
or to separate different media from each other (e.g., in vacuum
systems [4] and pump applications [5]).

New emerging application fields can be identified for
processing-industry branches that demand high purity (e.g.,
pharmaceutical and semiconductor industry). Here, the high-
purity specifications can only be guaranteed by avoiding all
sources that generate particles, including the mechanical bear-
ings. Therefore, magnetically levitated motors with large air
gaps are advantageously employed for these applications (cf.
[6] and [7]).

The acceleration capability of such motors is crucial when
they are operated in start–stop mode, as in the case in
processing-industry branches. Here, the resulting acceleration
time dictates the capacity of the equipment and, eventually,
the cost–benefit ratio. The challenge of the motor design is
therefore the maximization of the acceleration capability of the
motor while having large air gaps that allow the insertion of the
separating chamber wall.

0278-0046/$26.00 © 2010 IEEE



KARUTZ et al.: ACCELERATION-PERFORMANCE OPTIMIZATION FOR MOTORS WITH LARGE AIR GAPS 53

Although several publications on large-air-gap motors exist
[2]–[5], they do not explicitly treat the parameter and geometry
optimization for maximum acceleration capability. Separate
design guidelines considering the influence of the number of
turns per drive phase [6] and the geometrical shape of the stator
[7] on the acceleration performance of the motor have been
presented in the past, not accounting for the interdependence
between these two parameters. Therefore, this paper combines
both parameters in an overall optimization and verifies the
results on a prototype system used as an example.

The prototype system and its principle of operation are
explained in Section II. The physical and mathematical back-
ground for the calculation of the acceleration performance and
the description of the optimization parameters are performed
in Section III. The optimization procedure and its results are
described in Section IV, and the experimental verification of
the results is presented in Section V.

II. PROTOTYPE SYSTEM

The prototype system [7] used as an example in this paper has
a mechanical air gap of 7 mm, which is a good representation
of a large air gap. Since its drive is completely decoupled from
the active magnetic-bearing part, the following consideration
can also be applied to motor configurations with mechanical
bearings.

However, the magnetic bearing offers some major advantages
over mechanical bearings that are crucial for the application at
hand. The advantages are almost unlimited life time, adjustable
bearing parameters allowing for an active unbalance compensa-
tion (consequently avoiding processor-time costly eccentricity-
detection methods presented in [8] and [9]), and wearless and
lubrification-free operation, resulting in a high level of purity.
Furthermore, due to the built-in fault diagnostics of the mag-
netic bearing [10], costly motor ball-bearing-failure detection
methods as presented in [11] and [12] can be omitted.

A simplified schematic view of the prototype system is
shown in Fig. 1. It combines a two-phase homopolar magnetic
bearing and a two-phase permanent-magnet synchronous
drive on two circumferentially shifted positions and axially
different height levels. Unlike conventional bearingless motors
[13], the drive and bearing units of the prototype system are
completely magnetically decoupled due to their spatial and
axial arrangement.

The magnetic bearing consists of two perpendicular bearing
phases with the bearing permanent magnets (biasing the
air-gap flux density) and the bearing windings. A current
through the bearing windings will alter the air-gap flux density
and therefore allow the active radial-position control, while the
axial position is passively stabilized. For the sake of brevity,
a more detailed description of the magnetic bearing and the
levitation mechanisms is omitted, but the interested reader is
referred to [14].

The drive is implemented as a permanent-magnet synchro-
nous machine with surface-mounted magnets on the rotor, as
described in [15]. This type of machine is characterized through
higher efficiency and lower rotor inertia when compared with
cage-type motors [16]. A detailed schematic cut view of the

Fig. 1. Schematic top view and side view of the prototype system showing the
circumferential separation of the drive and bearing unit.

Fig. 2. Schematic cut view showing the arrangement of the concentrated
windings, the air gap intersected by the process chamber wall, and the rotor
in the inside of the chamber.

drive part is shown in Fig. 2, showing the round permanent
magnets with alternating magnetization direction that are fixed
to the rotor back iron. For the sake of brevity, the sizing of the
geometrical parameters, such as drive-segment opening angle
or back-iron thickness, is omitted, but the interested reader is
again referred to [14].

