Technical article

Optimization of induction motor with pole-changing winding

by finite element models

Abstract — For induction drives that are operated at two speeds
the approved Dahlander technology with pole changeable coils in
the stator of the motor can be applied. Being operated at constant
supply frequency the motor with Dahlander coils can be driven at a
speed ratio of 2:1 without using a frequency converter. The advan-
tages are the simplicity and the robustness of the machine as well as
the saving of weight and installation space due to the omitted power
electronic circuits, although the motor and its pole changeable coils
have to be designed with particular care. Especially under given
design constrains the classical design procedure shows it shortcom-
ings and numerical techniques, such as the finite element method
have to be applied to come to a design that meets the requirements.

While the Dahlander winding for single frequency operation has
often been made subject of discussion, this paper presents the ap-
proach of an induction machine with pole-changing coils operating
on mains supply with variable frequency for aircraft application.
The two-dimensional finite element method is used to optimize the
mean airgap flux density for both number of pole-pairs. Measure-
ments on a prototype of the machine show that the required perfor-
mance for the use as a2 pump drive is achieved properly.

I. INTRODUCTION

Even if the operation of a motor drive on mains with constant
frequency depicts the majority of industrial usage, drives at vari-
able supply frequency also have a dedicated area of application.
For reliability reasons on the generating side the distribution of
electrical energy on board of an aircraft is often realized by a
network operating in the solitary operation at inherently variable
frequency. Thus, an electrical device connected to this network
is supplied by a frequency that corresponds to the current speed
of the generator’s turbine. The speed of the turbine is directly
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dependent on the aircraft’s flight phase. Idling turbines would

mean 360Hz network frequency at the minimum and the maxi-
mum value of the frequency is reached with 800Hz at aircraft’s
take-off. Applying the Dahlander winding [1] in this case would
result in two speed ranges for electrical drives instead of two
fixed speeds at constant supply frequency. For electrical drives
with sophisticated speed control, power electronics is of course
required to ensure the desired operating point at any rotational
speed of the aircraft’s main engines. If it succeeds to achieve the
performance of a drive at two speed ranges, one may save the
power electronic converter on the load side. This means to take
advantage of the benefits mentioned above which are of high in-
terest in aircraft applications in particular.

In the present case the electrical network of the new Air-
bus A380 is subjected. Although the feeding pumps for cool-
ing liquids do not have ambitious requirements with respect to
speed control they are designed as converter-fed induction ma-
chines. Therefore, the performance of the machine’s design with
Dahlander winding is assessed by the example of a pump drive.
The considered pump device consists of two separate induction
machines, each equipped with a pump fan wheel and working
in parallel on a common liquid cooling circuit. As this exer-
cise involves a prototype solution for an already existing system
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Figure 1: Speed Characteristics.

with installation constraints, stator diameter and rotor length are
limited for the new motor design. To find an optimal solution
for the motor design at these limiting constrains, finite element
calculations are performed.

The mechanical output power of the motors are P = 2kW
each, the frequency range is f = 360 — 800 Hz and the range of
the machines speed is n = 8000 — 16000 rpm. Those require-
ments result in a stator design with pole pairs p = 2andp = 4 of
the Dahlander winding. The speed vs. frequency characteristics
is shown in Fig. 1.

The principle of pole changing windings, and the special case
of the Dahlander winding were developed at the end of the 19th
century. A comprehensive overview of pole-changing wind-
ings is given in [1] and [2]. In the 1950s and 60s, the princi-
ples were generalizes and the techniques were improved. The
pole-amplitude modulation (PAM) and the pole-phase modula-
tion (PPM) were developed as such generalized pole-changing
techniques [3], [4]. In their theory, the PPM is considered the
most general winding design approach, of which the PAM is a
specialization, and again, of which the Dahlander winding is a
specialization. Each specialization limits the choice of the pole
ratio p; /pe. For example, the Dahlander winding is only capa-
ble of generating fields of pole ratio 2:1, a PAM winding how-
ever can generate pole ratios of n : (n — 1) with n as an inte-
ger. In addition to the improvements, which were achieved in the
development of the winding, the pole-changing winding gained
new fields of application with upcoming power electronic de-
vices. In the 1990s pole-changing techniques were used together
with an inverter supplied induction motor to extend the speed
range for traction applications [5], [6]. These approaches rep-
resent variable-frequency pole-changing techniques, however,
they cannot be compared to the approach of this paper, since
the technical problems differ, and the inverter is the component,
which is eliminated using the approach proposed here.

