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Abstract

Electric propulsion systems for vertical take-off aircraft and podded marine drives must deliver high torque
within a tightly constrained outer diameter. Axial-flux permanent-magnet machines meet this requirement
well, and stacking several stages on a common shaft is the established way to raise torque without increasing
diameter. Direct liquid cooling of the stator windings has matured in parallel and now permits current densities
well beyond those of jacket-cooled designs. However, studies that optimise the number of stages have so far
treated the problem electromagnetically, and the thermal consequences of stacking have been explicitly left
outside their scope. This working paper identifies a component that exists only in stacked machines: the inner
rotor. It has no coolant path of its own and is bounded on both sides by stators that, although cooled, operate at
elevated temperature. The paper describes the resulting heat-transfer problem, outlines an analytical
framework that yields a size-independent screening criterion relating permissible magnet loss to gap heat
transfer and stator temperature, and states a hypothesis on how inner-rotor thermal coupling alters the
optimum stage count. A validation programme based on three-dimensional finite-element analysis and a two-
stage prototype is proposed.
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1. Introduction

Axial-flux permanent-magnet (AFPM) machines offer higher torque and power per unit mass than comparable
radial-flux machines in many applications. Their disc geometry accommodates high pole numbers and short
end windings, which suits direct-drive operation [1], [2]. These properties have made AFPM machines a leading
candidate for electric propulsion, where every kilogram of motor mass and every millimetre of frontal diameter
carries a system-level penalty.

When the required torque exceeds what a single disc pair can deliver within the available diameter, designers
stack stages axially: several stators and rotors share one shaft, and their torques add. Multistage, or multi-disc,
AFPM machines have been proposed for ship propulsion [3], aeronautical applications [4] and direct-drive
wind generation [5], [6]. In each case the motivation is the same. Torque scales strongly with diameter, so when
diameter is fixed, axial stacking is the remaining design freedom.

Thermal management has advanced in parallel. Segmented-stator machines of the yokeless and segmented
armature type allow coolant to flow directly over the windings [7]. Experimentally validated thermo-fluid
models now predict the temperature and flow distribution in such oil-cooled stators [8], and constructions that
place cooling channels between coil sides or integrate heat-conducting elements into the coils have raised
permissible current density considerably [9], [10]. As a result, the winding is no longer necessarily the
component that limits continuous rating.

This working paper argues that combining these two developments, axial stacking and direct stator cooling,
creates a thermal constraint that neither line of research has addressed. It describes the problem physically,
outlines the analytical framework developed to study it, and states a testable hypothesis together with a
validation plan.



2. Background and Research Gap

The most complete published study of stage count is the optimisation of ironless multistage AFPM generators
for offshore wind by Zhang et al. [6]. They compared single-, two- and three-stage machines across a range of
outer diameters and found that additional stages raise torque density when diameter is constrained, at the cost
of efficiency. Their study, however, states explicitly that structural and thermal analyses were outside its scope,
and that providing a proper cooling arrangement could affect the conclusions. Stage count has therefore been
optimised without the thermal side of the problem.

Recent work on multistage and modular machines for aircraft and marine propulsion has developed fast
analytical and surrogate-based design tools for coreless machines with Halbach-array rotors [11], [12].
Configurations that combine Halbach arrays on the outer rotors with conventional magnet arrays on the middle
rotors have also been reported [13]. These contributions are electromagnetic in focus. The thermal studies of
directly cooled stators [8], [9], [10], for their part, examine a single stator in isolation.

What is missing is a treatment of the stacked machine as a coupled thermal system, in which the cooling of the
stators and the temperature of the rotors interact through the number of stages. This paper addresses that gap.

3. Physical Description of the Problem

Consider a machine with N stators and N + 1 rotors on a common shaft. In the arrangement studied here, every
stator is cooled directly by a dielectric fluid in contact with the windings. The two end rotors carry Halbach
arrays oriented towards the adjacent stator, which removes the need for rotor back iron. The inner rotors carry
axially magnetised magnets, so that flux passes through them from one stator to the next.

The two kinds of rotor differ sharply in how they lose heat. An end rotor faces a stator on one side and the end
cover of the housing on the other. It can therefore reject heat to the housing as well as across its air gap. An
inner rotor has no such option. Both of its faces look onto stators, so its only thermal paths are across two
narrow air gaps to stator surfaces, and radially through its carrier to the shaft and on to the bearings.

