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ABSTRACT

Combinations of electric and hydraulic machines, also known as e-pumps or electro-hydraulic energy convert-
ers, are essential for the electrification of mobile working machinery. Currently, these machines are typically
combined by axial stacking, and the electric machine directly drives the hydraulic machine. Alternatively,
the hydraulic machine can be radially integrated within the core of the electric machine, or a gearbox
in combination with a downsized electric machine can be used. However, to the authors’ knowledge, no
systematic comparison of these different concepts has been published.

This paper uses analytical methods to determine the dimensions of the active parts of hydraulic machines,
electric machines, and gearboxes in order to compare different design concepts based on volume, aspect ratio,
total mass, copper mass, magnet mass, electromagnetic efficiency, and inertia.

Axially stacked concepts can yield the highest compactness. However, they achieve this compactness at
low aspect ratios, with their lengths being several times greater than their outer diameters. For balanced
aspect ratios, where the outer diameter and total length of the machine are similar, the radially integrated,
direct-driven concept is most compact.

1. Introduction

Mobile working machinery such as excavators and wheel loaders
typically use fluid power to drive their motion systems. Positive proper-
ties of fluid power systems include excellent power density, robustness,
load-holding capabilities, low investment cost, ease of linear actuation,
ease of power distribution, shock absorption and overload protec-
tion [1]. However, a drawback of conventional fluid power systems is
their poor system efficiency, which was estimated to be around 21% for
the USA in 2012 [2] and 30% in 2017 [3]. Despite typical component
peak efficiencies above 90% [4], the design and operation of fluid
power systems typically favour low investment cost, high productivity,
and robustness over a high system efficiency. But the reduction of
greenhouse gas emissions and rising energy cost require more effi-
cient systems. Many solutions for more efficient fluid power systems
are being researched, including energy recovery and the reduction of
throttling losses [5]. Electrification is a major part of this trend, and
the potential for significant energy savings has been shown (e.g., 62%
in the work of Hagen et al. [6], 65% in the work of Qu et al. [7], and
38% to 66% in the work of Hao et al. [8]).
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The electrification of hydraulic systems requires not only changes in
the system level but also advances on the component level. As a result,
research is being conducted on how to best combine electric motors and
hydraulic pumps into electro-hydraulic energy converters (also known
as e-pumps). Fig. 1 illustrates different concepts for the integration of
the machines, with axial stacking or radial integration, and direct drives
or gearbox coupling.

Commercially available integrated units are typically axially stacked
and direct-driven as sketched in Fig. 1(a) (e.g., [9,10]). Besides modu-
larity and the ease of reusing proven components, axial stacking clearly
separates the fluids used in the hydraulic and in the electric machine
and allows to install damping blocks between the machines [11].
Alternatively, the idea of a shared housing for the electric motor and a
pump for increased compactness was already introduced in 1929 [12].
Later, concepts for even closer radial integration as sketched in Fig.
1(b) were commercialised (e.g., [13,14]). A radial integration of the
hydraulic machine within the core of the electric machine is considered
to increase compactness (i.e., decrease volume and weight), lower the
number of components, eliminate some losses, and reduce external
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Table 1
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Exemplary collection of statements concerning the compactness of different integration concepts.

Concept

Statement

Source

Direct-driven, axially stacked

Size reductions of 35% to 50% can be achieved by integrating the housings and
circulating oil through the electric motor in axially stacked machines.

[19]

Direct-driven, radially integrated

The radially integrated machine requires “up to 50% less space [...] than
conventional solutions”.

The concept “eliminates redundant bearings, seals, and shaft couplings, resulting in
lower component cost, reduced mass, and higher power density compared to
coupling two separate electric and hydraulic machines”.

Integrating the housings and rotors of the electric and hydraulic machine “reduces
the volume by 40%-50% and the noise by 10 dB-15 dB compared to traditional
pumps”.

[13]

[20]

[21]

Gearbox-coupled concepts in general

“Using a gearbox to couple hydraulic machines with power dense electric machines
increases the system mass, volume, inertia, and cost”.

[20]

Gearbox-coupled, axially stacked

The gravimetric power density of the combined electric machine and gearbox is

increased by 15.6% in comparison to a direct-drive electric machine. The volumetric
power density is only improved by 1.5%. However, in higher power classes, e.g., 60
kW, an improvement of the volumetric power density by a factor of 2.83 is expected.

[22]

Radially integrated gearbox and axially stacked

hydraulic machine volume”.

“The electric machine is designed around the planetary gear aiming at a low [18]
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Fig. 1. Concepts for combining hydraulic machines and electric machines into
electro-hydraulic energy converters.

leakage [15]. As a result, this concept has recently attracted grow-
ing research interest. Fig. 2 illustrates an example of such a radially
integrated machine.

Further, different gearbox-coupled concepts as sketched in
Fig. 1(c) [16], Fig. 1(d) [17], and Fig. 1(e) [18] have been developed.

Table 1 includes an exemplary collection of statements on the
compactness of different concepts. Radially integrated machines are
claimed to increase compactness, and literature includes contradicting
statements concerning whether gearbox-coupling increases or decreases
the compactness. Typically, sizing and/or optimisation is performed
for a single specific concept and systematic concept comparisons be-
tween similarly optimised machines are lacking. Previous work of
the authors [23] addressed this research gap by providing a concept
comparison between axially stacked and radially integrated direct-
driven designs using analytical equations. This paper aims to refine the
previous work by

» providing an extended literature review.

+ considering both hydraulic machines of conventional (single
pump) design and hydraulic machines with mirrored rotating
groups (double pump design) for each concept, see Fig. 3.

« considering gearbox-coupled concepts. For that purpose, analyti-
cal equations for gearbox dimensioning are given.

+ extending the method for electric machine dimensioning to ac-
commodate different pole pair and stator slot count combinations,
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Force guidance
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Fig. 2. Sketch of a radially integrated electro-hydraulic energy converter with
a hydraulic machine within the core of an electric machine of PMSM type [23].
Note that housing, bearing, and hydraulic channels are not shown in this
sketch.

as gearbox-coupled machines run at higher speeds and therefore
prefer fewer pole pairs.

+ quantifying aspect ratios, material weights, and inertia, in ad-
dition to the volume of the active parts and electromagnetic
efficiency which were also quantified in previous work.

This paper is structured as follows: Section 2 summarises the liter-
ature on different integration concepts for electric and hydraulic ma-
chines. Section 3 gives information on the sizing of hydraulic machines
of axial piston type, Section 4 summarises the design of permanent
magnet synchronous electric machines, and Section 5 describes the de-
sign of planetary-type gearboxes. Section 6 compares different concepts
on how to integrate the aforementioned machines. Section 7 discusses
the results, and adds further considerations for the different concepts.
Finally, Section 8 provides conclusions.

2. Literature review

Mobile working machinery such as excavators and wheel loaders
typically rely on hydraulics for their motion systems, and often also for
their travel systems. In conventional systems, one or more pumps are
driven by a combustion engine. The hydraulic power is then distributed
to the actuators (cylinders or hydraulic motors) via valves. Those
systems typically lack the capability of energy recuperation (e.g., when
lowering a load), and suffer from high throttling losses due to the power
distribution via valves. Fig. 4 sketches a typical conventional, valve-
controlled system setup as well as a decentralised, electrified setup.
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Fig. 3. Key lengths of rotating group of an axial piston machine on the

example of a floating piston machine [23]. Note that components such as
bearings and the housing are not shown in the sketches.
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Fig. 4. Concepts for power distribution in mobile working machinery [1].

