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IPM Traction Machine With Single Layer
Non-Overlapping Concentrated Windings

Johannes J. Germishuizen and Maarten J. Kamper, Senior Member, IEEE

Abstract—In this paper, an interior permanent-magnet traction
drive machine with single layer non-overlapping concentrated
stator winding is analyzed. In the single layer winding design,
the number of stator slots and a winding factor are specifically
considered. Moreover, the effect of varying the coil pitch on the
winding factor and torque pulsations is investigated. A new cal-
culation method is proposed, whereby the constant torque and
field-weakening speed characteristics of the machine drive can be
predicted using torque and flux linkage functions. The measured
and predicted field-weakening performance of a 150-kW direct
traction drive machine is presented.

Index Terms—Basic winding, design for manufacturability
(DFM), non-overlapping concentrated winding, number of coils
per pole and phase, 2-D functions.

NOMENCLATURE

by Tooth width.

by Slot width.

day Stator outer diameter.

diy  Stator inner diameter.

f Frequency.

Greatest common divisor.

I Stator current.

Stack length.

m  Number of phases.

N Number of series turns per phase.

14 Pole pair number.

q Number of slots per pole and phase.
q.  Number of coils per pole and phase.
qeq  Denominator of g..

qen. Numerator of q..

@» Number of slots of the basic winding.
Q. Number of coils.

R,  Stator per phase series resistance.

t ged(Qe, p).
T Torque.
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Line voltage.

Phase voltage.
Average coil pitch.
Actual coil pitch.
Peripheral angle.
Harmonic order.
Polarity of a coil side.
Winding factor.

Flux linkage.
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I. INTRODUCTION

NDICATIONS are that the next generation of traction drives

will be of the permanent-magnet synchronous machine
(PMSM) direct drive type [1]. Various topologies are available
when designing a drive system. The question is not whether to
choose a PMSM but rather which topology, since it determines
not only the drive performance but also the manufacturing. A
machine with non-overlapping stator windings is well known
in literature and, yet, not typical for rail traction. In this paper,
the design aspects of an interior permanent magnet (IPM)
rotor with non-overlapping concentrated windings in a railway
traction drive application are investigated. At present, the state-
of-the-art drive system of metro trains with underfloor traction
equipment consists of a three-phase insulated-gate bipolar tran-
sistor converter feeding two or four induction traction motors
in parallel. For the torque transmission to the wheel set, a
gearbox is needed. There is a trend to replace the induction
motor and gearbox with a direct drive system [2]. This reduces
energy losses and investment and maintenance costs. Doing so
improves efficiency and performance and results in lower life
cycle costs [3].

The requirements of the motor used in a direct drive system
are high torque-to-weight ratio and high efficiency. A motor
type that fulfills this specification is the PMSM, since it has
the highest torque density and efficiency [4]. Keeping design
for manufacturability (DFM) in mind a suitable winding and
rotor must be chosen. A PMSM topology with an IPM rotor is
very attractive because of the following advantages.

1) The magnets are mechanically well protected.

2) Rectangular magnets can be used.

3) The rotor can be manufactured using magnetized
magnets.

4) Simplified manufacturing compared to surface mount
magnets and, thus, lower manufacturing costs.

5) The risk of demagnetization of the permanent magnets is
smaller.
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Similar advantages are reported in [5]. The influence of the
winding on the design is described in the next section.

A. Non-overlapping Concentrated Windings

At present, it is typical to use a double layer winding, form-
wound coils, and insulation class 200 in a railway traction ma-
chine. A double layer winding leads to simpler end connections,
and with form-wound coils, a high copper fill factor is possible.
Although it is found that this winding type has a good perfor-
mance [6], it is still quite expensive due to the high number
of form-wound coils. A non-overlapping winding, on the other
hand, has fewer coils than a distributed winding and simplifies
the manufacturing. Different definitions of terminologies are
in use for non-overlapping concentrated windings. The most
common of these are as follows:

1) concentrated windings [7];

2) concentrated fractional pitch windings [8];
3) fractional slot wound [5];

4) fractional slot [9].

