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Abstract—In this paper a software developed by the Authors
for winding design is presented. In particular, this software can
be used as a valid aid in design and analysis for a wide variety of
windings with generic number of phases, pole pairs, slot number,
etc.. The calculation of winding factors and the evaluation of
their harmonic distribution is also accomplished. The software is
implemented in MATLAB® environment. By means of some ex-
amples, covering the most relevant winding types, the capabilities
of this software will be shown. Particularly, integer and fractional
slot, single and double layer winding, concentrated windings,
imbrication, belt widening and belt shifting techniques can be
treated in order to reduce particular harmonics in the electro-
motive force (e.m.f) or in the magnetic field (m.m.f.=magneto
motive force). Thanks to this software it is possible to determine
quickly the winding connections. Moreover, the winding factor
harmonic distribution, the THD of e.m.f., the differential leakage
and the spatial distribution of the m.m.f. is computed in a very
easy way.

Index Terms—winding, winding factors, differential leakage,
winding connections, harmonics, m.m.f., flux density.

LIST OF SYMBOLS

N number of slots;

p number of pole pairs;

L integer number;

t greatest common divider (GCD) between N and p,
t=GCD(N,t);

m number of phases;

~y nr. of coil sides per phase (nr. of coils per phase for
double layer windings);

ly number of winding layers;

Y coil pitch (for two layer windings) measured in slots;

UYb belt shifting pitch measured in slots;
Yk value of the air-gap m.m.f. distribution at k-th slot;
ks group factor for the v/-th harmonic order;

vy maximum harmonic order.

I. INTRODUCTION

Long-term operations of electrical motors and generators
are expected to have high energetic efficiency as one of the
most important goals to reach specifically in renewable energy
systems [1]—-[7]. Moreover, most electric machine designs rely
on the fundamental flux wave theory, focusing its attention on
the achievement of a sinusoidal flux density distribution in the
air gap with the lowest possible harmonic content [8]-[13]. In
some cases this task is regarded as less important and attention
is turned on different design criteria [10], [14].
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Winding factors, and consequently the harmonic content
of the machines electrical quantities, are heavily determined
by the type of winding. Particularly, the harmonic distortion
of voltages, currents, flux densities, etc., due to the type of
winding, affects in a significant manner both the dynamic and
steady state performances and their efficiency, by introducing,
for example, asynchronous, synchronous and torsional torques,
axial, radial forces producing vibrations (and noise), and, last
but not least, producing an increase in copper and iron losses.
It is, therefore, important to have a clear overview on the
winding factor harmonics of electrical machines indeed just
in the design phase, i.e. when the right type of winding is
to be chosen [15]-[17]. In the perspective of designers many
software have been developed to solve magnetic field prob-
lems on electrical rotating machines, basing on finite element
computing techniques; other softwares have been developed
to solve more general problems on power electronic systems,
electrical networks or electro-mechanical system [18]-[20].
Unfortunately, not many softwares deal with windings and
their design.

In this paper a software developed for winding design is
presented. This software is conceived as an aid to simplify
and accelerate the design procedures in electrical machine
windings. It is also capable to represent numerically the
winding connections, for single and double layer structures,
and to compute phase leakage factors, field and voltage THDs.

II. WINDING REPRESENTATION AND PROCEDURE FOR
WINDING DETERMINATION

As demonstrated in [21], [22] it is possible to design
windings of electrical machines without the aid of a slot
star nor of a slot plan (winding scheme), but simply through
formulas. These formulas are derived by applying the “generic
slot star” as defined in [21], [23] and can be used to form a
generic m x l, - N/m (or, equivalently, m X I, - 2pq) matrix,
defined in the following way,

ai1 G2 a3 Q1,1,-N/m

az1 G2 G23 as,l,-N/m
Conny,,, = . , (D)

m,1 am,2 Gm,3 Am,l,-N/m

ap,; being positive or negative integer numbers. This matrix
represents, mathematically, the connection order of the coil



Figure 1. Winding connection scheme of the machine with N = 12, p =1,
m = 3, double layer with y = 5.

sides located in each slot. Here ¢ = l is the number of slots

per pole and per phase. Particularly, the matrix defined by (1),
whose m rows, each corresponding respectively to phases I,
2, 3, ... m, contain a sequence of numbers representing how
the coil sides (located within each slot) are to be connected in
series to form the m phase sections of the winding. In other
words each row element represents the slot number in which
a particular coil side is located. The sign of each number
defines the e.m.f. or current direction with respect to a chosen
reference.