Electrifying and redesigning the hydraulic systems has the potential
for substantial efficiency improvements due to energy recuperation and
the reduction of throttling losses, whilst retaining the advantageous
properties of hydraulics.

Original equipment manufacturers are expanding their portfolios of
electrified machinery, and suppliers are offering dedicated combina-
tions of electric motors and hydraulic pumps (e.g., [9,24]). Typically,
these combinations are axially stacked, with shafts directly connecting
the two machines. Parker [9] markets this concept for various types of
hydraulic machines, in combination with PMSMs.

Compactness is a crucial characteristic for mobile machinery, and
decentralised systems may require more installed power. Therefore
research is ongoing to increase the compactness of the combined hy-
draulic and electric machines (hereafter referred to as electro-hydraulic
energy converters).

2.1. Radial integration of direct-driven machines
One concept is to place the hydraulic machine within the core of

the electric machine, leveraging the generally high torque density of hy-
draulic machines [25] as sketched in Fig. 1(b). Companies and research
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institutions have investigated this concept for various combinations
of electric and hydraulic machines, and an overview of the explored
combinations can be found in [15].

The concept was commercialised by Voith Turbo, who claimed
space savings of up to 50% for an internal gear machine radially
integrated into an asynchronous machine [13], but the product was
later withdrawn from the market. RAPA Automotive GmbH & Co. KG
started serial production of an internal gear pump radially integrated
into a permanent magnet synchronous machine (PMSM) in 2018 [14]
(see Section 2.1.5).

Patents and patent applications often cover a wide range of hy-
draulic and electric machines. Several recent patents and patent appli-
cations have focused on cooling, e.g., by using the hydraulic machine’s
leakage oil [26], by using oil from the hydraulic machine’s inlet [27], or
by sharing cooling channels between the different components [28,29].
An axial integration of the inverter onto a radially integrated combi-
nation of electric and hydraulic machine was also considered [28,29].
The use of a radially integrated electro-hydraulic energy converter in a
tightly integrated electro-hydraulic actuator has been suggested [30].

Recent academic publications focusing on integrating permanent
magnet machines with different hydraulic machines are summarised
below.

2.1.1. Axial piston machines

The radial integration of axial piston machines within PMSMs has
attracted multiple research groups.

At Linkoping University, previous work by the authors of this paper
investigated the radial integration of an axial piston machine of floating
piston type within a PMSM [23]. A methodology for analytical pre-
dimensioning of integrated machines was presented. The most compact
hydraulic machine was selected based on scaling laws (see Section 3),
and a 12-slot/10-pole PMSM was designed around it using analytical
equations (see Section 4). The compactness of integrating the hy-
draulic machine inside the PMSM was compared to axially stacking the
same machines. Additionally, other aspects such as efficiency, cooling,
flooding the airgap, and churning losses were discussed [23].

Purdue University investigated the potential to downsize PMSMs
which include a radially integrated axial piston pump [31-33]. For
drive cycles where the peak flow and pressure demands did not coin-
cide, field weakening was shown to be applicable to avoid over-sizing
the machine and the power electronics [31]. The scope was later
expanded to consider the exploitation of the overload capacity and
variable displacement, but do not state how overheating is avoided
when operation is outside the considered drive cycle, e.g., low speed
holding of a high load [32]. Finally, representative drive cycles were
considered, and it was concluded that variable pump displacement
is mainly advantageous to increase compactness when drive cycles
operate at high-pressure low flow conditions, whereas fixed pump dis-
placement is advantageous due to increase efficiencies when operating
closer to corner power [33].

Beihang University [21,34-36] integrated an axial piston machine
with a brushless DC machine (BLDC). The magnets were mounted
directly on the pump’s rotor, effectively combining the rotors. They
developed a simulation model considering the electromagnetic torque
and the hydraulic forces. They found that due to unbalanced radial
forces, the rotor’s radial position is not constant [34]. They developed a
thermal model of their machine and let oil circulate through the hous-
ing. They concluded that the heat dissipation from the rotor worked
better than from the stator, as the rotor was spinning and the stator
was stationary [35]. The pump displacement was not explicitly stated,
but the flow-speed relationship showed that it was around 4 cc/rev.
Their simulations resulted in a peak efficiency of 82% at 7000 rpm,
but experimental validation yielded an efficiency of 66.5% at the same
operating point [21]. Later, they applied a boost pressure of 3 bar to
the inlet to avoid cavitation and measured efficiencies over the whole
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operating range, with most efficiencies being in the range of 55 to
75% [36].

Hunan University [37-39] integrated the rotors of the hydraulic
and electric machines into one component by placing a Halbach array
of permanent magnets on the rotor of an axial piston machine. They
stated that the integrated rotor has little effect on the magnetic flux
distribution, and they chose the position of the pistons relative to the
magnets in order to minimise the torque ripple. Further, they increased
the length of the oil-flooded airgap to reduce friction losses [37].
Further, they analysed rotor deflection in integrated machines [38].
Subsequently, they built a 2.5 kW prototype. They chose a large airgap
and thick magnets, to achieve a high flux density, but low friction in
the flooded airgap. They reported efficiencies of up to 65% [39].

Sheffield University [40] explored the radial integration of an axial
piston machine within a BLDC, targeting aircraft applications. The work
considered an oil-flooded airgap, and assumed pre-heated oil with a
minimum starting temperature of 0 °C. The drag losses in an oil-flooded
airgap increased the required inverter rating, and different operating
points (temperature, speed) have different optimal airgap lengths. As a
result, compromises between different operating conditions resulted in
an increased airgap length.

Qingdao University [41-44] integrated an axial piston machine into
different types of electric motors. Additionally, a driveshaft provided an
interface, so that their machine couples electric, mechanical and hy-
draulic power. One version uses an induction machine for a simplified
assembly in the absence of permanent magnets [41]. However, they
also integrated an axial piston machine with a PMSM. They investigated
the NVH behaviour by computing harmonic radial forces of the electric
motor and a modal analysis of the stator [42]. They also performed loss
calculations with focus on the electric machine [43] and the hydraulic
machine [44].

2.1.2. Bent-axis machines

Lappeenranta University of Technology [45-49] investigated the
integration of bent-axis machines partially enclosed by a PMSM. Their
prototype achieved a peak efficiency of 87% [47]. Hydraulic fluid was
used as the coolant for the electric motor, with a particular focus on the
use of leakage oil. For their exemplary machine, an oil-flooded airgap
of 2.7 mm height caused oil drag losses of 2.6% of the nominal power
at the rated operating point [45]. They also demonstrated that friction
torque increases significantly with decreasing temperatures.

2.1.3. Radial piston machines

A radial integration of axial flux machines in combination with
radial piston machines was explored by researchers at the University
of Minnesota and the University of Wisconsin-Madison [20,50-52]. In
order to maximise power density, they developed a high-speed pump
with a speed of 10000 rpm to match the speed capability of the electric
motor. Axial flux machines have been chosen due to their high torque
density. The researchers used co-optimisation of hydraulic, electromag-
netic, and thermal design to quantify trade-offs between power density,
efficiency, torque ripple, cost and rotor moment of inertia [20].

The University of Bath [53] presented and tested an additively
manufactured radial piston machine integrated with a BLDC machine
and a peak power of 1.2 kW. In this design, the radially integrated
piston machine contributed additional stack length to the BLDC ma-
chine. The work further introduced measuring the housing reaction
torque in shaftless designs, enabling separately analyse of different loss
mechanisms.