In German, this winding type is known as Zahnspulen,
which, when translated, means tooth windings. Concentrated
windings can be either overlapping or non-overlapping. The
case of overlapping windings is referred to a coil that spans
a pole pitch, whereas in the case of non-overlapping windings,
it means that the coil is concentrated around a stator tooth. A
fractional slot winding could be both. Overlapping fractional
slot windings means that the coils of a phase are distributed
over a variety of slots excluding one. Non-overlapping is always
fractional. The authors prefer to classify a winding either as an
overlapping or non-overlapping concentrated winding.

An alternative winding type for use in a traction machine is a
non-overlapping concentrated winding, which could be either
a single or double layer. Compared to overlapping winding,
the non-overlapping has a shorter end-winding overhang, a
simplified winding insulation, and a reduced number of stator
coils [10], [11]. This implies that the active length can be
increased, reduced copper in the end windings, an improved
efficiency, and reduced manufacturing costs. The properties are
summarized as follows:

1) Non-overlapping double layer. A non-overlapping dou-
ble layer concentrated winding has a coil wound around
each tooth, and the coil pitch is fixed. This usually leads to
the use of round wire for which the insulation class 200 is
not typical. The number of coils is equal to the number of
slots. To reduce the cogging torque any further, the rotor
must be skewed.

2) Non-overlapping single layer. Here, only every second
stator tooth has a coil wound around it, and as a conse-
quence, the coil pitch can be varied to improve the motor
performance. This then leads to a stator design with al-
ternating tooth widths similar to [12]. Form-wound coils
and insulation class 200 can be used, and the coil number
is half the slot number. For the same slot dimensions, a
higher copper fill factor means less copper loss. It is not
necessary to skew the rotor since the stator slot pitch can
be varied to reduce the cogging torque.
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In general, a disadvantage of non-overlapping concentrated
windings, compared to distributed windings, is the higher
magnetomotive force harmonics in the air gap [7]. Due to
the higher order harmonics, the increased leakage inductance
causes higher core losses and a need for a higher inverter rating.
The field-weakening current in the constant power region will
however be lower.

B. Performance Analysis

For traction applications, it is necessary to design the motors
to be efficient over the whole speed range. This requires a
method to calculate the motor voltages, currents, and param-
eters accurately over a wide speed range. Due to motor non-
linearities and particularly the performance operation in the
field-weakening range, a fast and precise method is required.

The use of finite-element (FE) transient solvers offers very
accurate results, but the solution time required is insufficient
for an all-day design environment. Analytical solutions, on
the other hand, are fast, but due to motor nonlinearities, the
accuracy is not high. In particular, in saturated machines, the
motor parameters depend on the operating point [13], [14]. A
compromise is to use a combination of the two methods.

In this paper, a method is presented to calculate the speed
characteristic using torque and flux linkage functions, which are
calculated by means of 2-D FE analysis. A similar method as
used by [15] is used to take into account the effect of saturation
and cross-magnetization.

II. TRACTION MACHINE DESIGN

In particular, fulfilling the class 200 insulation specification,
the design and performance calculations in this paper are ex-
plained by means of 150-kW direct traction IPM machine with
a non-overlapping concentrated winding. In this section, the
necessary winding properties are explained, which are used to
choose a slot number and the number of poles.

The winding is characterized by the number of stator slots per
pole and per phase q. For an m-phase winding, this is expressed
in terms of the number of stator slots Qs and the number of pole
pairs p as

_ Q.
2pm

q D
which holds for both single and double layer windings. A better
way to characterize a winding is by defining the number of coils
per pole and per phase ¢.. In order to get the basic winding,
which is the smallest repetitive part of the complete winding,
q. should be represented as a reduced fraction, i.e.,

qe = (@)

- 2pm

Qc  Gen { Q.= Q,, double layer

" Gea Qc = 2Q,, single layer.

The number of repetitions of the basic winding is given by
the greatest common divisor ged of @, and p, i.e.,

t = ged(Qc, p) 3)
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and the number of slots required for the basic winding
will be

Q.

Qs :

“)

The average coil pitch, in number of slots, is given by

_ @

” 5)

Yp
which could be an integer or a fractional number. For a practical
winding, the actual coil pitch must be an integer, i.e.,

. keN
ya = int(y,) £ k {yp >, (6)

From (1) and (2), in its reduced form, the basic winding
parameters are summarized as follows.

