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NEW METHOD OF ELECTROMAGNETIC DESIGN OF AC MACHINES
CIPIN, R[adoslav] & VONDRUS, J[iri]

Abstract: The paper describes a new universal infinitesimal
method which enables the analysis and synthesis of arbitrary
AC motor windings. In this paper the new method is used to
electromagnetic design of AC machines (the induction motor
and the synchronous motors with permanent magnets) for
arbitrary winding type. The method is based on the notion of
the local angular density of conductors n(α). The function n(α)
can be arbitrary, i.e. of continual or impulse character.
Key words: AC motor winding, AC winding design, density of
conductor, winding factor
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Fig. 1. Explanation of the notation of conductors density n(α).

1. INTRODUCTION
The classical electromagnetic design of AC machines
windings (induction motors and synchronous motors with
permanent magnets) is based on total winding factor k w , see
(Langsdorf, 1955), (Boldean & Nasar, 2010) and (Pyrhonen et
al., 2008). The total winding factor is given by product of the
distribution factor k q and chording factor k y . The total turn
number N in the winding of one pole-pair is then determined by
a well-known equation:
𝑈𝑟𝑚𝑠
𝑁=
,
(1)
2√2𝜋𝑘w 𝑓𝐵𝑚𝑎𝑥 𝑙𝑟

The local density of conductors n(α) is defined as:
𝑛(𝛼) =

d𝑁(𝛼)
d𝛼

(2)

3. FLUX DENSITY AND LINKAGE FLUX
Fig. 2. shows the quadrant of one pole-pair of the induction
motor.

π/2
mag. axis of pole

where B max is the amplitude of the flux density under the pole,
f is stator frequency, U rms is rms of phase voltage, l is length of
the stator sheaf, and r is average radius of the air gap.
Well-known mathematical expressions for factors k q , k y are
not universal as they have following limits:
• They are valid only for windings containing the same
number of conductors in.
• They do not enable to analyze windings with “continually”
(e.g. harmonic) distributed density of the conductors.
• They do not enable to analyze any irregular winding, e.g.
fractional winding.

In following chapters, we will describe a new method,
which does not include the above mentioned limits, and is
universally useable for the analysis and synthesis of AC
windings of any type. The very basic principles of this method
were firstly published in (Nowotny & Lipo, 1996).
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2. CONDUCTORS DENSITY OF THE WINDING
Fig. 1. a) shows an example of the spatial distribution of
conductors in a few slots, when respecting the current
orientation.
The angle α is an electrical angle measured along the air
gap in the frame of one pole-pair. In the case b) the density has
a form of the rectangular pulses having the width of the slot. In
the case c) the density has a form of the Dirac pulses δ(α)
located to the slot. The case d) deals with rectangular pulses
centered to the slot center.
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Φ y = Φ(π / 2)
Fig. 2. Quadrant of one pole-pair of the induction motor
From the known distribution n(α) of conductors we may
determine function B(α) according to Fig. 2:
𝐵(𝛼) = 𝐼𝜇

𝜇0
� 𝑛(𝛼)d𝛼,
𝛿

(3)

where I µ is the magnetization current, δ is length of the air gap,
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and µ 0 is permeability of free space. With help of equation (3),
it is possible to determine equations for the linkage flux Ψ of
the whole pole-pair:

𝛹x,y

⎡
⎤
⎢
⎥
2𝜋
𝑙𝑟
= � ⎢ � 𝐵x (𝛼)d𝛼 ⎥ 𝑛
d𝛼
y (𝛼)
���
𝑝
⎢ ��
𝛼 ������� ⎥
winding 𝑛y (𝛼)
0
⎢ �lux 𝜙𝑥′ (𝛼) linkaged ⎥ linkaged with
⎣with winding 𝑛y (𝛼)⎦ �lux 𝜙′ (𝛼)
2𝜋

(4)

where p is number of pole-pairs.