In this paper the development of the induction machine is de-
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picted comprehensively, starting with the basic analytical lay-
out of the stator’s cross-sectional geometry and the stator coils
in particular. Due to the design constrains, the available stator
space is to be used most effectively. Therefore, FEM calcula-
tions, one at each number of pole-pairs, are used to determine
the optimum partitioning of the available stator space into cop-
per and iron and between stator yoke height and teeth width.

The optimum design is chosen and manufactured. Finally, the
performance of the prototype is assessed on an aircraft-system
integration-bench and measurements are presented. Steady state
measurements show that for the depicted pump drive, induction
machines with Dahlander winding basically reach similar per-
formance than the speed-controlled motors. Slight deviations
are due to the imposed design constraints. Transient measure-
ments show that the occurring current peaks do not exceed the
values of the regular startup currents.

II. WINDING DESIGN ASPECTS

A. Analytical

General Design Procedure

The electromagnetic design procedure of an induction machine
can be divided into the following steps [7]:

1. Determination of the main dimensions
2. Design of the stator winding

3. Design of the rotor winding

4. Design of the magnetic circuit

5

. Verification of the design by means of field calculation

Typically, steps 1. to 4. are performed analytically. Step
5. however, can either be done also by analytical computation,
or be means of numerical simulation, such as the finite element
method. Especially, if the application requires for very high ac-
curacy, numerical techniques are inevitable.

Based on the required characteristics rated power F,., no-load
speed nyg, rated frequency f,, rated voltage V,. and number of
phases m, the main dimensions, such as inside diameter of stator
D as well as the length of the sheet stack [ are determined.

The design of the stator winding is based on an assumed value
for the mean airgap flux density B,,. The airgap flux is deter-
mined by,

G5 =By, - 1p- 1, (D
where 7, = % is the pole-pitch. For the design process, the

airgap flux and main machine flux ®,,, are assumed to be equal
and the number of winding turns is determined as follows:

_ V2V,
MQWfr’E'(bm’

where f is the supply frequency and V4, is the voltage induced by
the main flux. This number of winding turns has to be realized
by g parallel armature conductors, in N, stator slots, and yields
a total of

2

Wg

_ 2-a-m-w,

Zs = N
conductors per stator slot. The number of slots per pole and
phase g is used to calculate the winding factor £&. Assuming the
value of the rated power factor cos ¢,., and considering the maxi-
mal admissible current density in the stator winding J;, the value
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of the rated stator current I, ,. as well as the copper cross-section
per conductor A ., is determined. From a given copper space
factor k., the stator-slot cross-section is calculated:

Zs * As,cu

e “

As,slot =
The maximum airgap flux density is assumed to be a, times its
mean value. Therefore, the minimum tooth width is calculated:

ap - B,

Bs,t * Ts,slot » )

bt,min =
for saturation to be limited and the maximum flux density in the
stator tooth not to exceed B, ;, where 7 g0t = %,—? is the stator-
slot pitch.

The design of the squirrel-cage rotor comprehends the choice
of rotor-bar material, number of rotor slots and the determination
of slot geometry. The number of rotor slots should be selected
carefully to reduce time and space harmonics in the total airgap
field, leading to low torque ripple and vibrational force excita-
tion. The cross-section of the rotor bars is determined by

(©)

Ar,slot = ZsAs,cu + COS Pp - e 3

Iy
where J,. is the current density in the rotor bar and cose, is
the rated power factor. The minimum tooth width is determined
analog to (5).

