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Abstract—The Roebel bar conventional design of large
AC machines uses the classical strand-slot inductance model
(CSSIM). Suitable alternatives are missing as the CSSIM is
favored for its inherent simplicity based on the ideally permeable
iron core hypothesis. However, saturated armature slots can lead
to high variations of the slot inductance, where the CSSIM
cannot represent this precisely. An accurate prediction of the
strand inductances is crucial when optimizing the transpositions
of large Roebel bars to be competitive on efficiency and low
measurement tolerances. This fact is crucial in under-roebeling,
having less than a 360-degree transposition over the active part.
In the end, the goal is to compensate the winding overhang
parasitic field with the slot-parasitic field. This paper proposes
a differential strand-slot inductance model (DSSIM) based on the
concept of differential inductance (DI). It is compatible with a
circuital lumped-element model (LEM) that considers the strand
topology, geometrical dimensions, saturation level, and small-
scale effects. Numerical simulations showcase the performance
improvement of the DSSIM against known models. Finally, a 20-
strand prototype of a slot model with actual Robel bar strands
corresponding to a simplified bar cross-section in a large AC
machine’s slot demonstrates the presented DSSIM’s precision.

Index Terms—Armature slots, circulating currents, differen-
tial inductance, Roebel bars, strand inductance.

I. INTRODUCTION

IRCULATING currents are causing useless additional

joule losses in large electrical machines. They are,
therefore, at scrutiny when optimizing the strand-slot design.
A non-uniform loss distribution over the strands can cause
bar damages, which has been documented since the 1970s for
large AC machines. They can also cause uneven local forces
[1] and eddy current dissipation [2]. In reference [3], circu-
lating currents are measured using search coils. Moreover, in
order to predict them more easily, novel analytical methods to
compute the inductance have been proposed in [4], [S] without
taking saturation and exact strand dimensions into account. A
recent contribution [6] replies demonstrating that taking the
strand geometry into account leads to better estimation of
circulating currents, even though saturation is not influential
in the end region. A general trend in other works [7]-[10]
is analytically computing the circulating currents based on
the lumped-element circuit model. In addition, the works of
Liang et. al. and Haldemann [11]-[13] present compensation
methods to reduce the circulating current. It is pointed out
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Fig. 1. Full length of roebel bar composed of strands short-circuited at both
ends by brazing lugs through the stator slot of a large AC machine [16]. The
cross-section of the iron core part is under investigation herein.

in [14]-[16] that the variation of the individual impedance of
each strand determines the circulating currents, not only the
strand inductance but also the effective AC strand resistance
concerning the given strand configuration, which have also
been studied in [17], [18].

Non-uniform strand currents also imply local hot spots.
In those hotspots, all the heat that dissipates locally will be
transported through a three-dimensional thermal network [19].
A more accurate estimation of circulating current makes a
global transposition method more effective [20]. Circulating
currents can also get induced in the end-winding, where the
bars usually are not transposed [6] (see Fig. 1). In this region,
analytical formulations are very effective because of the
magnetic linearity of air [21]. However, the unsaturated strand
reactance in the core part is a factor 10 to 20 times bigger
than in the end-winding [16]. This phenomenon occurs under
armature short-circuit conditions according to the IEC60034
or applying the approach in [3]. In rated conditions, the
strand-slot reactance ratio reduces by a factor 5 to 7 times
when the armature slots are heavily saturated [16], having a
significant impact on circulating currents, especially for large
doubly-fed induction machines (DFIMs).

Under the consideration of under-roebeling, the variation
between the different strand inductances in a slot becomes
very important as it directly impacts the under roebeling
effect. As shown in [15], a wrong computation of the optimal
under-roebeling angle can negatively impact the circulating
current by increasing them by a factor of 1.5 to 2 for even
a tiny angular error. Therefore, one must rely on a highly
precise strand-slot inductance model (SSIM) in the armature
bars. This model has to take the actual strand geometry into
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TABLE 1
COMPARATIVE ASSESMENT BETWEEN CSSIM, DSSIM AND 3D-FEA.

