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In this paper, the finite element method is used in order to determine electrical parameters of a machine winding lumped element
model. Thanks to this model, it will be possible to determine the electrical behavior of electrical machine winding fed by a power
converter and thus to study the distribution of the turn-to-turn maximum voltage stress as early as the design process. The suitability
of the method is validated by comparison with measurements.
Index Terms—Electrical parameters, equivalent circuit, machine windings, finite element analysis.

I. I NTRODUCTION

E

LECTRICAL machines are more and more driven by
power converters. Those converters are based on the
use of semiconductor devices which have an increasingly
high switching frequency (up to several MHz today).
This high frequency can generate sudden voltage and
current variations. The latter, when applied to the electrical
machine windings, generate high electric field levels between
the insulators, exceeding sometimes the Partial Discharge
Inception Voltage (PDIV). Exceeding this threshold leads to
the appearance of partial discharges which are particularly
harmful to the turn-to-turn insulation [1]. For this reason,
it is critical to study the PDIV of the machine windings as
early as the design process. Therefore, an accurate and not
time consuming method which allows to develop an equivalent
model of the winding representing all phenomena occurring in
the electrical machine winding is required.
Numerous works focus on electrical machines windings
modeling methods. The most used ones are based on
the transmission line theory [2]–[4], the finite element
(FE) method [5]–[7] and lumped parameter equivalent
circuits [8]–[10]. The use of the transmission line theory is
related to the wavelength at the frequency of the modeled
phenomena. It is preferable to use it to model high power
electrical machines windings. In addition, this model is no
longer valid if a rearrangement of the turns occurs. The
FE method has the advantage to be the most accurate one.
However, a very fine mesh is needed in order to take into
account all phenomena occurring in the winding which makes
this method prohibitively time consuming for a design process.
The lumped parameter equivalent circuit method offers the
best compromise between accuracy and computation time.
There are two approaches: the systemic approach and the
phenomenological approach. The systemic approach uses the
black box model [11]. The internal structure of the system
is thus unknown for the user and moreover its components
are not necessarily linked to physical phenomena of machine
windings. This approach is suitable for a design process but
Corresponding author: G. Parent (email:guillaume.parent@univ-artois.fr).

has not been chosen in this work. The chosen approach
is the phenomenological one which is the most appropriate
method for a design process as well as the the most used
one. It involves the development of an RLC-lumped parameter
equivalent circuit that allows to describe all phenomena
occurring in the winding of the electrical machine by
representing each specific physical phenomenon by one of
its elements. Nevertheless, the determination of the parameter
values of the lumped elements model remains problematic
since it is generally performed experimentaly or with empirical
data. This is obviously a step that an electrical designer cannot
afford. The aim of this paper is to show that it is possible to
compute those values by means of an FE analysis considering
both the geometry of the turn and its location in the coil, i.e.,
lumped parameter values that are specific to each turn, in order
to provide a highly scalable tool that allows to predict partial
discharges advent during the design process of the machine.
Moreover, the results are compared to previous works [10] in
order to show the added value for parameters determined by
means of an FE analysis.
II. L UMPED PARAMETER E QUIVALENT C IRCUIT
Physical phenomena occurring in an n-turn winding
are: generation of Joule losses, iron losses as well as
turn-to-turn and turn-to-ground dielectric losses. There are
also electrostatic phenomena that create an electric field
by turn-to-turn and turn-to-ground charge displacements.
Moreover, an electromotive force appears accross each turn
due to the current flowing through it. In the presented
model, each turn of the n-turn winding is modeled using the
elementary RLC lumped parameter equivalent cell represented
in Fig. 2. It includes the turn resistance Rs representing the
Joule losses, the turn-to-turn and the turn-to-ground dielectric
losses resistances, respectively noted Rt and Rm , and in
presence of an iron core, the resistance Rp representing
the core losses. The equivalent cell also includes the
self-inductance Lp characterizing the generated electromotive
force accross the turn and the mutual inductance Mij
describing the induced voltage accross the j-th turn caused
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Fig. 1. Lumped parameter equivalent circuit of a 4-turn winding.

by the current flowing through the i-th turn, and thus the
generation of an electromotive force accross the j-th turn. The
model also contains capacitances: the turn-to-turn capacitance
Ct and the turn-to-ground capacitance Cm corresponding
to the turn-to-turn and turn-to-ground charge displacements,
respectively. This model is used to simulate the transient
behavior of windings in order to estimate all turn-to-turn
voltages. The main purpose is to determine the peak value
of the first voltage overshoot which corresponds to the
turn-to-turn maximum stress.
As an illustration, the equivalent circuit of the 4-turn
winding represented in Fig. 3 is shown in Fig. 1.
Rt
to adjacent turns

Lp
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to next turn

from previous
turn
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2σ

ZZ

Ji .Ji∗ dS
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S

where σ is the electric conductivity [S m−1 ] and Ji is the
current density inside a cross section of the i-th turn [A m−2 ].
Rsi can then be evaluated as
Rsi =

Pi
Ii2

(2)

where Ii is the current in the considered turn.
For now, the resistance values representing the turn-to-turn
and the turn-to-ground dielectric losses (Rt and Rm ) are
analytically estimated thanks to previous works [10]. The
calculated value is the same in each turn.
The iron losses resistance can be determined by estimating
the total iron losses using the approach explained in [12]. In
that approach, a specific curve describing iron losses variation
according to the magnetic flux density is taken as a reference.
After computing the magnetic flux density value in each FE by
means of a magnetodynamic FE formulation, the iron losses
in that FE can be easily determined using the reference curve.
The total iron losses are then the sum of all FE losses.