The drive unit consists of four separate drive segments
with concentrated windings (advantageous in terms of torque
density and fault tolerance [17]) that are located between the
bearing units. This stator geometry is usually utilized when the
circumferential space has to be used efficiently while ensuring
a low-profile height as in [18]. In the case of the prototype
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system, a large portion of the circumferential space is already
allocated by the bearing unit (cf. Fig. 1), and the separation
of the bearing and drive unit has to be guaranteed. A full
circumferential drive would disturb the position control, which
has to be compensated by increasing the axial distance between
the bearing and drive unit, leading to a less-compact design.

Considering the need for high acceleration capability up
to high rotational processing speeds (several thousand revolu-
tions per minute) along with the large air gap (approximately
5–10 mm) demands a high drive current in the concentrated
windings. Therefore, an appropriate design of the drive seg-
ments (cf. Fig. 2) avoiding possibly occurring saturation effects
that increase the effective acceleration time is crucial. The
effective acceleration is further influenced by the number of
drive turns [6], since the inductive voltage drop limits the
maximum drive current for higher rotational speeds.

The aforementioned mechanisms influence each other and
have to be considered simultaneously. Therefore, in this paper,
an optimization procedure is developed that allows the optimal
selection of the drive-segment dimensions and the number of
turns in dependence on the speed range. This is based on
the general physical dependences of the machine that will be
explained in the subsequent section. Since the flux density
in the stator segments depends on the highly nonlinear flux
distribution, this optimization is supported by the results of 3-D
finite element method (FEM) simulations.

Although the prototype system incorporates a magnetic bear-
ing, it is not part of the optimization due to the complete
magnetic decoupling of the bearing and drive unit. However,
the magnetic bearing provides the technical constraints leading
to the unconventional stator structure. Even though this stator
structure tends to saturation more likely than full circumferen-
tial stators, the methods and mechanisms presented in this paper
can be adopted for other stator structures.

III. PHYSICAL AND MATHEMATICAL BACKGROUND

The example prototype system is controlled through field-
oriented control, which is a commonly applied control scheme
for state-of-the-art motors [15]. Therefore, the drive windings
are fed with an appropriate current Id that is kept in phase with
the back EMF Ubemf . The control of the motor is implemented
using a cascaded control with the drive-current controller in
the inner loop and the rotational-speed controller in the outer
loop. The drive current Id in each of the two phases can be
controlled independently through the employment of a standard
full-bridge inverter topology with four bridge legs, as shown
in Fig. 3.

The drive phases are modeled by the equivalent electrical
circuits shown in Fig. 3. The lumped elements account for the
winding inductance Ld, the winding resistance Rd, and the peak
value of the back EMF Ûbemf per phase. As shown in [6],
applying Kirchhoff’s law to the equivalent electrical circuit and
solving for the peak drive current Îd gives

Îd =
−Ûbemf · Rd±

√
(R2

d + ω2 · L2
d) U2

dc − ω2 · L2
d · Û2

bemf

R2
d + ω2 · L2

d
(1)

Fig. 3. Two-phase drive inverter topology consisting of two full-bridge
circuits.

with the dc-link voltage Udc and the electrical angular fre-
quency ω. From (1), the current-limiting effect of the inductive
voltage drop and the back EMF becomes obvious.

To derive the acceleration time of the motor for a certain
speed span, the approach of [6] is applied. With the electrical
motor power Pd being defined as

Pd = m · Ubemf · Id (2)

FD2 with the number of drive phases m, a change in rotational
energy E of the rotor within a time step dt is given by

dE = Pd · dt = m · Ubemf · Id · dt. (3)

Here, the rotational energy is calculated by

E =
1
2
· J ·

(
2π

60

)2

· n2
r (4)

with the inertia J and the rotational speed nr. Combining
(2)–(4) results in the required acceleration time tacc between
two rotational speed values nr1 and nr2

tacc =
J · nr

m · Ubemf
·
(

2π

60

)2

·
nr2∫

nr1

1
Id(nr)

dnr. (5)

Judging from (5), a minimum acceleration time tacc can be
obtained if both Ubemf and Id are maximized. The back EMF
Ubemf can be described as

Ubemf = Nd · dΦ
dt

(6)

with the number of turns per drive phase Nd and the flux
Φ, which originates from the permanent magnets and passes
through the stator-drive segments. The back EMF can be gen-
erally maximized in three ways.