2.1.4. External gear machines

Purdue University developed and tested a prototype of an external
gear pump radially integrated into a surface-mounted PMSM [7,54,55].
The external gear machine was selected due to its cost effectiveness.
The hydraulic and electric machine were co-optimised by linking their
speed and power requirements. Pareto-fronts for required volume and
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efficiency were simulated. The prototype achieved a peak efficiency of
69% [54]. The prototype was tested on the boom function of a 5-ton
skid steer loader, and the system had a peak efficiency of 60% [7].

Earlier work at TU Dresden and University of Applied Sciences
Dresden implemented a radial integration of a switched reluctance
motor with an external gear pump [56]. This machine utilised the
variable reluctance of the gears, and drove the gears directly from a
stator, that was split to drive both gears. The gears were redesigned
for improved electromagnetic performance. However, the researchers
found limitations in the achievable pressures and operating speeds with
this concept.

2.1.5. Internal gear machines

Researchers at Purdue University also developed and tested a pro-
totype of an internal gear pump radially integrated into a surface-
mounted PMSM with an oil-flooded air gap [57]. Compared to piston
pumps, the internal gear pump offered a cost advantage for low- and
medium-pressure applications. The work used a genetic algorithm to
create Pareto fronts visualising trade-offs between efficiency and power
density. A prototype was tested at speeds of up to 6000 rpm. However,
the published test results only showed the volumetric efficiency.

RAPA Automotive GmbH & Co. KG [14] developed an internal gear
machine radially integrated into a PMSM for chassis systems in the
automotive industry, and included a controller in the integration as
well. Concepts involving fully flooded motors were discarded, and a
glass fibre-reinforced plastic seal was placed in the magnetic airgap.

2.1.6. Vane machines

Wroclaw University integrated a vane pump into a BLDC ma-
chine [58-60]. The vane pump was of double-stroke design, resulting
in inherently balanced radial pump forces. A 2.5 kW machine with a
maximum speed of 3000 rpm was tested under both static and dynamic
conditions.

2.1.7. Other hydraulic machine types

Gamez-Montero et al. [61] integrated a gerotor pump into a per-
manent magnet motor. Leati et al. [62] integrated an oscillatory pump
with a biased reluctance motor, and Khamitov et al. [63] integrated an
oscillatory pump into a linear electric motor.

2.2. Gearbox-coupled machines

The hydraulic machine has speed limitations as explained in Sec-
tion 3.1. Thus, downsizing by simply increasing the hydraulic ma-
chine’s speed is not feasible. However, it is possible to increase the
electric machine’s speed and downsize it by introducing a gearbox.
Nishanth et al. [20] consider this option, but state that it increases
system mass, volume, inertia, and cost, although they do not provide
details on how this conclusion was reached.

Known work includes axial stacking of the machines, and a radial
integration of the gearbox in combination with axial stacking of the
hydraulic machine. These works include detailed designs, but they do
not quantify a comparison to direct-driven machines.

2.2.1. Axial stacking

RWTH Aachen University [16,22,64] developed an internal gear
pump driven by a PMSM via a planetary gear carrier. The machines
were axially stacked as sketched in Fig. 1(c), and the target application
was a mini excavator. The displacement of the pump was 3.88 cc/rev,
and it was operated with up to 10000 rpm [22]. The work included a
concept comparison, which demonstrated the increased power density
of a high-speed electric motor paired with a gearbox in comparison to
an electric motor without a gearbox. A planetary gearbox was chosen
due to its high compactness, high efficiency, and coaxial alignment of
input and output shafts. For a ratio of 3, and high speeds, a fixed carrier
shaft was identified as the most advantageous concept, since it avoids
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centrifugal forces, splashing losses and lubrication problems caused by
a rotating carrier shaft [16]. Jacobs et al. [22] quantify the reduction
of the electric motor volume with increased speed based on available
machines on the market, but do not assess the effect on the combined
volume of electric motor, gearbox and pump.

2.2.2. Radial integration of the gearbox

Lappeenranta University of Technology [18,65] radially integrated
a planetary gearbox into an oil-cooled PMSM, and combined it with
a bent axis machine partially embedded within the PMSM’s core, and
partially stacked onto it. This concept is similar to the sketch in Fig.
1(e), with the added integration of pump bearings into the space
inside the PMSM’s core as well. An outer-rotor PMSM with 24 slots
and 20 poles was chosen. As the gearbox was within the core, the
connection between rotor and gearbox required additional axial length.
The nominal power of the hydraulic and electric machine were 7 kW.
The ’air gap’ was flooded with oil, and it was stated that the losses
due to this were below 3%. The ring gear was stationary (attached
to the stator), the sun gear was driven by the rotor, and the carrier
shaft was driving the hydraulic machine. The gear ratio was 3. The
system was tested stand-alone as well as on a log loader. Two different
cooling approaches were tested [65]: immersive oil cooling, and oil
flow cooling.

A radial integration of both the hydraulic machine and the gearbox
in an electric machine was also considered by Parker-Hannifin. Their
patent also considered the axial integration of the inverter onto the
machine [17].

3. Hydraulic machine design

This study focuses on axial piston machines, which are very com-
monly used in mobile working machines due to their high efficiency,
high power density, capability to operate at high pressure levels, and
low operating cost [66]. Piston machines also have a higher displace-
ment density than other machine types [25], which is an advantageous
property for a compact integration.

3.1. Sizing and compactness

To enable a comparison across different axial piston pump concepts,
Achten et al. [67] presented scaling laws for the rotating groups of
conventional swash plate-type axial piston pumps and floating cup
pumps. Other parts such as housings and bearings were neglected. Pre-
vious work by the authors [23] extended this methodology to floating
piston pumps. The rotating group is the main driver of the size of a
hydraulic machine and is used as a proxy to quantify machine size in
this work. The displacement V,,,, i.e., the amount of displaced fluid
per revolution, is a core parameter for hydraulic machines as it defines
the relationship between speed and theoretical (i.e., loss-free) flow rate
(see Eqg. (1)), and also is proportional to the theoretical torque of the
machine (see Eq. (2)).

Oih = Nhyd * Viyd * €nya @

Ap - Viyd * Enya
T = .

@

The scaling laws enable the selection of the most compact machine
design for a given displacement, or the calculation of the length of the
rotating group for a given displacement and outer diameter. The scaling
laws rely on the main dimensions of existing machines to compute
dimensions for other machines under consideration of varying load and
loadability (e.g., stiffness) for other dimensions. Fig. 3 visualises an
example for the lengths of the different parts of the rotating group of
a floating piston machine. Note that both conventional (single) pumps
as well as double pumps with mirrored rotating groups are considered.
For the same displacement, double pumps exhibit greater axial lengths
but reduced diameters [23].
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Fig. 5. Rotating group outer diameter, axial length, and volume for floating
piston machines with a displacement of 35 cc/rev. The crosses mark the
designs of reference machines [23].

Hydraulic machines are limited in their high-speed capability in
comparison to electric machines. Manring et al. [68] formulated scaling
laws for the speed limitation due to cylinder block tipping, slipper
tipping, and cylinder block filling, and found that all three mechanisms
obey the same scaling law in Eq. (3). The scaling law shows increased
high-speed capabilities for decreased machine sizes.

’ 1/3
Mhyd,max Vhyd
«( == 3)
Mhyd,max Vhyd

3.2. Sizing results

Previous work by the authors [23] compared the compactness of
different types of axial piston machines, and concluded that a floating
piston pump of the double pump type is the most compact and suitable
for the radial integration within an electric machine.