Fig. 2. Lumped parameter equivalent circuit of one turn.

Input

1
3

2
4

Tooth

2

1

4

3
Output

Fig. 3. An example of a 4-turn winding.

III. D ETERMINATION OF PARAMETERS
A. Resistances determination
Among the resistances of the equivalent circuit, the self
resistance Rsi represents the Joule losses Pi in the i-th turn.
They are all determined using a magnetodynamic FE analysis
in order to account for both the skin and proximity effects
occurring in the winding. The Joule losses in each turn are

B. Inductances determination
To calculate the self inductance Lpi of each turn i, a
magnetodynamic FE analysis is used. The computation is
performed as follows. Each conductor is defined alternately
as a current source in which a current of 1 A is imposed while
the current flowing through the other conductors is set to 0 A.
In a linear case the magnetic energy Wm is
ZZ
1
Wm =
B 2 dS
(3)
2µ
S

where µ is the magnetic permeability and B is the magnetic
flux density. Lpi can then be evaluated as
Lpi =

2 Wm
Ii2

(4)

The mutual inductance between the i-th and j-th turns
is determined following the same methodology, the only
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difference being that both the considered turns are defined
as current sources at the same time, carrying the same current
of 1 A. As for the self inductance determination, the current
in the other conductors is set to 0 A. Mij is then defined as

Resistance value (Ω)

1
1
1
(Wm − Lpi Ii2 − Lpj Ij2 )
Mij =
Ij Ij
2
2

0.3

(5)

0.2

0.1

C. Capacitances determination

qm
qj
; Cmi =
Vi
Vi

(6)

IV. S IMULATION R ESULTS AND VALIDATION
All the computations involved in this work are performed
with the academic finite element solver GetDP [13]. It allows
to solve usual electromagnetic problems, i.e., electrostatics
and magnetodynamics in our case, as well as circuit networks
problems. The determination of every parameters presented in
section III as well as the simulation of the equivalent circuit are
thus solved with the same tool. The whole procedure is applied
to the 56-turn winding presented in Fig. 4. These parameter
values are reported in Figs. 5, 6 and 7. The coil is tested
without its magnetic core in a first approach. Parameters Cm
and Rp are therefore neglected.
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Fig. 5. Values of Joule losses resistances.
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The capacitance matrix is computed using an electrostatic
FE analysis. Each conductor is defined as a voltage source,
set to 1 V, while all other conductors are set to 0 V. The
computation allows the determination of the charge q carried
by each conductor as well as the global electric energy We .
The turn-to-turn and turn-to-ground capacitances, Cti-j and Cmi
respectively, can then be evaluated as
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Fig. 7. Inductance matrix.
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Fig. 4. 56-turn winding.

In the simulation, all the conductors of the winding have
the same circle shape with a diameter of 1.5 mm. The coil is
supplied with a voltage step of 200 V, lasting 500 ns and with
a rising time of 22 ns (Fig. 8). In order to simulate under the
same conditions as measurements, an elementary model of a
cable has been used. Its different parameters were determined
by means of measurements.
Fig. 8 shows comparison between the measured and the
simulated step response of the winding. In order to show the
impact of the FE parameters determination, the simulation
results of the model developed by [10] are added. The
parameters of this model were determined using analytical,
experimental and numerical methods.

The impedance variation of the 56-turn winding with respect
to the frequency has been measured using the KEYSIGHT
Technologies 4294A impedance analyzer and compared to
simulation results in a frequency range from 50 Hz to 5 MHz.
The comparison also includes simulation results of the model
developed by [10] (Fig. 9). Moreover, Table I shows the
maximum impedance value with its respective frequency value
evaluated with each method.
TABLE I
M AXIMUM IMPEDANCE VALUES VERSUS THE FREQUENCY.

Developed model
Measurement
Model from [10]

Maximum impedance (kΩ)
83.3
48.9
69.4

Frequency (MHz)
2.45
2.42
3.01

As regards Figs. 8 and 9, the proposed method based on
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Fig. 8. Measured and simulated voltages at the input of the 56-turn winding.
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A method has been presented for the a priori determination
of the elements of an equivalent diagram, which allows
the prediction of coils behaviour during a design process.
The results show good accuracy in comparison with the
measurements and a significant improvement of a previous
method using globally defined parameters.
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It can also be interesting to extend the method bandwidth
in order to deal with the other resonance frequencies.
Nevertheless, the use of this kind of model is made
difficult by the necessity to take into account the wire
feeding the coil. Establishing an efficient model for such
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it would be useful to adapt the bandwidth of our model
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Fig. 9. Measured and simulated impedances of the 56-turn winding.

FE determination of the parameters leads to a very good
accordance with measurements, either in time or frequency
domain. In comparison with the previous works [10], this
study highlights two points. Firstly, it is possible to accurately
determine the lumped parameter values a priori, i.e., without
having to build the winding. As previously stated, this is a key
point for the winding designer. Secondly, the results clearly
show the importance of considering lumped parameter values
specific to each turn instead of using the same elementary cell
(Fig. 2) for the whole winding.
V. D ISCUSSION
The obtained results on the 56-turn winding validate the
different studied assumptions on the physical phenomena
occurring in the winding. Of course, the validation has to be
confirmed for more complex windings (motors, transformers,
etc.) in order to confirm the accuracy of the method. First
of all, measurements made with coils placed on a magnetic
circuit are needed to fully validate the method with all its
parameters. In addition, further works have to be done to
make the developed method operational for machines design
process.
• The theoretical way used for the dielectric losses
determination is probably responsible for the differences
observed in the maximum impedance value in the
frequency domain. In the time domain, this parameter
seems to have a less visible influence.
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