First, Ubemf is directly proportional to the number of drive
turns Nd [cf. (6)], which should therefore be as large as
possible.

Second, the flux linkage Φ and, therefore, Ubemf is increased
by a large cross-sectional area of the drive teeth facing the
drive permanent magnets. This ensures a small flux density
impressed by the permanent-magnet field and, therefore, little
tendency to iron saturation, which would effectively lower
the flux linkage. In particular, the drive tooth width wtooth

(cf. Fig. 2) shall be maximized. An increase of the tooth height
is not fulfilling the demand for a compact setup (as the rotor
height would have to be increased as well, which would result
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Fig. 4. (a) Achievable drive current Îd (for Ipe,max = 18 A) and back EMF Ûbemf in dependence of the rotational speed nr for different numbers of turns per
drive phase Nd. (b) Estimated acceleration performance for the prototype system.

in a larger inertia and a worse acceleration performance, respec-
tively). Thus, from the viewpoint of maximum flux linkage, the
tooth width wtooth should be chosen as large as possible.

However, a third effect occurs, which is the saturation of
the stator segments caused by the impressed ampere turns. In
[7], it has been shown that the drive-segment shape influences
the inclination of the iron to saturate for certain levels of drive
ampere turns Θd, being defined as

Θd = Nd · Id. (7)

For large tooth widths (as they are desired for high flux link-
age), the air gap between the stator teeth dtooth (cf. Fig. 2) may
get small enough to saturate the iron for high ampere turns and
degrade the flux linkage and, consequently, the effective torque
(the flux caused by the stator current mainly passes between the
drive teeth due to the large air gap between rotor and stator and
the airlike permeability of the permanent magnets).

Hence, to avoid this saturation, the tooth width wtooth, the
number of drive turns Nd, and the drive current Id should be
chosen as small as possible. Obviously, this is contradictory
to all the aforementioned considerations, which already shows
that it is indispensable to take all these effects into account to
achieve optimum acceleration performance.

An additional issue that has to be considered for the op-
timization is the limitation of the feasible drive current Id,
as shown in (1). Here, the resistive voltage drop is included
only for the sake of completeness, but it has typically only a
minor influence on the resulting drive current. Typical drive-
current characteristics in dependence of the rotational speed
nr are shown in Fig. 4(a). For low rotational speeds nr, the
drive current is limited to the maximum output current of the
power electronics inverter Ipe,max, since the influence of
the back EMF and inductive voltage drop is still low. The
current starts to decrease at a certain rotational speed depending
on the number of drive turns. Therefore, to maximize the
current, the back EMF Ûbemf and the drive phase inductance
Ld should be reduced, which are both dependent on the number
of turns Nd and the tooth width wtooth, as explained before.

High rotational speeds can alternatively also be reached by
applying flux-weakening control as presented in [19]. Here,
the current-limiting effect of the back EMF is reduced by
active field weakening. However, this control will not lead to
a minimal acceleration time.

According to (5), the acceleration time tacc depends on the
reciprocal product of the drive current Id and the back EMF,
which demands for an optimization of the drive number of turns
Nd and the tooth width wtooth to achieve maximum torque.

As an example, the dependence of the acceleration time
tacc on the drive number of turns Nd for different rotational
speeds nr is shown in Fig. 4(b). Comparison of the three
curves shows that the fastest acceleration (tacc = 3.5 s) toward
a rotational speed of nr = 2000 r/min can be accomplished by
the employment of a number of drive turns of Nd = 520. For
lower rotational speeds, higher number of drive turns would
be more appropriate, and the same applies inversely for higher
rotational speeds.