Figs. 5(a) and 5(b) show the outer diameter, axial length, and
volume of the rotating group of floating piston machines as a func-
tion of the piston count and the swash angle, for a displacement
of 35 cc/rev [23]. Note that the maximum displacement angle for
floating piston machines is limited to approximately 8° [69]. The
figures show that the reference machines are designed very close to the
maximum compactness for their displacement angles, but, in principle,
different combinations of lengths and diameters can yield the same
displacement.

4. Electric machine design

Section 2 showed that PMSMs are the dominant type of electric
machine considered for integration with hydraulic machines. Some
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advantageous characteristics of PMSMs are their high efficiency, high
torque density and fast torque response [70]. The high efficiency
also reduces the cooling requirements [57]. The torque requirement
on the electric machine and consequently its size can be reduced
by leveraging the machine’s overload capability in combination with
variable displacement of the hydraulic machine. Note that most PMSM
use permanent magnets made from rare-earth elements, which the
European Union considers as critical materials due to their economic
importance and their supply risk [71], and there is concern over the
environmental and social impact of rare-earth mining. Therefore, there
is a trend to reduce (see [72]) or eliminate (see [73]) the use of
rare-earth permanent magnets in electric machines.

The baseline machine in this paper uses surface-mounted magnets,
as this increases the rotor’s inner diameter and facilitates a radial
integration. Yang et al. [74] compared the design and performance
between a machine with surface-mounted magnets and a machine with
interior-mounted magnets for the same application and traction. They
found very similar capabilities for both set-ups, however, with slightly
larger stator outer diameters and use of copper material when using
surface-mounted magnets. For low torque ripple and simplicity, this
paper assumes surface-mounted magnets for all machine setups.

4.1. Sizing of baseline machine (Direct drive)

The torque creation of a PMSM is based on Lorentz force (see Eq.
(4)) and a lever arm defined by the rotor’s radius.

F=BIL,, 4)

For rough dimensioning of PMSMs, the electrical loading O,
which represents the current per circumference is introduced, see Eq.
(5) with the number of turns z, the current I, and the rotor radius R

z 1
2z R

Tot

Tot*

Orms = %)

Egs. (4) and (5) can be combined to provide a simple expression
for the torque of an electrical machine (see Eq. (6)). Furthermore,
the magnetic shear stress in the airgap is introduced in Eq. (7). The
magnetic shear stress is the product of the magnetic and electrical
loading of the machine, and the torque is proportional to the magnetic
shear stress and the volume enclosed by the airgap [75,76]. Typical
values of magnetic shear stress for PMSMs are from 40 to 60 kPa, but
water-cooled machines can achieve up to 100 kPa [75]. This paper
assumes a magnetic shear stress of around 50 kPa. In comparison to the
Refs. [75,76], Eq. (6) is extended by the winding factor k,, to enable a
fair comparison between different machine types. The winding factor
summarises the effect of distribution, pitch and skew factors on the
available voltage in a phase winding [77].

T= BrmsQrmszn'R?ot Lk, (6)

6 = By Orms Q)

Fig. 6 shows an analytical procedure for the pre-dimensioning of
a surface-mounted PMSM. The methodology is based on a previous
publication [23] and the reader is referred to this publication for more
background. This paper adds more detail to the analytical method
to enable a fair comparison between different machine configurations
(slot count and pole count). For each machine configuration, its specific
winding and fill factors are taken into account.

The magnets are designed to provide the desired magnetic flux in
the airgap. The stator teeth and back iron are designed to guide this
flux. The maximum magnetic flux density for stator teeth is typically
chosen in the range of 1.7 to 1.8 T [75]. For each machine type,
the relationship between the slot arc and the magnet arc affects the
stator flux density and therefore the required stator teeth and yoke
thicknesses. Furthermore, it affects the estimation of the root mean
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Fig. 6. Procedure for dimensioning of electric machine, modified from [23].

square flux density, which is used for analytical computation of the
iron losses.

The stator design must consider both the magnetic and the electric
loading. The stator slot area in combination with the fill factor and the
current density determines the electric loading. The magnetic loading
is limited by the magnetic material and the dimensions of the mag-
nets. The electric loading is mainly limited by the machine’s cooling
capacity. This also implies that a higher cooling capacity allows for
more compact machines at the expense of decreased efficiency. Both
magnetic and electric loading are not trivial to increase for a given
machine type.

The sizing of electric machines aims to avoid overheating. This work
considers the stator iron and copper losses, and neglects the losses
in the rotor. For continuous operation, the machine’s losses must not
exceed the cooling capacity at the specified maximum temperature. For
this reason, the applied cooling technology (e.g., air cooling, liquid
cooling) strongly affects the machine’s size. Forced convection using
liquids offers a broad range of heat transfer coefficients from 50 to
20000 W/m?/K [78]. The relative heat convection coefficient is 43
for water compared to air, and 5 for cooling oil [75], and the heat
capacity of water (4.27 - 10° J/(m?K)) is higher than for oil (1.8 - 10°
J/(m3K)) [79], making water cooling more effective than oil cooling.
Additionally, water requires lower circulation pressures than oil [75].

Applications with highly dynamic drive cycles such as mobile work-
ing machinery can exploit the PMSM’s overload capacity. Tawarawala
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et al. [80] quantify the effect of considering transient operations, or
variable displacement, in comparison to sizing the machine based on
corner power using the example of a 5-ton mini excavator’s arm ac-
tuator application. They consider leveraging the overload capacity and
variable displacement individually, but do not state how overheating is
avoided when operation is outside the considered drive cycle, e.g., low-
speed holding of a high load. That said, variable displacement could
be used as a mechanism to protect the machine from overheating, by
reducing displacement and consequently the torque load and stator
currents when the thermal limit is approached.

After dimensioning the machine, volumes, masses, and inertia can
be estimated.

4.2. Sizing of gearbox-coupled electric machines

In comparison to the authors’ previous work [23], this paper also
considers the option to use high-speed electric machines in combination
with a gearbox, thereby reducing the torque demand on the electric
machine. The speed of the PMSM differs depending on the use of a
gearbox. Therefore, the optimal PMSM design varies across the con-
cepts. A major design change between the different machines is the
pole pair count p. As iron losses are modelled as the sum of power-
law terms with respect to the electrical frequency, high-speed operation
requires reducing the pole pair count. When reducing the pole pair
count proportionally to the gear ratio, the electrical frequency remains
constant. In addition to keeping the iron loss density constant, a con-
stant electrical frequency also keeps the inverter’s switching frequency
constant, and therefore the inverter can be excluded from this compar-
ison. However, at speeds above approximately 15000 rpm, challenges
with bearings, carbon-fibre banding and noise increase significantly.
Accordingly, this study sets the maximum electric machine speed to
15000 rpm.

The base machine has 5 pole pairs and a mechanical speed up to
6000 rpm. When limiting the mechanical speed to up to 15000 rpm,
machines with 4, 3, or 2 pole pairs are considered.

When modifying the pole pair count, the stator slot count also must
be adjusted. The slot count per pole per phase g (see Eq. (8)) is useful
to distinguish between different machine types that possess different
characteristics:

+ Machines with ¢ being an integer (¢ € Z) are integer wound
machines. They typically possess high winding factors, longer end
windings, and lower fill factors than the following two machine
types.

Machines with ¢ being the reciprocal of an integer (¢ = %, where
n € Z and n > 1) are brushless DC machines. They typically have
a simple control, short end windings, but low winding factors. To
achieve an adequate winding factor in 3-phase machines, » needs
to be 2 or 4.

For fractional slot concentrated winding (FSCW) machines, nei-
ther of the two previous criteria is met. One example for a FSCW
machine is the machine dimensioned in [23]. A combination of 5
pole pairs and 12 slots achieves a winding factor 11% higher than
that of BLDC machines while having a good fill factor as well as
short end windings.