The equation may be used to electromagnetic design:
a) the synchronous motor with the PM on the rotor – the field
B x (α) of the permanent magnets affects the winding n y (α).
b) the induction motor - the whole field B x (α) excited by a few
windings affects the winding n y (α).

AC

The function n(α), i.e. B(α), can be evolved in the form of
the Fourier series, see (Folland, 1992):
∞

where

𝑛(𝛼) = �[𝑎𝑘 cos(𝑘 𝛼) + 𝑏𝑘 sin(𝑘 𝛼)],
1 2𝜋
𝑎𝑘 = � 𝑛(𝛼) cos(𝑘 𝛼)𝑑𝛼 ,
𝜋 0

(5)

𝛼2

𝑁𝑠 = � 𝑛(𝛼)d𝛼 ,
𝛼1

(7)

𝑘=1

For the winding design, it is necessary to use only the
amplitude of the first harmonic Ψ 1 . Let the whole phase motor
winding be supplied by the harmonic voltage with the
amplitude U a :

𝑈𝑟𝑚𝑠
.
2
√2𝜋 𝑓𝐵𝑚𝑎𝑥 𝑙𝑟

6. CONCLUSION
The aim of the paper has been to show a new method of
electromagnetic design of AC machines, i.e. design of AC
machines windings.
The new method can also be used for direct calculation:
•
the flux density in the air gap.
•
the linkage flux of the winding.
•
the self and mutual inductance of the winding.
The new method can be used for electromagnetic design of:
•
the induction machines.
•
the synchronous machines with permanent magnets.
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By comparison of the magnitude of the first harmonic of
the linkage flux in equations (9) and (10) we get the amplitude
n 1 of the useful first harmonic density of one pole-pair:
𝑛1 =

(14)

−𝜋/2

Thus, the winding design has been completed.

(8)

𝑈a
𝑈a
cos(𝜔𝑡) d𝑡 =
sin(𝜔𝑡) = 𝛹1 sin(𝜔𝑡).
𝑝
𝜔𝑝

𝑁 = � 𝑁𝑠 .

(6)

With help of (8) is possible to rewrite (4), in case x = y, into
form:
∞
∞
𝜇0 𝑙 𝑟𝐼𝜇
𝑛𝑘2
(9)
𝛹 = � 𝛹𝑘 = 𝜋
� .
𝑝𝛿
𝑘
𝑘=1

(13)

where the interval 〈α 1 ; α 2 〉 is equal to the slot pitch α s and the
interval center lies in the slot center. We use the equation (13)
similarly for all the slots within a pole. The total distribution of
conductors to slots is checked according to the following
equation:
𝜋/2

It is good to introduce new variable n k for magnitude of k
harmonic component of density n(α):
𝑛𝑘 = �𝑎𝑘2 + 𝑏𝑘2 .

(12)

From this equation, it is possible to determine the explicit
relation between the height n 0 and number N. We get the
absolute function n(α) expressed with the help of number N.
c) The absolute function n(α) will be evolved to Fourier series
from which we find the amplitude n1 of the first harmonic.
d) We compare the amplitude n 1 with the right side of the
equation (9). In this way we determine a searched total number
N of conductors.
e) We recalculate the total number N of conductors into
individual slots according to the absolute function n(α). To this
purpose, we use the geometrical interpretation according to
Fig. 1. d). In one slot, marked in the figure, the number N s of
conductors will be:

𝑘=1

1 2𝜋
𝑏𝑘 = � 𝑛(𝛼) sin(𝑘 𝛼)𝑑𝛼 .
𝜋 0

𝛹(𝑡) = �

2𝜋

2𝑁 = � |𝑛(𝛼)|d𝛼 .
0

𝑥

4. ELECTROMAGNETIC DESIGN OF
MACHINES ON THE FIRST HARMONIC

b) The number N of conductors must suit the equation:

(11)

5. WINDING DESIGN PROCEDURE
a) We choose the winding type, i.e. we choose the actual
function n(α) under one pole-pair without knowing the total
number N of conductors. That means we consider the function
n(α) with the relative unknown height n 0 .
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