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Abstract — Electrical machines are progressively being
employed in an ever-increasing number of safety-critical
applications (e.g. aerospace and automotive), which demand
high performance as well as reliability features. The modular
structure and the inherent winding redundancy of dual
three-phase machines are noticeable attributes that make these
fault-tolerant machines particularly suitable for safety-critical
applications. However, conventional thermal networks might
produce misleading results, when applied to dual three-phase
machines. Indeed, they generally neglect the thermal mutual
coupling between windings belonging to different phase sets,
since only a single slot is modelled. This paper addresses the
aforementioned issue by presenting two lumped parameters
thermal networks (second- and third-order), which account for
the thermal behavior of both winding sets. The proposed thermal
networks are experimentally validated and between them, the
third-order one is chosen as best candidate for predicting the
windings’ temperature, due to its simplicity, accuracy and fast
computational time.

Index Terms— Electrical Machines Design, Lumped
Parameters Thermal Network, Thermal Modeling, Dual
Three-Phase, Fault-Tolerant, Permanent Magnet Synchronous
Machine

I. INTRODUCTION

Systems where a failure or a malfunction might endanger
human life or cause extensive economic loss are identified as
safety-critical [1]. Hence, electrical machines employed in
safety-critical systems must present the ability to operate even
during/after severe faults. In the last two decades, several
topologies of fault-tolerant machines have been proposed and
developed to comply with the reliability and availability
requirements typical of safety-critical applications [2-4]. In
general, permanent magnet synchronous machines (PMSMs)
equipped with multiphase windings are often selected to
simultaneously meet the performance constraints [5-7] and
ensure the operation continuity under fault conditions [8-11].
Among multiphase PMSMs, those featuring two separate
three-phase windings wound on the same stator core, i.e. dual
three-phase winding PMSMs, represent a viable solution for
safety-critical applications (e.g. aerospace and automotive).
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In fact, they reveal a good compromise between
fault-tolerance capability and the adoption of standard power
electronic converters (PECs) [12-13].

Similarly to the conventional three-phase machines, the
thermal analysis and consequently the thermal management
are at the core of a comprehensive multiphysics design of dual
three-phase PMSMs [14-16]. Different modeling techniques,
such as computational fluid dynamics (CFDs), finite-element
(FE) methods and lumped parameters thermal networks
(LPTNSs), are available for investigating and evaluating the
thermal behavior of electrical machines [17, 18]. The LPTNs
are a common choice for electrical machine designers, since
they are characterized by relatively uncomplicated
implementation and they can provide fast and accurate
temperature prediction if experimentally fine-tuned. For
steady-state temperature estimation, which is usual in
continuous service electrical machines, the LPTN tuning
procedure only requires the calculation of thermal resistances
(i.e. thermal capacitances are omitted from the LPTN).
Nevertheless, there are short-duty applications, where the
electrical machine is not expected to reach the steady-state
temperature [14, 19-21]; thus, the transient temperature
estimation is needed. Electromechanical actuators (EMAS)
for aerospace are a classical example of short-duty
application, because their mission profile (i.e. operating time)
normally lasts just few minutes [9, 22]. Therefore, a
reduced-order LPTN can be used for modelling the thermal
behavior of an electrical machine embedded in an EMA.

In literature, a number of reduced-order LPTNs have been
presented and deeply investigated [23]. Nonetheless, the
majority of these models refer to conventional three-phase
machines, hence, the thermal mutual coupling between
windings belonging to different phase sets is not accounted
[24]. In dual three-phase PMSM, the thermal coupling plays
an important role, since a failure in one winding set, which is
source of over-temperature, should not compromise the
correct functioning of the healthy winding set [25]. Thus, it is
clear that conventional LPTNSs (either high- or low-order) are
not suitable for evaluating the thermal mutual coupling
between winding sets, as they model a single slot or assume
the same current magnitude (i.e. uniform Joule losses
distribution) in each winding section [26].

Considering the above premises, two reduced-order LPTNs
(second- and third-order), which are capable of modeling the
thermal interaction between the winding sets of the dual
three-phase PMSM (i.e. the LPTNs consist of two slots each),
are introduced in this paper. The LPTNs’ fine-tuning
procedure is given and the effectiveness of the third-order
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third-order

LPTN revealed an excellent precision in

estimating the transient hot-spot temperature along with a fast
computation time (i.e. =3 s). Several applications were briefly
discussed for the presented thermal analysis tool, which range
from those aiming at supporting the design of the dual
three-phase PMSM (e.g. optimization and/or sensitivity
analysis) to real-time implementation. Future work will
consist in combining the LPTN with an insulation lifetime
model for predicting the winding’s life consumption due to
thermal overload conditions.
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