N,
9= - 8)
Mpptp

Wang and Howe [81] summarised the feasible combinations of pole
pair and slot counts. This study excludes stator slot counts N, for which
(% mod 2) = 1 (e.g., for n, = 3, Ny = 9), as these would cause
imbalanced radial forces on the rotor. The relevant stator slot counts
for this work are as shown in Table 2.

There are some differences in the sizing of the different machines:
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Table 2
Relevant combinations of pole pair and slot counts.
oo N, q Machine type Fund. k,, [82]
2 6 0.5 BLDC 0.866
2 12 1 Integer wound 1
3 18 1 Integer wound 1
4 6 0.25 BLDC 0.866
4 12 0.5 BLDC 0.866
4 24 1 Integer wound 1
5 12 0.4 FSCW 0.933

+ The calculation of the width of the stator teeth varies across the
different machines. It is considered that one magnet pole spans
an arc of 1457, For FSCW and BLDC machines, each tooth is
dimensioned to be able to guide the maximum magnet flux under
one slot pitch. For integer wound machines, the flux under load
is unevenly distributed among the teeth, and wider teeth are re-
quired to avoid saturation. Therefore, the tooth width for integer
wound machines is increased approximately 20% compared to the
approach used for FSCW and BLDC machines.

For integer wound machines, the FSCW machine, and BLDC ma-
chines with q=0.5, each pole’s flux through the rotor is shared
equally with the neighbouring poles. However, for BLDC with
q=0.25, the flux distribution in the rotor yoke between neigh-
bouring poles changes over time and is asymmetric, thus the rotor
yoke is sized 50% larger. The increased rotor iron losses for this
machine type have been neglected in this study.

The end winding for FSCW or BLDC machines only spans one slot,
and thus does not need to ‘avoid’ other end windings. For integer
wound machines, the end windings cover a span of multiple
slots, and thus an additional axial length is considered. Further-
more, for FSCW and BLDC machines, semi-circular end windings
are assumed, whereas for integer wound machines, an empirical
equation assumes a flatter shape.

Assuming random wound machines for the FSCW or BLDC ma-
chines, and insertion winding for the integer wound machine, the
fill factor for FSCW or BLDC machines is higher than for integer
wound machines, as each coil can be wound individually when
using segmented teeth.

The winding factors differ for the different machines as shown in
Table 2. The winding factor for BLDC is lower than for integer
wound machines, reducing the effective magnetic loading of the
airgap, and thus requiring a larger rotor for the same torque.
For FSCW machines, the winding factor depends on the slot/pole
combination [82].

For each of the configurations in Table 2, Ansys Motor-CAD [83]
simulations have been carried out to validate the analytical electro-
magnetic calculations, and exemplary validation results are shown in
Table 3. Copper loss deviations arise due to differences in the end
winding computation, as the analytical method neglects the effect of
the tooth tips. Further, Motor-CAD by default assumes semi-circular
end windings for all machines, whereas this paper only assumes that for
BLDC and FSCW machines (see the list above). Iron losses are generally
difficult to estimate, and the flux density is not uniformly distributed
over space and time. Additionally, the tooth tips are not considered in
the analytical procedure. The deviations for losses and torque between
the FEM and analytical calculations are in an acceptable range.

4.3. Sizing results

4.3.1. Machine for direct drive

Fig. 7 shows the results for the machine’s main dimensions for a
fixed cooling condition as a function of the airgap diameter. The figure
also visualises constraints for diameters that are too small, where the
hydraulic machine cannot be radially integrated within the electric
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Table 3

Exemplary comparison between Finite Element Method (FEM) results and analytical calculation results. The column “diff.” shows the difference between the two
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results in percent, with the FEM results being the baseline. The motor type shows: gear ratio/pole pair count/slot count.

Airgap dia. Copper loss in W Iron loss in W Torque in Nm
Motor type in mm FEM analytical diff. FEM analytical diff. FEM analytical diff.
1.00/5/12 50 3605 3732 4% 677 912 35% 140 145 4%
1.00/5/12 80 1996 1947 —2% 718 844 17% 147 145 —2%
1.00/5/12 135 771 765 -1% 916 990 8% 145 145 0%
1.25/4/24 80 1385 1558 12% 878 777 -12% 119 116 —-2%
1.25/4/12 80 1747 1700 -3% 733 730 0% 120 116 -3%
1.25/4/6 80 1604 1569 —-2% 949 948 0% 115 116 1%
1.67/3/18 80 1068 1161 9% 816 717 -12% 89 87 —2%
2.50/2/12 80 728 752 3% 820 702 -14% 56 58 3%
2.50/2/6 50 1613 1632 1% 656 602 —8% 59 58 -1%
2.50/2/6 80 834 801 —4% 744 654 -12% 58 58 1%
500 -p y o> o 7 y e} 7T 350
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Fig. 7. PMSM machine dimensions for a 12-slot/10-pole machine as function
of the airgap diameter for a fixed thermal loading.
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Fig. 8. 12-slot/10-pole PMSM volume and efficiency as function of airgap di-
ameter and thermal loading. The hatched area marks infeasible combinations.

machine. Thus, the range of useful airgap diameters is limited when
radially integrating a hydraulic machine within the PMSM’s core.

Fig. 8 shows the volume as well as the efficiency of the 12-slot/10-
pole PMSM as a function of the airgap diameter and the thermal loading
(in equilibrium identical with the cooling capacity) of the machine.
A higher thermal loading can allow more compact designs at the
expense of decreased efficiency. Note that machines with a large airgap
diameter and a low thermal loading are not feasible, as the lateral
surface of the active length is not sufficient to dissipate the losses.

The water-cooled reference machine assumes a thermal loading of
around 22 kW/m?, and the same thermal loading is assumed for all
other machines throughout this paper.

4.3.2. High-speed machine for drive via gearbox
Using a gear ratio leads to lower torques and higher speeds, making
lower pole pair counts preferable. Fig. 9 shows the total volume and

Airgap Diameter in mm

Fig. 9. 6-slot/4-pole PMSM volume and efficiency as function of airgap diam-
eter and thermal loading. The hatched area marks infeasible combinations.

efficiency for a 6-slot/4-pole PMSM as a function of airgap diameter
and the thermal loading/cooling capacity of the machine. Due to the
reduced active length, cooling becomes increasingly difficult for large
airgap diameters. Note also that the end windings contribute more
significantly to losses for large airgap diameters, and since they are
typically embedded in materials with low thermal conductivity, their
contribution to cooling is neglected.

The following figures compare the different machine setups for
the same heat transfer coefficient and their individual, gear-ratio-
dependent torque requirements.

Fig. 10 shows the volume of the different machine setups. The
volume is calculated based on the stator outer diameter, and the total
axial length including end windings. The torque requirement for the
gearbox-coupled machines is reduced, but the machines’ volume is not
reduced in proportion to the torque reduction due to the end windings’
lengths. Further, the figure shows the electromagnetic efficiency at the
design point for the different machine setups. The stator iron losses and
the copper losses in the windings were considered for the efficiency
calculation.