1) The @)y slots represents q.4 poles.

2) From the @y slots, g.,, must be assigned to a coil side of

a phase. The return side of the coil is given by the coil
pitch.

For double layer windings, a coil side is assigned to each
slot in the bottom layer. The return side of the coil is given by
the coil pitch y4 in the top layer. In a single layer winding, the
return side of the coil is in the same layer as that of the in-going
coil side.

A. Winding Factor

A winding factor could either be calculated without any
knowledge of the winding layout [16] or it can be calculated on
the basis of the winding layout as in [7] and [17]. The advantage
of the latter is that the winding information to perform a FE
analysis is available.

A general method to calculate the winding factor that in-
corporates both the pitch and distribution factors is used. An
electromotive force phasor is assigned to each of the in- and
outgoing coil sides of all the coils of a phase. The method also
requires the mechanical angle «; of the stator slot. The winding
factor for a phase is then calculated as

3 3Qc
é-p — Z €j¢i,p + ej(¢i,p7¢A‘p)
2Qc i=1

eIbip — in-going coil side

eI (Pir=dap) — outgoing coil side

T
Dip = (Olipm + wi)

T
¢np = (kap)yap—=, 0 <k <y )

180

In (7), the summation is performed over (1/3)Q.. coils per
phase and is normalized by the number of coil sides per phase.
w; is the polarity of a coil side. If the polarity is positive, w; =
0, and for negative polarity, w; = 7. ¢ A means that the angle of
the outgoing coil side can be calculated in terms of the angle of
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the in-going coil side, the coil pitch y4, and the average angle
per slot which is equal to

o
Qs

In a machine with p pole pairs, the stator winding harmonic
producing the magnetic field with p pole pairs is called the
working harmonic. This harmonic is always of the order v = p.
The lowest winding harmonic is equal to the number of repe-
titions of the basic winding, as given in (3), i.e., Vpin = t. If
Vmin < P, then the winding has a least one subharmonic.

In the case of a single layer non-overlapping concentrated
winding, k£ can vary between 0 < k < y,, and implies that the
teeth around which the coils are wound and those between two
adjacent coil sides can be different, i.e., an irregular distribution
of the slots. This degree of freedom allows the designer to
choose a coil pitch in such a way as to achieve an optimal
winding factor and an improved design, i.e., maximum induced
voltage. The tooth width of an overlapping double layer distrib-
uted and non-overlapping double layer concentrated winding
usually is the same for all teeth and does not have this degree of
freedom.

®)

Qp

B. Number of Stator Slots

The specifications for the stator slots are that it must be open,
form-wound stator coils must be used, and, for the current
application, [1] and [3], the stator inner diameter is 280 mm.
Choosing the number of stator slots is bounded primarily by
two factors.

1) For single layer non-overlapping windings, the number
of stator slots must be a multiple of twice the number of
phases, i.e., Qs € {6,12,18,24,...}.

2) DFM, which means that products are designed in such a
way that they are easy to manufacture.

Since non-overlapping concentrated form-wound stator coils
are used to achieve a high copper fill factor, the tooth width
around which the coils are wound limits the radius of curvature.
For a stator inner diameter of 280 mm, the possible slot number
isin the range 24 < Q4 < 36. For manufacturing, the best num-
ber of slots is chosen to be Qs = 30. Skaar et al [16] proposed
that the feasible region for the number of slots per pole and
phase should be (1/4) < ¢ < (1/2). For manufacturability, the
least number of poles is chosen, i.e., for ¢ = (1/2) p = 10. For
this design, the average coil pitch is 3, = 1.5 slots. Using (6)
and since a non-overlapping concentrated winding is required,
yq = 1. For analysis purposes, it is necessary to keep track of
both the average coil pitch and the actual chosen coil pitch.