For induction machines, the design of the magnetic circuit cor-
responds to the determination of the airgap width and the thick-
ness of stator and rotor yoke. The airgap width depends on the
bearings and is calculated by:

§=025mm- 3/ Ppecn/ kW, (7

where P,,.cn is the mechanical power of the motor. The mini-
mum thickness of stator yoke is determined by

B -

TE ®)

hy,min =

with B, , being the maximum flux density in the stator yoke.
The thickness of the rotor yoke is determined, analogously. It
has to be verified that the tooth widths and the thicknesses of the
yokes meet the requirements of the copper cross-sectional area.

The final step in the design process is the verification of the
design by means of field computation. This can either be done
using analytical or numerical methods. If the field computa-
tion does not confirm the initial design, the procedure described
above has to be repeated. If additional design constrains apply,
it may be necessary to find an optimal solution, which is closest
to the requirements.

The design procedure described so far has to be altered for the
design of induction machines with pole-changing winding. For
these machines, two different number of pole-pairs p result from
either two different no-load speeds or from two different rated
frequencies, where the latter is to be discussed in this paper. In
this case, the procedure above has to be performed twice, once
for each number of pole-pairs. Starting with (1), it can be seen
that the flux for the lower number of pole-pairs is twice the flux
for the higher number of pole-pairs. To determine the number of
winding turns, it is necessary to know how the induced voltage
V1, depends on p. This relation however depends on the type of
connection of the winding.




Table 1: Connection type and ratio of airgap flux densities.

[ Bp,/Bp, [ p2isY [ paisYY | pois A [ pais AA |

prisY 0.80 1.60 139 2.77
P isYY | 040 0.80 0.69 139
pris A 0.46 0.92 0.80 1.6
pisAA | 023 0.46 0.40 0.80

The Dahlander winding is constructed by separating the wind-
ing into two or more coils, which are reconnected. This recon-
nection can be in series, or in parallel. The type of connection
being used can be a Y-connection, or a A-connection. For each
combination, the ratio of airgap flux density can be computed as
follows:

Ep_z._spllwpl.vhaPQ.pQ'fpl (9)

lgpl §P2 " Wpy -LGMP1 D1 'ffz
where the voltage ratio results from Y- or A-connection and the
turn ratio from the series or parallel connection. Note, that (9)
includes the ratio of the supply frequencies. For the commonly
used case of constant frequency, this term cancels out. In the
case of constant speed, variable frequency, the frequency is in-
versely proportional to p, thus (9) simplifies to

BPz . gpx * Wpy 'Vhypz

- . (10)
Bpl fpz *Wpy Vh,Pl

Table 1 shows the ratios of the airgap flux density for various
types of connection.

In [1], it is shown that the ratio of the winding factors %
is equal to 0.789 for g,, = 2 and approaches 0.816 for ¢,, —
co. Table 1 is exemplarily based on g:—l = 0.8. The choice

of the ratio By, /By, depends on the appfication. Choosing this
ratio close to unity, for example, leads to constant torque at two
different numbers of pole-pairs.

If the type of connection has been chosen, the design pro-
cess follows the steps 1) to 4) of the standard induction machine,
however, the design is done for each number of pole-pairs in-
dividually. From (2) two different z, are obtained, though one
value for z, has to be chosen to be implemented in the designed
machine. The minimum value of the yoke height hy msn from
(8) is typically larger for the lower number of pole-pairs. The
cross-section of the rotor bars is determined according to (6) af-
ter the stator winding has been designed. Equations (5) and (8)
have to be regarded, respectively.

Example

Now, the design process is applied to a cooling-pump induction
motor under additional design constrains. The first requirement
is not to exceed a certain outer stator diameter, and the second is
to reuse an existing rotor design.

The rated parameters of the machine are given in Table 2.
Since rated power and synchronous speed of both p are equal,
torque of both p has to be equal, as well. Therefore, the ratio
of the airgap flux densities for both cases is to be chosen close
to unity. According to Table 1, a A-connection is chosen for
2p1 = 4 and for 2ps = 8 a YY-connection is chosen. Due to the
small size of the machine, the least possible number of slots is
selected:

Ny=m- - 2p=3-8=24. (1

Table 2: Rated parameters.

Rated power P, 2kW 2kW
synchronous speed ng | 12000 rpm | 12000 rpm
Rated voltage V. 115V 115V
Rated frequency f- 400 Hz 800 Hz
Number of phases m 3 3

coil no.
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Figure 2: Winding diagram.