Fig. 11 shows the aspect ratio and total mass of the active parts of
the machines. Note that there are different definitions for the aspect
ratio, e.g., Lipo defined it as the active length divided by the pole
pitch [75], whereas Sarode et al. [31] defined it as the ratio between
the stator outer diameter and the total length of the machine. This work
will follow Sarode et al.’s definition (see Eq. (9)). In the work of Sarode
et al. [31], the aspect ratio was fixed as 1. The desired aspect ratios
strongly depend on the mounting situation, and may vary based on
whether the PMSM is placed in a central compartment, or for example
on an excavator’s arm in a decentralised system. The total mass is
important when considering the use of the machine in decentralised
systems. The total mass is computed by summing the masses of the rotor



T. Heeger et al.

- 0.98
—~ g
= - 0.97 —
o) 54
N - 0.96 <
0 3
_g - 0.05 2
- 1.00/5/12 2
- 1.25/4/12 [ 0.94 £
< 1.25/4/24 =
§ 1.25/4/6 [ 0-93 £
= 1.67/3/18 5|
= 2.50/2/12 [ 0.92
2.50/2/6
50/2/6 1§ g,
0 T T T T T T
40 60 80 100 120 140 160

Airgap diameter in mm

Fig. 10. PMSM volume and efficiency for different machine setups. The legend
shows: gear ratio/pole pair count/slot count. The most relevant machine types
used for the direct-driven and the gearbox-coupled concepts are drawn with
thicker lines.
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Fig. 11. PMSM aspect ratio and total mass of active parts for different machine
setups. The mass computation assumes a hollow rotor and no shaft. The legend
shows: gear ratio/pole pair count/slot count.
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Fig. 12. PMSM magnet and copper mass for different machine setups. The
legend shows: gear ratio/pole pair count/slot count.

and stator iron, the copper windings, and the magnets. Bearings, shaft,
and housing are neglected.

D machine
machine 9

machine

AspectRatio =

Fig. 12 shows the magnet and the copper mass for the different
machine setups. Both rare earth magnetic materials and copper are of
limited availability, and their cost relative to other materials can in-
crease significantly. In addition, there is both social and environmental
concern about the sourcing of rare earth materials. Therefore, designs
using less of these materials are advantageous.

Fig. 13 shows the rotor inertia for the different machine setups,
as well as the equivalent inertia at the hydraulic machine shaft when
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Fig. 13. PMSM rotor inertia as well as reduced rotor inertia to the hydraulic
machine reference, both assuming a hollow rotor. The legend shows: gear ratio
/ pole pair count / slot count.

considering the gear ratios. Lower inertia is desirable for improved
motor dynamic response. When using a gearbox, the equivalent inertia
Joq of the electric machine referred to the hydraulic machine’s shaft
follows Eq. (10). For the same airgap diameter, the equivalent inertia
of the machines using a gearbox is consequently higher.

Jg=J -1 (10)

4.4. Discussion

As expected, the results show that the lowest PMSM volumes can
be achieved for the highest gear ratios (due to the reduced torque
requirement). The 6-slot/4-pole machine shows a higher compactness
and efficiency than the 12-slot/4-pole machine, making the 6-slot/4-
pole machine the most promising candidate for an integration with a
gearbox. Although the volume of the gearbox-coupled PMSM is reduced
due to the lower torque requirement, the reduction is not proportional
because of the end windings. The most compact designs possess very
low aspect ratios, resulting in very long and thin machines. Such low
aspect ratios are very unusual, and come with additional challenges
for manufacturing and rotor stability. The compactness is reduced for
larger aspect ratios. 6-slot/4-pole machines with large airgap diameters
require an increased cooling effort due to their low active length. Note
that the heat conductivity at the active length is highest, and very low
for the end windings. Therefore, only the heat transfer over the active
length is considered in this work.

The copper and magnet mass can be significantly reduced through
the use of a gearbox, whereas the equivalent inertia and total mass are
not significantly reduced in comparison to the direct-driven concepts.

For the concept comparison, the 12-slot/10-pole machine is consid-
ered for the direct-driven concepts, and the 6-slot/4-pole machine is
considered for the gearbox-coupled concepts.

5. Gearbox design

As mentioned in Section 2, planetary gearboxes are highly compact
and efficient, with coaxial input and output shafts [16]. Therefore, they
are chosen in this study.

5.1. Gearbox concept

Previous work by the authors [23] considered electro-hydraulic en-
ergy converters with a displacement of 35 cc/rev spinning at 6000 rpm.
Note the scaling law in Eq. (3) stating that larger displacements reduce
the maximum speed capability, and therefore do not yield a linearly
increasing flow capacity. To provide a comparison to those results,
the maximum speed of the hydraulic machine is kept constant. With a
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Table 4
Planetary gearbox ratios and planet diameter.
Fixed sun
Gear ratio i 1-1/Goperatornamen2)
d, 21+ %)
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d, >
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Ring gear (2)
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Sun (0)
Hydr. Z
Machine N

Fig. 14. Sketch of planetary gearbox concept with fixed planetary carrier.

maximum e-machine speed of 15000 rpm (see Section 4.2), this implies
a gear ratio of 2.5 for the planetary gearbox, which is similar to those
used by Pietrzyk et al. [16] and Lindh et al. [65], who used gear ratios
of 3.

Planetary gearboxes have different ratios depending on which gear,
if any, is held stationary. The general relationship for speeds of plane-
tary gear carriers is given in Eq. (11) [4], with the rotational speed of
the sun n,, the rotational speed of the carrier shaft n;, the rotational
speed of the ring gear n, and the tooth count ratio of the sun and the
ring gear i,. Eq. (12) gives the tooth count ratio of the sun and the ring
gear iy, as the ring gear’s tooth count z, divided by the sun’s tooth
count z,. This work only considers planetary gearboxes with a fixed
gear, simplifying Eq. (11) to the cases given in Table 4.

ny — myigy — ny(1 —igp) =0 an
. 2

== 12
) Z 12)

Eq. (13) gives the relationship between the diameters of the sun, the
planets, and the ring gear. Note that the diameters of internal gears are
defined as negative.

dy+2d, =—d, 13

Combining Egs. (12) and (13) with the first line of Table 4 yields
the expressions in the second and third line of Table 4. Using the sun
as input and the planet carrier shaft as output (i.e., using a fixed ring
gear) would lead to very small planets at a gear ratio of +2.5 (note that
fixing the sun or carrier yields a negative gear ratio, while fixing the
ring gear results in a positive one). Therefore, it is more advantageous
to connect the sun gear to the electric machine, and the ring gear to
the hydraulic machine as sketched in Fig. 14. Further, this setup avoids
challenges due to a rotating carrier shaft such as centrifugal forces,
splashing losses, and lubrication problems [16].

5.2. Gear sizing

Typical failure causes for gears are tooth bending, Hertzian stress,
and scuffing. Gears have been extensively researched, and national as
well as international standards use physical and empirical factors in
their sizing. One of the most relevant standards is ISO 6336 [84].
The standard applies engineering equations such as contact stress or
bending stress in combination with influence factors. These influence

10

factors can among others depend on the gear geometry, the manufac-
turing processes, and the intended application. Some of the influence
factors affect other influence factors. There are different methods for
calculating the influence factors, depending on the available data and
desired level of accuracy. Furthermore, safety factors are applied.

5.2.1. Hertzian stress

ISO 6336-2 [85] provides the calculation of the surface durability of
the gear flank. The calculation is based on the contact stress at the pitch
point. The standard is based on Hertzian theory and applies influence
factors accounting for the geometry and application.

The safety factors Sy, and Sy, compare the pinion’s contact stress
oy, and the wheel’s contact stress oy, with the corresponding material
properties oy, and oygp, see Eq. (14).

O]

Sya = 292 5 g (14a)
OHa
O

St = — 5 Spmin (14b)
OHb

The nominal contact stress oy, in the pitch point assumes flawless
gearing and static torque and is computed according to Eq. (15), with
the tangential force F;, the pinion reference diameter d,, the face width
b, the gear ratio u, and the influence factors Z which account for
geometry and material properties.