For the sake of clarity an example is presented in the
following regarding a 3-phase machine with a double layer
winding. In this case (i.e. for a double layer) the number of
columns is 8 because I, = 2, so that [,N/m =2-12/3 = 8.

Example 1. N =12, p = 1, m = 3, double layer with y = 5.
For this type of winding the connection matrix is

1 -6 2 -7 -7 12 -8 1
5 —-10 6 -—-11 —-11 4 —-12 5
9 -2 100 -3 -3 8 -4 9

and its corresponding scheme is shown in fig. 1.

The general task to determine the [,-layer winding con-
nections, i.e. the previously defined connection matrix, of a
machine with N slots, 2p poles and m phases can be carried
out by the following procedure proposed in [21], [24] and here
briefly described:

1) determination of the GCD between N and p (¢);

2) calculation of the number of slots containing phase coil
sides with the same current (e.m.f.) orientation

% for single layer windings
r=9 o @)
- for double layer windings
3) if ~ is an integer number and if (3) is verified
2% =nt  for single layer windings
(3)
L =int  for double layer windings

then a symmetrical winding can be designed';

4) calculation of the winding slot pitch yy;

5) calculation of the phase pitches y1, Y2, ... Ym;

6) determination of the negative slot pitch y(_y;

7) v positive coil sides slots of the first phase (phase 1) are
located in the slots numbered according to the particular
sequence defined in [21];

8) The numbering of ~ slots belonging to the positive coil
sides relative to the second phase con be found by adding
the term y to the coil numbers of the first phase (phase
1);

9) The numbering of « slots belonging to the positive coil

sides relative to the m-th phase con be found by adding

the term y,,, to the coil numbers of the first phase (phase

1);

the numbering of the slots containing the negative coil

sides is defined by adding the terms y_) to the ones

containing the positive coil sides.

In order to realize the winding coils it is simply necessary

to connect two coil sides having opposite e.m.f. (or current)

signs, i.e. connecting a positive coil side (positive slot) to a

negative one (negative slot).

10)

III. WINDING FACTORS

In this section the mathematical method of winding factors
calculation, the determination of their harmonic distribution
and the formula of the air gap leakage factor are presented.

As known from the theory of electrical machines [8], [9],
[21]-[23] each conductor or group of conductors in a slot is
characterized by a particular phasor of the induced e.m.f.. All
these phasors can be represented in a polar diagram called slot
star or e.m.f. star as the one depicted in fig. 2.

Once the winding connections are defined by its connection
matrix it is possible to determine all the winding factors as it
will be explained below.

Traditionally, in the literature (see [8], [9], [21], [22], [25])
many formulas have been proposed for the calculation of
these factors, which are quite simple to compute in many
cases, if g is an integer number, also by means of pocket
calculators. On the other hand, when dealing with fractional
slot winding (i.e. when ¢ is a fractional number), the spatial
distribution of the air-gap magnetic flux density has no half
period symmetry; therefore, also the even order harmonics
of the air gap magnetic field waves must be considered [8],
[9], [22]. This aspect can often yield to complex and tedious
calculations.

Furthermore, in case of complex winding configurations, as
for example with fractional slot windings where the phase
e.m.f. bundles do not show symmetries (see Fig. 2), the
winding factors will be made up by more complex formulas
[8]1, [9], [22]. In order to gain generality and to simplify the
algorithm, the winding factor is computed as ratio between the
geometrical and the algebraic sum of the e.m.f. induced in a
winding section (see bundles in fig. 2) [21], [23], [26]:

I'This paper will deal only with symmetrical windings, i.e. with windings
for which (2) and (3) are verified at the same time.
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Figure 2.  Unsymmetrical phase e.m.f. bundles: winding with N = 24,
p = 1, with one-sided imbrication of the second order.