This yields g, = 2 and ¢p, = 1. The winding diagram is
shown in Fig. 2 and the circuit diagram can be seen in Fig. 3.
Switching from one p to another is done by connecting all lines
of the A-connection to the star point of the YY-connection. In
this way, coils 1,7 and 4,10 are brought together in the upper
branch of the YY-connection.

According to (10), the ratio of airgap flux densities is calcu-
lated for the selected type of connection:

sz

_ 0683 2 115V/V3
B,, 0866 1

v = 0.9107.

12)

From (1) to (3), the airgap flux ®;, the number of winding
turns w, and the number of conductors per slot 2, is calculated.
Taken the A/YY-connection into account,

Zsp, =38 and  z5p, = 35 (13)

are obtained. To be sure to choose the main inductance of the
machine sufficiently large for both p, z, = 38 is selected. From

2p=4

Figure 3: Circuit diagram.




assumed values for the rated power efficiency 7, = 70% and
the rated power factor cos ¢, = 0.7, rated stator current is com-
puted. Using (4) the stator-slot cross-sectional required area is
calculated

As siot = 112.4 mm? . (14)

Following the design procedure, the minimum width of the stator
tooth and the minimum height of the stator yoke are computed
according to (5) and (8), respectively:

bt,min = 1.81 mm, (15)

Py ming, =3.63mm and Ry minp, = 1.82mm. (16)

The provided slot cross-section area calculated from the fixed
outer stator diameter D = 80mm and Ay min = Ay min,1 yields:

* = 88.73 mm?.

8,slot —

a7

The comparison of (14) and (17) shows that the requirement for
the slot cross-section area cannot be fulfilled under the diameter
design constraint. Increasing the dimensions b, and h,, increases
the overall magnetic reluctivity, however, the slot cross-section,
and therefore the area, which can be used for the winding is re-
duced. This tradeoff becomes an additional aspect, which will
be discussed in more detail in the next section.

B. Computations and optimization by means of FE models

As it can be seen from (14) and (17), the analytical design pro-
cedure does not yield a consistent design that fulfills all require-
ments including the geometrical design constrains. Therefore,
the FEM is used to obtain the best performing sclution under the
geometrical constrains.

The two different number of pole-pairs generate conflicting
demands on the usage of the available stator area. Where for
the smaller number of pole-pairs an increase of the yoke height
is most effective to increase the mean airgap flux density, for
the higher number of pole-pairs the available area can be used
more effectively as copper cross-section area. Another parame-
ter, which may be varied, is the tooth width.

To find the optimal solution for this problem the FEM is ap-
plied. Therefore, a FE model is constructed with variable tooth
width and yoke height as input parameter. In the given applica-
tion of a prototype solution the rotor is neither known nor could
the exact rotor geometry by determined bu non-destructive mea-
surement. Therefore, the rotor is to be considered unknown and
can not be modeled in detail. By counting the number of appar-
ent rotor slots, the Carter factor of the rotor is estimated and the
rotor is modeled as a solid cylinder, where the airgap width is
increased by the estimated Carter factor.

For each combination of h, and by, a two-dimensional finite
element model is constructed [8], [6] and [9]. Since the exact ge-
ometry of the rotor slots of the induction machine is not known,
the optimization can only be carried out with respect to the no-
load condition and with respect to the mean airgap flux density.
Therefore, it is sufficient to perform one static simulation of one
time instance for each number of pole-pairs.

To avoid thermal overload, the maximum admissible current
density has to be considered. Hence, the stator winding is ex-
cited by a current density, of which the rms value is equal to the
maximum admissible current density in the winding.

In this case however, the voltage equation of the stator and
the expected ratio of the airgap flux densities at constant voltage
is not considered in the simulation. Therefore, the simulation
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Figure 4: FEM simulation result: Mean airgap flux densities (for
p = 4: calculated using (12)).

results of the second number of pole-pairs have to be multiplied
by the expected ratio g—Zf.