The stators bounding an inner rotor are cooled, but they are not cold. Their surfaces run at a temperature set by
the winding losses and the effectiveness of the coolant, which is typically well above that of the coolant itself.
An inner rotor therefore cannot run cooler than its neighbouring stators unless heat is removed through the
shaft path. Its own losses, principally eddy currents induced in the magnets by slot and winding harmonics,
raise it further above that level. A single-stage machine contains no inner rotor, so this coupling appears only
once stages are stacked.

This has a direct design consequence. If the permissible temperature of the magnets is lower than that of the
winding insulation, the inner rotors, rather than the windings, may set the continuous rating of a stacked
machine. Improving stator cooling then has two effects. It lowers winding temperature directly, and it lowers
the boundary temperature of the inner rotors, so the stator and rotor thermal problems cannot be designed
separately.

4. Proposed Analytical Framework

To study this problem at the concept stage, a lumped steady-state thermal model of the rotor stack has been
developed and coupled to an analytical model of the directly cooled stators. The model resolves the end rotors
and inner rotors separately. It includes heat transfer across each air gap, conduction through the rotor carriers
to the shaft and bearings, and the dependence of winding loss on temperature, which is solved self-consistently.

From this model a closed-form screening criterion has been derived. It relates the permissible magnet loss
density on an inner rotor to the gap heat transfer, the air-gap length and the margin between the stator
temperature and the allowable magnet temperature. The criterion does not depend on machine size, so it can
be applied early in design, before the geometry is fixed. It also gives finite-element studies a clear target: the
magnet loss that the rotor thermal design can tolerate.



The magnitude of the magnet eddy loss itself depends on the winding harmonics, the magnet segmentation and
the operating frequency. It requires three-dimensional electromagnetic analysis. In the present framework it is
therefore treated as an explicit unknown parameter rather than assumed, and conclusions are expressed as a
function of it.

The framework has been applied to a stage-count study for a representative direct-drive propulsion
requirement, with the electromagnetic design held consistent across stage counts so that the comparison
isolates the effect of stacking. Detailed results will be reported in a subsequent full paper once the model has
been verified against published experimental data.

5. Hypothesis

Under an outer-diameter constraint, adding stages is necessary to meet the torque requirement, but each stage
beyond the minimum adds active and structural mass. In addition, every stacked design contains inner rotors
that are thermally bounded by hot stators. The hypothesis of this work is therefore as follows.

Inner-rotor thermal coupling introduces a permanent-magnet temperature limit that is absent from single-stage
machines. This limit reduces the allowable current density and torque density of stacked designs by an amount
governed by the inner-rotor magnet loss density, the air-gap heat transfer and the thermal conductance of the
rotor carrier. Rotor thermal management can partly recover this penalty and so changes the optimum design.

This hypothesis is testable. It predicts that the binding constraint moves from the winding to the inner-rotor
magnets as stages are added. It also predicts that the size of the penalty correlates with the magnet loss density
and with the carrier conductance in the way described by the screening criterion.

6. Planned Validation

The research is organised as a progression of increasing fidelity.

First, the analytical model will be verified against published experimental and numerical data from other
groups, covering air-gap field and torque, winding temperature under direct cooling, and measured heat
transfer coefficients in oil-cooled stators. The errors will be reported.

Second, three-dimensional electromagnetic finite-element analysis will establish the eddy loss in the inner-
rotor magnets under realistic slot and winding harmonics, including the effect of magnet segmentation.

Third, coupled electromagnetic and thermal analysis, together with a detailed treatment of heat transfer in the
rotating air gap, will test the screening criterion and the predicted shift of the binding constraint.

Finally, a two-stage prototype will be built and tested with telemetry of rotor temperature, so that the analytical
model, the finite-element predictions and the measurements can be compared directly. Surrogate models
trained on the finite-element results will then support a multi-objective optimisation of stage count that
includes the thermal constraints.

7. Expected Contribution and Limitations

The expected contribution is a design method for multistage AFPM machines in which stage count, stator
cooling and rotor thermal management are treated as one coupled problem. It comprises a screening criterion
usable at the concept stage, a characterisation of when the inner rotors become the rating-limiting component,
and validated guidance on how rotor thermal design changes the optimum number of stages.

This working paper is a research framework and does not yet report verified results. The central uncertainty is
the magnitude of the inner-rotor magnet loss, which can only be established numerically and experimentally.
The air-gap heat transfer in a rotating stack and the thermal behaviour of the stator tooth tips also require
detailed analysis. These questions define the next stages of the work.
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