2pqly
_ 2 2
kwl/' - 2pqu : P Cu/”u + Su/#t (4)
where
, 2w
Cppy=k-cos|(V- ~ |Connp, | (5)
. , 27
Sy =k-sin|v- N |Conny, .| 6)
V=p-v (7
and

if Connp,, >0

if Connp,y, <0 ®)

+1

e={ 7]

with v/ =1, 2, 3, ..., v.. Equation (4) is the general formula

for winding factor calculation implemented in the MATLAB®
program here presented.

In (5), (6) and (8) h represents indifferently one of the m
phases because we are dealing with symmetrical windings?.
It is to be noted that (4) is valid for the determination of the
resultant winding factor also in the case of coil pitch shorten-
ing; as a matter of fact, information about pitch shortening is
already contained in the matrix Conny, .

Equation (4) is also be used to compute the so called
differential leakage factor as [9], [21]-[24], [27]

T 2 N yg p—1 Lk 2
=(—- -2 kg w’ . O
70 (mkwplyq> 1; N Z (V’kwp> ©)

v'=1

2In case of non symmetrical windings k., will generally be different
depending on the chosen phase, i.e. depending on index /.
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Figure 3.

Input windows of the winding software.

The developed MATLAB® software mainly consist of 27
functions. The main data are introduced through two input
dialog windows, as shown in fig. 3, accepting the values N,
p, m, ly, y, yp, etc. The output are: the connection matrix
Conn, j, which is displayed on the MATLAB® command
window, the differential leakage factor o, the THD% factor of
phase and line-to-line machine voltages. Section IV illustrates
some examples, referred to 4 particular cases of rotating
machine windings, whose results were obtained with the
developed software.

IV. EXAMPLES

In this section some examples, used to test the program, are
presented and briefly discussed.

Example 2. Synchronous 3-phase machine winding with N =
108 slots, p = 5 and ¢ = 3 4 3/5. This type of winding can
be carried out in 3 different ways:

1) with full-pitch coils® (y = 11);

2) with shortened pitch coils (y = 9);

3) with a so called “double chording”, realized with y = 10
slots and y, = 9 slots [21], [22], [24].

By introducing these data as input for the MATLAB® function
a 3x72 connection matrix is obtained on its command window,
which is graphically shown by means of the e.m.f. phasor
star (coil em.f. star)* of fig. 4. Figures 5 and 6 show
respectively the winding factor harmonic distribution and the
spatial distribution of the m.m.f..

Table I summarize the main results regarding the THD%
and the differential leakage factors (determined by means of
9) of example 2, while table I summarizes the first 6 relevant
winding factor harmonics, demonstrating that a correct choice
of winding chording parameters can be very useful in order
to improve machine air-gap waveforms.

Example 3. Synchronous machine with a 1-phase double
layer winding. The data are: N = 60 slots, p = 1, ¢ = 20.
The winding can be carried out in 3 different ways:

3ie. single layer.

4As a matter of fact, when dealing with double layer windings, the phasors
of the star represent not the slot e.m.f.s but the coil e.m.fis.
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double chording (y = 9 and y, = 7).
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Figure 5. Winding factor harmonics of the 3-phase machine with N = 108,
p = 5, double chording (y = 9 and y;, = 7).

Table I
VALUES OF THD% AND og FOR THE WINDING OF EXAMPLE 2 AND FOR 3
DIFFERENT CONFIGURATIONS.

Winding | THD%e | THD%v, | o0
o chording | 53470 13307 | 43199
Y =0 50512 10872 1,7969
y=9 51272 1,2920 54725
Yo =17
Table 11

VALUES OF THE MOST RELEVANT HARMONICS OF THE WINDING OF
EXAMPLE 2 AND FOR THE 3 DIFFERENT CONFIGURATIONS.