R (%)

ono=ZnZp Zc - Zp- i
a

15)

Eq. (16) applies further influence factors Z and K to the nominal
pitch point contact stress oy,. Zp convert the contact stress at the
pitch point to the determinant contact stress oy. The influence factors
K account for application conditions, internal dynamics, and uneven
load distribution (e.g., due to manufacturing inaccuracies or elastic
deformation) to calculate the contact stresses oy;.

Ona = Zp o * \/KA K, K, Ky - Ko (16a)

‘THb=ZD'(7H0'\/KA'KV'KV‘KHﬁ'KHa

The determinant contact stress oy is compared to a permissible
contact stress oyp (see Eq. (17)) to evaluate the surface durability of
the gear flanks.

(16b)

OHG

oup = —m_INT | 7 . Zy - Zg - Zy - Zx = a”

SHmin
If the surface durability of the gear is insufficient, small particles

break loose, also known as pitting. This process can cause increased
noise and can progress until gear failure.

5.2.2. Tooth bending

ISO 6336-3 [86] provides the calculation method for the tooth
bending strength of gears.

Safety factors Sg,;, compare the tooth root stress of the pinion and
the wheel o, |, against the corresponding material properties opg, and
orgp, See Eq. (18).

SFa = 2 Sme (183)
OFa
O]

SFb = Lo > Sme (18b)
OFb
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The widely applied calculation method B in ISO 6336 determines
the nominal tooth root stress oy, based on the tangential force F,
distributed on the area of the tooth width » and the modulus m,
and various influence factors Y based on geometry and application as
shown in Eq. (19). og, assumes flawless gearing and static torque.

F,
aF0=ﬁ~YF~YS~Yﬁ~YB~YDT 19)
n

Eq. (20) calculates the tooth root stress op as the product of the
nominal tooth root stress oy, and the influence factors K.

op =0pg* Kp - K, - K, - Kgp - Kgq (20)
Eq. (21) calculates the permissible bending stress.
OFlim * Ys1 * YNt
Opp = "nS— “Ysrerr * Yreerr - Yx @n
Fmin

If the tooth bending strength is exceeded, tooth breakage occurs
which usually results in sudden gearbox failure. Consequently, ISO
6336-3 recommends selecting a higher safety factor for tooth bending
than for pitting.

5.2.3. Scuffing

For thin lubrication films, asperity contact occurs, and thus ad-
hesive wear becomes possible. Adhesive wear occurs via localised
welding, leading to particle detachment and transfer from the gear
teeth. Scuffing refers to severe adhesive wear in gear contacts [87].

Scuffing is caused by high contact temperatures of the fluid or the
flanks, which cause a breakdown of the lubrication film. The contact
temperature is the sum of the bulk temperature and the flash temper-
ature of the moving faces in contact. The flash temperature fluctuates
rapidly and depends on geometry, load, friction, velocity, and material
properties [87].

ISO 6336-20 [87] and 6336-21 [88] calculate the scuffing load ca-
pacity with the flash temperature method and the integral temperature
method, respectively. The difference between the two methods is that
the flash temperature method considers a varying temperature along
the contact paths, whereas the integral temperature method considers
a weighted sum of the temperatures along the contact paths [88].
Both methods calculate the safety factor as the ratio of the limiting
temperature to the calculated temperature.

Scuffing risk is increased by aeration or contamination of the lubri-
cant. Even brief transient overloading can result in scuffing failure [87].

5.2.4. Commercial software

Commercial software performs gear calculations in accordance with
the standards. In this work, the planetary gear train module in the
eAssistant by GWJ Technology GmbH was used [89]. The planetary
gear train was calculated in accordance with ISO 6336:2019 Method
B for pitting and tooth bending, and in accordance with ISO TR
13989 [90,91] for the scuffing safety.

5.2.5. Assumptions/simplifications

This work simplifies the planetary gear train by using spur gears,
i.e., the helix angle g is 0°. This provides the following advantages:
simplified calculation, low axial bearing loads, and easier assembly.
Helical gears could offer increased compactness and reduced noise in
comparison to spur gears due to the extended contact line allowing
multiple teeth to engage simultaneously. However, the increased com-
pactness for helical gears only applies if the extended contact lines are
fully used, which can be hindered by manufacturing tolerances and
elastic deformation of the teeth and the shaft/bearing systems [92].
Further, helical gears introduce axial loads to the bearings.

A parameter sweep is performed in Section 5.2.6 to justify further
simplifications, and parameters for a detailed gear design are shown
in Section 5.2.7. The parameters defined in the detailed design are
used for the simplified calculations. Both the parameter sweep and the
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Table 5

Some assumptions/inputs for parameter sweep gear calculation.
Symbol Meaning Value
i Gearbox ratio -2.5
n Output speed 6000 rev/min
K, Application factor 1.35
K, Mesh load factor 1.0
N, Number of planets 3
P Output power 122.5 kW
T Output torque 195 Nm
Ys Rim thickness factor 1.0
Yor Deep tooth factor 1.0
Y1 Life factor 0.85
Yrrelr Relative surface factor 0.97
Ysr Stress correction factor 2.0
Yx Size factor 1.0
Y, Helix angle factor 1.0
Zg, Zp Tooth contact factor 1.0
Zy Elasticity coefficient 193.9 (N/mm?2)%3
zZ, Lubricant factor 0.97
Zyr Life factor 0.85
Zy Work hardening factor 1.0
Zy Size factor 1.0
Z, Helix angle factor 1.0
B Helix angle 0 rad

detailed design were carried out using the GWJ eAssistant as described
in Section 5.2.4.

Table 5 summarises some assumptions and inputs related to the gear
calculation, as well as factors that remain constant for the parameter
sweep.

5.2.6. Parameter sweep

One set of calculations was carried out sweeping through different
moduli, sun gear tooth counts, and gear widths as independent vari-
ables. The parameter sweep included the moduli 1, 1.5, and 2 mm, sun
gear tooth counts from 16 to 80, and gear widths from 16 to 50 mm. For
each of the gears, case hardened steel (16MnCr5) was assumed to be the
material. The gear ratio was fixed to —2.5, and the number of planets
was 3. The other diameters and gear tooth counts were calculated from
those parameters. Profile shifts of 0 were entered into the software.
Using no profile shift does not use the full potential of the gearbox, but
gives insight into general trends and approximate sizes.

As a simplification, this paper combines all the influence parameters
into a single global parameter for each contact. For example, Eq. (22)
introduces Kg ;; for tooth bending for the gears i and j (e.g., between
sun (index 0) and planet (index 1)) and Eq. (23) defines Ky ; 7 for pitting
in the contact between sun (index 0) and planet (index 1). Similarly,
the corresponding equations for the other contacts are defined. How-
ever, for some designs, the software introduced non-zero profile shifts,
leading to less smooth results in Fig. 15.
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Fig. 15 visualises the results of the parameter sweep for the sum-
marised influence factors expressed as a percentage of the fixed values
from the full design. The figure shows that despite very large variation
in gearbox volume (with the smallest and the largest volume differing
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Fig. 16. Minimum scuffing safety results according to the integral temperature
method for parameter sweep.

by a factor greater than 50), the summarised K factors vary significantly
less. Furthermore, the factor with the largest deviation (K ,;) has the
largest safety factors as shown in Fig. 18. This justifies treating the
summarised K factors as constant in the proximity of a feasible solution.

Furthermore, Fig. 16 shows the scuffing safety results according to
the integral temperature method for the parameter sweep. The results
indicate that higher gear tooth counts and larger moduli improve
scuffing safety. The results for the flash temperature method are not
shown here, since the safety factors were significantly higher than those
from the integral temperature method and therefore not critical for
sizing considerations.