The FE model of the machine, which was optimized for
minimum torque ripple and an improved winding factor, along
with the flux lines with zero stator current, of the motor is
shown in Fig. 1. Using (4), the basic winding has ), = 6 stator
slots from which one slot has to be assigned to a coil side of
phase A. The return coil side will be in the same layer and
is determined by y4. From the denominator of (2), the basic
winding represents four rotor poles, and its parameters using
(1)—(6) are summarized in Table 1.
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Fig. 1. FE model of a 20-pole 150-kW motor with single layer non-
overlapping concentrated windings. The stator has an irregular distribution of
the 30 stator slots. Notice that, because of the form-wound stator coils, the stator
has open slots. This simplifies the manufacturing of the stator.

TABLE 1
BASIC WINDING PARAMETERS FOR Qs = 30 AND p= 10
Qs  Qc q dc  Gen  4ed t Qv Yp  Yd
1 1 3
30 15 3 1 1 4 5 6 5 1
TABLE 1I

WINDING FACTORS FOR THE MOTOR IN FIG. 1 USING (7)

k s 10 &o  &ro

.00 050 087 087 0.87
1.5 052 089 071 099
.10 054 091 050 0098
.15 057 093 025 083
120 059 095 000 059
125 061 096 026 026
130  0.63 097 050 0.10
1.50 071 1.00 1.00 1.00

The winding factors for different values of £ and p are given
in Table II. Setting £ = 1, the winding factor is equal to 0.866.
This is the same as in [7], [10], [16], and [18]. If k = y,,, it
means that the coil spans a pole pitch and the winding factor is
equal to one.

The winding factor calculation is verified by means of a FE
analysis. Instead of calculating the air-gap field harmonics, the
flux linkages, when moving the rotor, are evaluated for a certain
magnet width. Noncommercial software that uses a special air-
gap element in the FE method, [19] and [20], is used. There is
no mesh in the air gap, which means that the rotor rotation is
independent of the mesh and a suitable step size can be chosen
that will simplify the discrete Fourier transformation of the
flux linkages. The result of the fundamental flux linkage for
different tooth widths is shown in Fig. 2. This verifies that, by
increasing the tooth width, the fundamental winding factor can
be increased.

C. Torque Pulsation

There are three sources of torque ripple coming from the ma-
chine. They are cogging effect, distortion of the magnetic flux
density distribution in the air gap, and the difference between
permeances of the air gap in the d- and g-axes. Cogging torque
in permanent magnet machines is caused by the interaction
between a rotor magnetic flux and the variable permeance of the
air gap due to stator slot geometry. For regular distributed stator
slots, the number of cogging pulsations per rotor revolution is a
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Fig. 2. No-load fundamental flux linkage versus tooth width.
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Fig. 3. Torque pulsation harmonics versus tooth width.
TABLE III
MAJOR MACHINE PARAMETERS
Parameter  Description Value
day stator outer diameter 370 mm
diq stator inner diameter 280 mm
bt tooth width 26.6 mm
bs slot width 12.1 mm
lpe stack length 786 mm
N series turns per phase 45
R per phase series resistance  48.1 m{2

function of the least common multiple between @) and 2p [10],
i.e., lem(Qs, 2p), and should be as high as possible.

Once the stator slot parameters are chosen, the stator tooth
width or, equivalently, £ in (7) is varied to minimize the
cogging torque. The torque as a function of the rotor position is
calculated from air-gap element [19] and by rotating the rotor in
the FE analysis. From a discrete Fourier transform of the torque,
the rated torque and torque harmonics are calculated. Fig. 3
shows the torque harmonics as a percentage of the rated torque.
It can be seen that the sixth torque harmonic can be reduced to
zero if the tooth width is chosen to be 26.8 mm or, equivalently,
k = 1.20. The major machine dimensions and parameters are
given in Table III. The irregular distribution of the stator slots
has another advantage, which reduces the no-load cogging
torque.
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Fig. 4. Torque as a function of ¢4 and 7.

III. 2-D FLUX AND TORQUE FUNCTIONS

In the performance calculations, the dg-model of electrical
machines is used with the dg-reference frame fixed to the
rotor that rotates at an electrical speed of df/dt. The general
equations that describe the motor voltages are

. d df
ug = Ryiqg + % - qu
. d do
ug = Ruig + 21 4 Dy, ©)
Uq = Rlid - w1/}q ﬁ o
g = Riig + wia } ar =Y (10)

From the power balance, the electromagnetic torque of the
three-phase machine with p pole pairs is given by

3
T = ip [¥m + (Lg — Lq)ia] ig (11)

where 1), is the flux linkage contribution of the permanent
magnets.