Criteria CSSIM DSSIM 2D/3D-FEA
References [4], [5], [7]  This work [11], [22]3
Saturation included 7 4 4
Strand dimension accounted 7t 4 4
Slot geometry considered 72 4 4
High precision 7 4 4
Complexity Low Mid High
Computational time Low Mid Very high

1 only height, no 2, or more in a column; 2 Simple; 3 Not full 3D-FEA.

account and the saturation level in the iron core. Earlier works,
such as [4], [5], [7], [11], [22], proposed various approaches
using both analytical and numerical approaches (i.e., magnetic
field formulations, 2D-FEA and 3D-FEA) to compute strand-
slot reactance to improve the analysis of circulating currents.
The proposed DSSIM lies in between, taking advantage of
heavy numerical analysis, but simplifies the implementation.

Table I presents a summary of the pros and cons of
both the analytical and the numerical approaches. The main
advantage of the analytical approach is its simplicity and low
computational time, while its major drawback is its higher
computational error ( [16] and further highlighted in Fig. 10
of this paper). Numerical methods have basically the opposite
pros and cons. A deeper analysis of the analytical models
shows that they overlook the exact strand geometry and the
saturation state of the electrical machine.

To showcase the benefits of the numerical approach in the
context of low measurement tolerances, one performs FE anal-
ysis by investigating a single finite-length two-dimensional
(2D) cross-section of the bar and its surrounding teeth and
yoke. However, roebeling occurs in the three-dimensional
(3D) axial direction, which can be taken into account using
the concept of “permutation matrix” ( [14]-[16]). Still, this
2D-trench is sufficient to guide the Roebel bar design by pro-
viding inputs to compute the strand inductance in the slot. The
numerical pathway is usually based on finite element analysis
(FEA) to study local sub-strand effects in detail [23]-[28].
However, the FEA needs a suitable analysis methodology to
extract all the necessary information to guide the bar design.

This article proposes a differential slot-strand inductance
model (DSSIM) based on the differential inductance (DI)
concept to take the saturation and strand geometry into
account [16]. It enhances the precision of the computation of
the strand inductance in the slot, and therefore, reduces the
computational error on the circulating current computation.
However, it needs more computational time even though it
is significantly less than a full time-stepping 2D- or 3D-
FEA. Differential inductance (DI) is an FEA tool for more
accurate circulating current estimation in the strands of the
core parts of large AC machines based on the magneto-static
FEA computations with the aim to achieve the same numerical
precision as extremely time-consuming time-evolutive FEA
computations. In particular, the DI effect is essential when

Fig. 2. Flowchart of DI approach. Green arrows are the mandatory inner
loop. Grey arrows are the outer loop, which is optional. Eq. (2) is illustrated
as an array of adjacent strands with and without the incremental flux.

considering the non-linear core’s magnetization curve [29].

The work was validated first using FEA and then with
measurements on a small-scale armature slot specimen. It
corresponds to the fundamental sub-strand cross-section part
of a generic Roebel bar inside an armature slot, which refers
to the mid-segment of Fig. 1. In addition to the numerical and
experimental validation, this paper showcase a case study of
a large AC machine, expanding on the implications of the
presented method. The paper is organized as follows. Section
IT describes the DI model. Section III the experimental and
numerical case studies, while section IV provides preliminary
analysis exploring the DI’s sensitivity. The main results,
including the performance of the proposed DSSIM and its
experimental validation, are provided in Section V before
Section VI concludes the paper.

II. DIFFERENTIAL STRAND-SLOT INDUCTANCE MODEL

The concept of DI [30], [31] is the basis for the DSSIM.
This concept postulates a local linearization of the saturation
curve along a small current increment sweep. A complete
description of the DI has already been made in [30], [31].

Consider an array of n individual strands enclosed in a
bar of an armature slot (e.g., depicted in Fig. 2). At a given
time instant (t), each strand carries individual currents, iq, io,
..., In. If one of the strands has an incremental current added,

i, the flux linkage of each strand will be slightly different
(i.e., differential flux). In a nutshell, the DI (Lj) of a strand