For the induction motor presented in this paper, the simulation
procedure described above is performed and the resulting mean
airgap flux densities as a function of tooth width and yoke height
are shown in Fig. 4 for J = 6 A/mm?. It can be seen that for

by =2.5mm and h, =3 mm (18)

the mean airgap flux densities for both p are approximately
equal to 0.4 T. It can be further seen, that p = 2 approaches this
value from top to bottom, where p = 4 approaches it from bot-
tom to top. Therefore, the optimization procedure can be stopped
at hy = 3 mm.

Since this is optimum combination of h, and b; for the pre-
sented machine under the given design constrains, it is chosen
and the prototype is manufactured according to this design. The
comparatively low value of the mean airgap flux density is due
to the limiting design constraints.

The flux density distribution for p = 2 and p = 4 excitation
are shown in Fig. 5 and 6, respectively. The plots clearly show
the four pole and eight pole flux distribution. In addition, it can
be seen that in the p = 4 case the maximum flux density is
occurring in the stator teeth, where in the p = 2 case the yoke is
saturating. This confirms the statement of different demand on
the stator cross-sectional area.

In addition to the optimization by means of two static FE sim-
ulation per combination of yoke height and tooth width, there is
an alternative, which may produce more accurate results at sig-
nificant higher computational cost. This is to perform a static
simulation for the one number of pole-pairs and calculate the
flux linkage from integration of the magnetic vector potential. In
stead of performing a second static analysis, the number of wind-
ing turns is calculated from the first simulation and the nominal
voltage. This is then used to perform the second simulation as a
transient voltage driven simulation , . This simulation, however,
requires significant more computational cost.

III. EXPERIMENTAL RESULTS
A. Steady State

For performance verification two prototypes of the induction
motor are manufactured according to the optimum design. Fig.
7 shows the stator together with the Dahlander winding. In Fig.




Figure 5: Simulated flux density distribution for p = 2.

8, the assembly of two machines in the pump housing are shown.
It can be seen that the stator diameter is at its maximum values
for the given pump construction.

The pump assembly driven by the two machine’s prototypes
is installed on the integration rig of the cooling system. This test
bench depicts the full-size representation of the cooling system
as it is installed on the aircraft, allowing overall system verifi-
cation as an integral part of the design process. The pump as-
sembly is working on the cooling circuit where it replaces the
converter supplied one that is installed in standard configura-
tion. The machines are connected to an appropriate contactor
circuit that serves for switching the number of pole-pairs during
operation. This device is connected to a power supply unit that
allows free demand of input voltage and frequency. In the given
layout two motors are installed on one pump assembly. Both
motors drive a pump wheel each and are working in parallel on
one cooling circuit. This is done for reasons of redundancy and
not for increasing the flow rate. Therefore considering single
pump operation is sufficient for the measurements.

The presented results are obtained at stator voltage V = 115V
and startup with p = 2 for stator frequencies in the range of f =
360 — 500 Hz. Each operating point characterized by the supply
frequency is adjusted by the power supply unit’s settings. When
the speed of the machine reaches its limit at n = 16000 rpm the
number of pole-pairs is switched to p = 4 and the frequency
range f = 450 — B00Hz is considered. A small overlapping
range is taken into account for determining the most appropriate
frequency for switching the number of pole-pairs.

Fig. 9 shows the measured flow rate of the cooling liquid
in dependency on the supply frequency. For V' = 115V the
flow characteristic is increasing continuously for both numbers
of pole-pairs, p = 2 and p = 4 but is finally sloping down start-
ing at a frequency of f = 400Hz for p = 2 and 650 Hz for
p = 4. As this behavior indicates a low voltage reserve further
tests are performed at an increased supply voltage of V' = 200 V.
For stator frequencies belonging to the increasing branch of the
flow characteristic, a higher supply voltage is not leading to an
increased flow-rate as it is depicted in Fig. 9. In case that the
flow characteristic is sloping for V' = 115V an increased supply
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Figure 6: Simulated flux density distribution for p = 4.

Figure 7: Stator with Dahlander winding.

voltage induces a significant increase in the flow-rate.