For the frequency range under consideration, it is assumed
that the flux linkages and torque are independent of frequency.
This allows the calculation, by means of the FE method, of
the flux linkages and torque for all possible combinations of
the d- and g-axis currents. As a result, the motor can be
described in terms of three 2-D functions, i.e., T' = f(iq4,iq),
Yq = f(ia,iq), and 1, = f(ig,14), that include the saturation
of the core. Once these functions are known for a specific
design, it is possible, by means of 2-D interpolation routines, to
easily calculate the motor performances over the whole speed
range with high accuracy. The advantages of this method are as
follows.

1) It is independent of any inductance calculations.

2) The flux linkages and torque can be scaled by the axial
length and the number of series turns of the machine.

3) Saturation is automatically accounted for in the FE
analysis.

4) Ttis independent of frequency.

Fig. 4 shows the 3-D representation of the torque function.
Similar representations for the d- and g-axis flux linkages are
shown in Figs. 5 and 6, respectively.
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A. Torque Versus Frequency Characteristic

The torque versus frequency characteristic is characterized
by two fixed regions, namely, the constant torque and con-
stant power region. A field-weakening region is determined
by the maximum allowable motor voltage and the number of
series turns. Increasing the number of series turns will in-
crease the voltage-to-frequency ratio. The previously described
2-D functions allow the torque versus speed characteristic to
calculated without any knowledge of the inductances, which
change considerably as a function of current excitation [21].
For a fixed axial length, the number of series turns is a design
parameter. This allows the designer to evaluate the overall
motor performance and particularly its performance in the field
weakening range.

The following paragraph describes the method to obtain valid
operating points over the whole speed range. For traction, a
maximum torque per ampere control algorithm is often used.
This, however, is only possible as long as the motor voltage is
below the maximum allowable voltage. As soon as the maxi-
mum voltage has reached its limit, a different control scheme is
necessary. Using the data T' = f(iq, i), all the data points for
a given torque command 7™

{(idh iql), (idg, iqg), . (idn, an)} ceT=T" (12)
can be obtained by means of a 2-D interpolation function.
Finding a valid operating point is summarized as follows.

1) Find the minimum stator current /5 i, from the set given
in (12). Thus, with i 4] = f(iq), a 1-D interpolation
is used to find I min.

T=T%
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Fig. 7. Current locus for minimum current search.

2) With the pair (i4,%q)|1,=1,.,, known, get ¢4 and 1, from
a = f(ia,iq) and ¢, = f(ia,i4), respectively.

3) Get ugq and u, from (9), and calculate the line voltage U .

4) Test if Uy exceeds the maximum allowable voltage, i.e.,
Ui < Unax-

5) If Uy > Upax, decrease ig until Uy = Upax.

The stator current and line voltage are then calculated as

I = ig + i2
2
3 (u2 + u?
U, = M, Us < Unax (13)

2

respectively. The voltage constraint in (13) depends on the
dc-bus voltage. Field weakening starts at the operating point
where it is necessary to decrease ¢4 or to make ¢4 more negative.

The current angle
(&)
0 = arctan [ —
id

needs then to be advanced to assure that the maximum voltage
is not exceeded.

The operation of the motor in the field-weakening region is
now graphically shown in Fig. 7 by making use of steps 1-5.
For a given torque, a current locus is obtained from the 2-D
functions, i.e., Iy = f(iq). If the frequency at the operating
point is known, the phase voltage for each point on the current
locus can be calculated, i.e., Us = f(id). The minimum current
is shown as I.,,;n. The voltage exceeds the maximum allowable
voltage in this case, and this means that the current is increased
in a negative direction toward the intersection of U and Uy yax
on the current locus. At this point, the voltage is equal to the
maximum allowable voltage.