Hence, the minimization of the acceleration time as a mea-
sure for the drive torque has to be carried out also considering
the rotational-speed span Δnr = nr2 − nr1, since it is shifting
the optimization point of the design. To maximize the overall
acceleration capability, an optimization considering the drive
tooth width wtooth, the number of drive turns Nd, and the
rotational-speed span Δnr has to be accomplished. A descrip-
tion of this optimization routine is given in the next section.

IV. OPTIMIZATION ROUTINE

A three-loop optimization procedure, as shown in Fig. 5, was
developed to determine the optimal sizing parameters (tooth
width wtooth and number of drive turns Nd) for a minimal ac-
celeration time tacc within a certain rotational-speed span Δnr.

Since the flux distribution in the air gap is highly nonlinear
and the aforementioned saturation effects shall be considered in
the optimization procedure, an analytical derivation of the back
EMF and the drive inductance is imprecise.

Therefore, as shown in Fig. 5, the optimization procedure
uses the results of 3-D FEM simulations [21] of the simulated
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Fig. 5. Optimization procedure for maximum acceleration capability, showing
three loops of parameter sweeping with 3-D FEM simulation data being used
in the analytical machine model.

Fig. 6. Comparison of the 2-D (Tm,2d) and 3-D (Tm,3d) simulation results
of the motor torque shown as a function of the axial motor height for 8000 A
and a magnetic air gap δmag of 8 mm. The percentage aberration (error)
between both curves is indicated.

back EMF Ubemf,sim and the effective drive inductance Lsim

in dependence on Nd,0 and wtooth. A step-by-step motor de-
sign through variation of geometry parameters within an FEM
simulation is a commonly used method according to [22]. Even
design methods based on analytical approaches are nowadays
usually validated employing FEM simulation methods [23].

A 3-D simulation tool was chosen for the analysis at hand to
consider the occurring effects in the proximity of iron saturation
that are effectively lowering the resulting torque.

These effects are not considered by 2-D simulations. This
fact is illustrated in Fig. 6. From the 2-D simulation, a torque-
per-meter value Tm,2d is obtained that is shown in comparison
with the equivalent 3-D simulation result Tm,3d. In particular,
for a small axial motor height and/or for large air gaps, the 2-D
simulation delivers results with large errors. For the prototype
system with an axial height of 10 mm and a magnetic air gap of
8 mm, this would result in an error of around 35%, which is not
acceptable for the optimization.

Naturally, the quantity of the error is influenced by the
geometrical parameters (air gap δ, stator height) and the degree
of saturation (adjustable through Θd). A complete analysis of
this phenomenon is omitted for the sake of brevity, but will be

Fig. 7. Dependence of the acceleration time tacc on the phase drive number
of turns Nd presented for a constant drive tooth width wtooth = 25 mm and
different rotational-speed spans Δnr . The optimal number of turns Nd,opt is
indicated as an example for an acceleration from 0 to 2000 r/min.

dealt with in a separate paper. However, Fig. 6 illustrates that,
for this motor type, only 3-D simulations are applicable.

Equations (1) and (5) are used as a machine model and
are applied in the optimization procedure to calculate the time
behavior of the drive current Id and, consequently, the accelera-
tion time tacc for a certain speed span Δnr of the drive, similar
to Fig. 4.

In the first loop, only the number of drive turns Nd is varied,
and the parameters tooth width wtooth and speed range Δnr

are left constant. Since Ubemf,sim and Ld,sim are obtained for
a specified number of turns Nd,0, they have to be rescaled for
every new Nd by the following equations:

Ld =Ld,sim ·
(

Nd

Nd,0

)2

(8)

Ubemf =Ubemf,sim ·
(

Nd

Nd,0

)
. (9)

The repetitive variation of the number of drive turns Nd

in a reasonable range and the recording of the corresponding
acceleration time result in a single curve of Fig. 7 (cf. dotted
line). As an example, the optimal number of turns Nd,opt =
520 for a minimal acceleration time of tacc = 3.5 s during an
acceleration from 0 up to 2000 r/min, and a tooth width of
wtooth = 25 mm is shown in Fig. 7.