Winding | v=1] 3 | 5 | 7 | 9 | 1
no chording | 0,955 | 0,637 | 0,192 | 0,137 | 0,215 | 0,088
y=9 0923 | 0451 | 0,050 | 0,036 | 0,152 | 0,085
;jb ::97 0903 | 0369 | 0,026 | 0,005 | 0,039 | 0,053
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Figure 6. Air gap m.m.f distribution of the 3-phase machine with N = 108,
p =5, double chording (y =9 and y, = 7).
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Figure 7. Coil e.mf. star of the 1-phase machine with N = 60, p = 1,

double chording (y = 24 and y;, = 25).

1) with full-pitch coils (y = 30);

2) with shortened pitch coils (y = 24);

3) with a so called “double chording”, realized with y = 24

and y, = 25 slots [21], [22], [24].
By introducing these data as input for the MATLAB® func-
tion a 1x120 connection matrix is obtained on its command
window which is graphically represented by means of the star
of fig. 7°. The three air-gap m.m.f. spatial waves computed
for each case are depicted in Fig. 8.

Fig. 9 shows the winding factor harmonic distribution of the
I-phase winding. It is to be noted that in this case only odd
harmonics are present, i.e. all even ones are zero, and that all
harmonics multiple of 3 are also zero.

Ssee footnote 4
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Figure 9. Winding factor harmonics of the 1-phase machine with N = 60,
p = 1, for the case of double chording (y = 24 and y;, = 25).

The quality of the waveforms can be evaluated by inspection
of table III. Table IV summarizes the first 6 relevant winding
factor harmonics and demonstrates that a correct choice of
winding chording parameters can be very useful in order to
improve the m.m.f. wave (see also fig. 8). As a matter of fact
by using a double chorded winding it is possible to obtain
a mun.f. spatial distribution shape very close to a sinusoidal
one.

Further examples are here presented showing only the star
of em.f.s.

Example 4. Synchronous machine with a 3-phase double
layer fractional concentrated winding. The data are: N = 18
slots, p=8, ¢=3/8, y=1.

Example 5. Machine with a 5-phase double layer fractional

Table IIT
VALUES OF THD% AND o FOR THE WINDING OF EXAMPLE 3 AND FOR 3
DIFFERENT CONFIGURATIONS.

Winding | THD%p | THD%e,, | o)
no chording | 14,1235 26142 | 15066374
v =24 13,5901 18490 | 15034153
y=2 130121 10765 | 15035522
Yp = 25
Table IV

VALUES OF THE MOST RELEVANT HARMONICS OF THE WINDING OF
EXAMPLE 3 AND FOR THE 3 DIFFERENT CONFIGURATIONS.

Winding | v=1|3] 5 | 7 |9] 11

no chording | 0,828 | 0 | 0167 | 0,121 | 0 | 0,080
y=24 0787 |0 | 0 | 0071 | 0] 0076
=2 0761 [ 0| 0 | 002 |0 | 0087
yb =25

winding. The data are: N = 70 slots, p = 2, ¢ = 3 + 1/2,
y = 15 (see fig. 11).

V. CONCLUSIONS

In this paper a software written in MATLAB® language was
synthetically presented and tested by means of 5 examples.
The software can be used as a winding design tool as well
as a winding analysis tool both for integer and fractional slot
windings, because it is capable:

1) to determine schematically the connection order of the
coil sides located in machine slots;

2) to determine the spectral distribution of winding factors;

3) to estimate the shape of in a winding induced e.m.f.,
from air-gap flux density;

4) to estimate the THD and the differential leakage factor.
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Figure 10. Coil em.f. star of the 3-phase machine with N = 18, p = 8,

y = 1 (concentrated winding).
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Coil em.f. star of the 5-phase machine with N = 70, p = 2,

y = 15.

To run the software and to obtain the above winding data
outputs only few elements are required such as: the numbers
of slots, pole pairs, phases, etc..
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