The flux linkages and current can be scaled by the number of
series turns. Fig. 8 shows the voltage and current as functions of
frequency for 45 and 75 of series turns per phase. This allows
the designer to choose the number of series turns that best suits
the dc bus and inverter rating. The chosen number of series
turns determines the copper dimensions, and it is necessary to
check the manufacturability of the coils. Setting the number of
series turns to be equal to 45 means that the highest current
in the constant torque region and field weakening starts at
f > 90 Hz. Note the change in the voltage-to-frequency ratio

(14)
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Fig. 8. Torque versus frequency characteristic for the number of series turns
per phase equal to (dashed line) 45 and (solid line) 75. The machine with
45 series turns has thicker copper dimensions, and the slight increase in the
current is partly caused by the skin effect.

Fig. 9. Axial photograph of the stator having single layer non-overlapping
concentrated coils. Note the short end windings and the low number of coils.

as soon as the motor is in the constant power region, i.e., the
torque is proportional to the inverse of the frequency. When
the number of series turns is increased to 75, the current in the
constant torque region decreases, and the field weakening starts
at f = 40 Hz. Thus, the higher the number of series turns per
phase, the sooner the field weakening starts.

IV. PROTOTYPE AND MEASURED RESULTS

An axial view into the bore of the stator is shown in Fig. 9.
This clearly shows the short end windings and that there is
no overlapping between the phases. The teeth width around
which the coils are wounded is greater than those between
two adjacent coils. For the 280-mm bore, the choice of slot
number resulted in coils that could be manufactured without
any difficulties.

The measurement setup of the 150-kW prototype is shown
in Fig. 10. Since the machine was designed for a direct traction
application, the axial length of the machine is limited by the
distance between the railway tracks.

A. No-Load Line Voltage

The no-load voltage is very sensitive to the remanent flux
density B, of the magnets. It is almost always necessary to
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Fig. 10. Measurement setup for the 15-kW prototype shown in Fig. 1.
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Fig. 11. Measured and calculated no-load line voltage at 62.5 Hz. The
calculated no-load voltage corresponds excellently with those measured.

calibrate the FE model. The reason for this is that there is a
difference between the minimum and typical values specified
for B, in the data sheet. Depending on which value was used
in the design, its value in the model should be changed to get
the same no-load voltage as in the measured results. B, is also
dependent on the quality of the manufacturer, which is usually
unknown to the designer. The no-load voltage was measured
at a room temperature of 30 °C or AT =10 K. In the FE
model, it is necessary to set AT = 45 K to get the same no-
load voltage as was measured. The calculated induced voltage
as a time function and that measured are shown in Fig. 11.
Once the material properties in the model have been changed,
the FE time-stepped results correspond excellently with those
measured.

B. Speed Characteristics

This paragraph gives the measured results in comparison
with those calculated. For the comparison, the currents from
the measurement were used to calculate the torque and voltages.
The measured and calculated results for the torque, voltage, and
current are shown in Fig. 12. A good comparison is obtained
between calculated and measured results.

In the constant torque region R;, the voltage-to-frequency
ratio and the stator current /; are constant. Once the constant
power region Ry starts, the torque is proportional to the in-
verse of the frequency, and consequently, a lower voltage is
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Fig. 12. Characteristic over the whole speed range. The field-weakening
region starts at R3.

required to obtain the maximum torque per ampere. This region
is characterized by the lower voltage-to-frequency ratio. At
speeds where the motor voltage exceeds the maximum voltage,
field weakening is necessary. In this region, Rj3, the voltage to
frequency ratio is proportional to the inverse of the frequency.

V. CONCLUSION

This paper has presented the design guidelines and methods
for IPM machines with non-overlapping concentrated wind-
ings. Due to the high filling factor and slot pitch adjustment to
reduce cogging torque, a single layer is chosen for the traction
application. It has been shown that the adjustment of the coil
pitch of the single layer winding can improve the winding factor
and, thereby, the torque and harmonic-torque performance of
the machine.

From 2-D FE analysis, the torque and flux linkages of the
machine can be expressed as functions of dg-currents. Using
these torque and flux functions, the performance of the IPM
machine drive can be calculated fast and accurately for the
whole speed range of the drive. This allows the designer to
choose the best number of series turns that best suits the given
dc-bus and inverter ratings easily. The validity of the proposed
method is confirmed by measurements on a 150-kW railway
traction drive machine.
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