The second loop adds the variation of the rotational-speed
range Δnr into the optimization procedure, which delivers
multiple curves similar to the dotted one from the first loop.
These curves result in the array of curves shown in Fig. 7 (for
the sake of illustration, the rotational-speed span is varied in
500-r/min steps). For each of the curves, there exists an optimal
number of turns Nd,opt. Here, the tendency toward lower Nd

for higher Δnr is already visible.
Finally, the variation of the tooth width through the variation

of the source simulation data is implemented into the third
loop. As a result, various curve arrays as shown in Fig. 7
are generated for different tooth widths, where for each
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Fig. 8. Optimization result showing the acceleration time tacc with the
optimal number of turns Nd,opt in dependence of the tooth width wtooth

and the rotational-speed range Δnr The dotted lines indicate areas of different
occurring current densities within the drive-winding wire.

combination of Δnr and wtooth, the optimal number of turns
can be determined.

In Fig. 8, the resulting acceleration time for different tooth
widths is shown whereby each point is characterized by the
optimal number of turns Nd,opt. Generally, the tooth width
wtooth = 25 mm shows the lowest acceleration times for the
shown speed ranges. Around this optimum, the time difference
is rather low, provided the corresponding optimal drive number
of turns is implemented.

However, as stated before, the acceleration time rises rapidly
for significantly smaller and larger values of wtooth. This is due
to the effect that small tooth widths demand higher number of
turns due to the reduced coil flux linkage and the occurring
saturation effects. For larger values of wtooth, the magnetic
resistance between the teeth decreases, which augments the
tendency for saturation of the teeth and consequently lowers
the effective torque. Additionally, the limited space between
the teeth increases the current density in the wires of the drive
winding, since for a given optimal number of turns, the diameter
has to be reduced.

In Fig. 8, this effect is addressed by the dotted lines defining
different areas of current density. Hence, particularly for the
motor at hand and the targeted rotational-speed span up to
2000 r/min, tooth widths larger than 30 mm seem inappropriate
due to resulting high thermal stress of the drive windings.

From the results of the presented optimization procedure,
the tooth width wtooth = 25 mm with an optimal number of
turns number Nd,opt = 520 was implemented in an experi-
mental prototype. The next section presents the results of the
experimental verification.

V. EXPERIMENTAL VERIFICATION

The laboratory prototype used for the experimental verifica-
tion is shown in Fig. 9, and the main parameters are summarized
in Table I.

Fig. 9. Laboratory prototype used for the experimental verification mea-
surements employs two drive phases. Each drive phase consists of two drive
segments with wtooth = 25 mm, and each drive segment has two coils with
the number of turns per coil of Nc = Nd/4 = 130 turns.

TABLE I
DESIGN DATA OF EXPERIMENTAL SETUP

Fig. 10. Drive inductance Ld in dependence of the drive current Id and the
electrical frequency fel with simulated inductance Lsim indicated.

To verify the 3-D FEM simulation results that are used within
the optimization procedure, the drive inductance Ld and the
back EMF Ubemf have been derived from measurements on the
prototype. In Fig. 10, the drive phase inductance Ld is shown
in dependence of the drive current Id for two different frequen-
cies. The inductance values were obtained through phase-shift
measurements between sinusoidal voltage and current, fed in by
a linear power amplifier. Here, the inductance values decrease
for higher frequencies and also for increasing drive current Id

due to the occurring saturation effects in the stator iron. In
the proposed optimization scheme, neither the current nor the
frequency dependence has been considered, since it is based
only on one single simulation result. Obviously, by regarding
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Fig. 11. Back EMF Ubemf of one drive phase for three different rotational speeds resulting in a back EMF constant kbemf = 0.039 mV rms/(r/min) per turn
(for a drive number of turns of Nd = 520) (scales: (a) 5 V/div, 4 ms/div; (b) 10 V/div, 2 ms/div; (c) 20 V/div, 1 ms/div.

Fig. 10, it becomes clear that this is a simplification, which is
not valid for high currents and/or frequencies. However, the
value obtained by 3-D FEM simulations has a good accor-
dance with the experimental value for low frequencies and low
current. Since this is the maximum occurring value (and low
inductance is desired in terms of acceleration), the simulation
result represents a good worst-case consideration.