Before interpreting this behavior the typical torque-speed
characteristic of an induction machine operated on terminals
with constant voltage and constant frequency has to be consid-
ered. For the performed measurements it has to be emphasized
that the pump drive is operated on separate characteristics, one
for each frequency. Following the pullout torque is decreasing at
increasing supply frequencies.

On the rising branch of the flow characteristic each operat-
ing point of the induction machine is determined according to
the load torque that is given by the mechanical resistance of the
liquid in the ducts of the cooling circuit. For those situations
the pullout torque is higher than the load torque. Increasing the
supply frequency at unchanged input voltage implies operating
the induction machine on a different characteristic with a lower
pullout torque. At a certain frequency pullout torque as the max-
imum torque is lower than the required load torque, therefore the
flow is decreasing. Applying a higher stator voltage in this situ-
ation results in an immediate increase of the pullout torque and
a stable operating point is set according to the load torque.




Figure 8: Two motors in housing.
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Figure 9: Measured pump performance.

Looking at the presented test results the following facts are
revealed:

1. The maximum flow rate obtained with the Dahlander-
wound machine prototype could be determined by exper-
iment. This is according to the requirements of the cooling
system and is shown as dashed line in Fig. 9.

2. The layout voltage of V' = 115V is obviously too low for
_ covering the complete frequency range with a sufficient per-
formance.

The deficiencies of the prototype design are related to the con-
straints of retaining an existing rotor and of limiting the stator
diameter. With a fixed active length the machine’s torque is re-
stricted and a limited stator diameter results in iron saturation
at low flux density and therefore in a low inductance of the ma-
chine.

Hence, the general applicability proof of the Dahlander-
wound induction machine is successfully verified for the present
application although a further optimization cycle has to be done.

B. Transient
In addition to steady state measurements (Fig. 9), the current

waveforms during the switching process for both transitions,
from the lower to the higher number of pole-pairs and vice-versa,
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Figure 11: Measured settling time.

were measured. The measured current waveform for the transi-
tion from p = 2 to p = 4 at 115V and 550Hz is shown in Fig.
10.

The exact current waveform depends on the following param-
eters: frequency, stator voltage, and phase angle at switching
time. Frequency and voltage indicate an operational point, of
which the characteristics are: saturation/main inductance and
slip/load. The phase angle at switching instant influences the
magnitude of the current peak after switch-on. The settling
time and the largest occurring magnitude of the current peak are
shown in Fig. 11 and 12, respectively.

It can be seen, that in the interval, in which the switching is
supposed to be performed, the current peaks and the steady state
currents do not differ by much. Though a more detailed tran-
sient analysis, including the measurement of the stator-voltage in
magnitude and phase, would reveal more insight into the switch-
ing process itself. It can be concluded, that the occurring tran-
sient current do not exceed the regular level of startup currents
of the induction motors.

IV. SUMMARY AND CONCLUSIONS

In this paper, the design of a Dahlander-wound induction ma-
chine for operation on mains with variable frequency was pre-
sented. An initial design is obtained by analytical calculation.
Due to the design constraints, an optimal solution, closest to the
requirement need to found. Therefore, the FEM was used and




45
{ A —— Steady State,p=2
40*— = B — Steady State,p=4
.\\\\ A —— Peak,p=4 to p=2
~ o —— = =.
% ~ - H Peak,p=2 to p=4
s //""' -si\ \\
g 0 - i N
g /// \\\\\\
2 25 BN |
© g ~E
@ 20
3 —=-—t
15
"’T - =
| "
5
400 420 440 460 480 500 520 540 560

Frequency (Hz)

Figure 12: Measured current amplitude.

simulation procedure and results have been presented. The op-
timum design has been manufactured and put on a test bench.
Steady state measurements show that the general performance of
this approach meets the requirements that are given by a pump
drive for an aircraft application. Replacing the motor that is
usually operated on a power electronic converter, the presented
layout offers an attractive solution for overall weight and cost
saving and for increasing the reliability of the system. Mea-
surements for transient operation show that current peaks af-
ter switching the pole-pairs are in an acceptable range. As the
present design was limited by installation constraints, the per-
formance has some short comings when the pump is operated
at rated voltage. Therefore, further work has to be spent on the
enhancement of the motor design.
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