The second value that was obtained through the 3-D FEM
simulations is the back EMF Ubemf that was verified on the
prototype through measurements on an open drive coil. In
Fig. 11 the corresponding waveforms are shown for different
rotational speeds, and a resulting back EMF constant kbemf

being defined as

kbemf =
Ubemf

nr · Nd
(10)

of kbemf = 0.039 mV rms/(r/min) per turn was determined.
This value is practically constant for all considered rotational
speeds and shows a good match with kbemf,sim = 0.041 mV,
which is the 3-D FEM result. The accordance of the simulated
and real values is needed to obtain optimization parameters with
low error when compared with the real acceleration behavior of
the motor.

Due to the cost and work efforts involved with the man-
ufacturing of a stator segment including the drive windings,
only the optimal point for the specified rotational-speed span of
Δnr = 2000 r/min is verified. Correspondingly, an acceleration
behavior of the motor is shown in Fig. 12. Here, the rotational
speed of nr = 2000 r/min is reached within tacc = 3.5 s. The
comparison of this measurement with the optimal point shown
in Fig. 8 shows a very good accordance. This demonstrates
that the method for the acceleration-capability maximization is
precise and applicable for the motors at hand.

From Fig. 12, the deceleration time can be identified to be
smaller than the acceleration time. This is due to the fact that
the sign of the drive current Id changes with respect to the back
EMF Ubemf , which now acts against the resistive voltage drop.
That is, for deceleration, the sign of Ûbemf · Rd in (1) has to
be changed, which allows a higher current and, consequently, a
reduced deceleration time.

Finally, efficiency and power-factor measurements have
been carried out for the motor prototype. The characterization
of a motor through efficiency measurements is a standard
procedure in drive design. However, due to the rotor geometry

Fig. 12. Acceleration behavior of the laboratory prototype from 0 to
2000 r/min for a maximum current limited by the power electronics to
Ipe,max = 18 A (with number of turns per drive coil Nc = Nd/4 = 130,
this results in a maximum ampere turns value per stator element with two coils
of Θd = 4680 A) in 3.5 s, and deceleration in 2.6 s (scales: 800 (r/min)/div,
10 A/div, 1 s/div).

and the magnetic levitation, it is not possible to connect a
torque transducer to the rotor as commonly done for standard
machines. The torque is therefore obtained by an integrative
method based on the following equation:

Td = J · 2π

60
· Δnr

Δt
. (11)

With this method, only the rotational speed nR has to be mea-
sured over time during acceleration to determine the mechani-
cal power Pmech of a rotor with a known inertia J according to

Pmech = Td · 2π

60
· nr. (12)

The mechanical power is then compared with the electrical
power, which can commonly be determined through voltage
and current measurements at the motor and/or inverter input
terminals (whereby, in the latter case, the inverter efficiency
has to be taken into account). With this method, the dynamic
efficiency during acceleration can be determined, which is the
relevant performance parameter, since the motor does require
most power at these transient conditions.

The resulting motor efficiency for different rotational speed
values up to 2000 r/min is presented in Fig. 13, along with the
power factor measured at the input terminals of the inverter.
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Fig. 13. Motor efficiency η and power factor λ of the prototype system in
dependence of the rotational speed nr .

VI. CONCLUSION

In this paper, an optimization procedure aiming for minimal
acceleration time for motors with large air gaps has been
presented. The physical background describing the limitations
of the acceleration capability has been explained, and the main
analytical equations have been derived. These equations have
been implemented into a three-loop optimization procedure that
uses 3-D FEM simulation results for an overall minimization of
the acceleration time. It has been demonstrated that the use of
3-D instead of 2-D FEM simulation tools is important partic-
ularly for motors with large air gaps to achieve appropriate
simulation accuracy. A prototype system has been used to verify
the optimization results, which shows a good accordance with
the measurements. In the same manner, this method can also be
applied to other motor topologies to predict and optimize their
acceleration capability.
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