Fig. 17 shows efficiency results for the parameter sweep. The total
gearbox efficiency #.,hox is calculated as the product of the efficiencies
of the sun-planet contact 7,;, and of the planet-ring gear contact #,,.

ngearbox = o1 N12 (24)

Literature gives some rules of thumb for gearbox efficiency, e.g.,
0.5% to 1% loss per gearing stage. Typically, outer gear contacts
have efficiencies of around 0.99, and contacts between internal and
external gears around 0.995. This results in an overall gear efficiency of
approximately 0.985 [4] when the carriers are fixed. The figure shows
slightly higher efficiencies than expected according to the Refs. [4,92],
and one can see a trend of higher efficiencies with greater gear tooth
counts. However, this only considers the losses due to the gear contact,
and neglects other losses such as bearing friction and churning losses.
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Table 6
Summarised influence factors for gear sizing.
Symbol Meaning Value
Ky o1 Pitting of sun in contact with planet 965 VN, /mm
Ky 10 Pitting of planet in contact with sun 1003 \/N/mrn
Ky Pitting ring gear in contact with planet 971 \/N /mm
Kror Tooth bending sun in contact w. planet 5.86
Kr 1o Tooth bend. planet in cont. w. ring gear 8.85
Kpa Tooth bend. ring gear in cont. w. planet 8.10

5.2.7. Summarised influence factors

Assuming constant summarised influence factors near the design
point, alternative designs can be explored. Fig. 15 shows the summary
of the influence factors for the parameter sweep carried out in Sec-
tion 5.2.6. The minimum and maximum values for Ky, differ by a factor
of less than 2, and the minimum value and the maximum value for Kg
differ by a factor of less than 3 when neglecting some values at the very
low end. This variation is small considering that the gearbox volume
for the considered parameters varies by a factor of more than 50, and
supports treating the summarised K factors as constant for designs in
the proximity of the detailed design.

A detailed design including profile shift and micro-geometry mod-
ifications has created to extract reasonable values for the summarised
K factors. The materials used were case-hardened 16MnCr5 steel for
sun and planets, and 31CrMoV9 nitrided steel for the ring gear, since
nitriding is a commonly applied surface treatment for ring gears. The
summarised influence factors given in Table 6 were extracted from the
detailed design and applied in this work. For the given summarised
influence factors, Egs. (22) and (23) can compute the safety factors.

For the detailed design, scuffing safety was also considered. How-
ever, no simple scaling parameter for scuffing was implemented, but
Fig. 16 can be used to derive trends for scuffing safety depending on
modulus, sun tooth counts, and gear width.

5.3. Planet carrier sizing

Besides the gears, the planet carrier is considered as an active
part. Planet carriers transfer the forces of each planet as torque. Most
commonly, planet carriers consist of two discs, positioned on either side
of the planet gears and aligned parallel to each other [93,94]. This is
advantageous for heavy load transmissions due to increased stiffness
and loading capacity compared to single-sided support of the planet
gears [94]. The discs are connected to one another by arms using the
space between the planets. In the case of a stationary carrier, one of
the discs is connected to the housing [93].

Jacobs et al. [22,95] present sections of their axially stacked ma-
chine including a gearbox. From the sections, the carrier width can be
approximated as 80% of the gear width, and therefore the width of the
planetary carrier is computed using Eq. (25). Eq. (26) is then used to
calculate the axial length of the gearbox. Furthermore, linear scaling is
used to estimate the carrier’s inner and outer diameter to subsequently
compute its mass.

b =08-b (25)

carrier

lgcarbox =b+ bcarricr (26)
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Fig. 18. Safeties for each contact assuming fixed summarised influence factors
(see Table 6). The point of the detailed design which is the base for the
influence factors is marked with a red dot, and the safety factor constraints
are marked in red.

5.4. Sizing results

Fig. 18 shows the safety factors as a function of modulus, sun gear
tooth counts, and gear width. For each contact, the required safety for
pitting and tooth bending are indicated by red lines. The final row of
plots combines the constraints across all gear contacts.

Fig. 19 shows the corresponding outer dimensions for the gearbox,
including the carrier. The volume and mass of feasible gearboxes
remain relatively constant.

5.5. Noise

Variation in the number of contacting gear teeth leads to fluctuating
contact stiffness and is a major source of noise in gearboxes. Thus,
gearbox design aims to maintain a constant whole number of teeth in
contact. The number of contacting gear teeth €, can be divided into the
teeth in contact for a spur gear ¢,, and additionally the gears in contact
due to a helix angle g, see Eq. (27).

£, =€, +¢ 27)

Since spur gears were assumed, the helix contribution ¢, equals

zero. For the detailed design (see Section 5.2.7), the objective of

achieving an integer value for e, was not met, with the contact number
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mass of active parts. The point of the detailed design which is the base for the
influence factors is marked with a red dot, and the safety factor constraints
are marked in red.

of the contact between sun and planet ¢, ;; being 1.66 and the contact
number between planet and ring gear ¢, ;, being 1.82.

6. Integrated machines

Five integration concepts as shown in Fig. 1 are considered. For the
hydraulic machine topology, based on findings reported in previous
work [23], a floating piston machine has been selected. The floating
piston machine’s compactness increases with its swash angle, however
its swash angle is limited to approximately 8°. Thus, a swash angle of 8°
is chosen, and the piston count serves as the free variable determining
the machine’s length and outer diameter (see Fig. 5). Both conventional
single pumps and double pumps with mirrored rotating groups are
considered.

For the direct-driven machines, 12-slot/10-pole PMSMs (see Fig. 7)
were chosen. For the machines using a gearbox, a gear ratio of —2.5
(see Section 5.1) and 6-slot/4-pole PMSMs have been selected (see
Section 4.4). For both PMSMs, the same fixed heat transfer coefficient
is assumed.

For all machines, the volume is calculated according to Eq. (28).
The following section explains how the relevant lengths and diameters
are determined for each machine type. Only the diameter and length
of the active parts are quantified, whereas housings and similar parts
are not considered.

n lmachine D 2

V= machine 28
— (28)

6.1. Direct-driven, axially stacked machines

For the direct-driven, axially stacked machine, Eq. (29) is used
to calculate the machine’s outer diameter and total length. The total
volume is defined by the sum of the lengths of the hydraulic and electric

machines, and the largest outer diameter as sketched in Fig. 1(a).
D, (29a)

(29b)

machine = Max(O Dpygpv. O Dipyp)

lmachinc = IPMSM + lHM
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Fig. 20. Total volume and aspect ratio of the different concepts. DD — direct-
driven, GB - gearbox-coupled, SP — single pump, DP — double pump.

Fig. 20 shows the resulting volumes and aspect ratios for the dif-
ferent machine concepts. For the axially stacked, direct-driven concept,
the single pump type, which features a larger diameter and shorter axial
length compared to the double pump type (see Fig. 5), is more compact
than the double pump type when paired with medium or large airgap
diameters due to a reduced diameter mismatch between the PMSM and
the hydraulic machine.

6.2. Direct-driven, radially integrated machines

For the direct-driven, radially integrated machine, the volume is
defined by the electric machine’s stator outer diameter and the greater
of the hydraulic or electric machine lengths, see Fig. 1(b) and Eq.
(30). However, the radial integration is feasible only if the electric
machine’s rotor inner diameter is larger than the hydraulic machine’s
barrel diameter, and therefore only hydraulic machines of double pump
type (see Fig. 3(b)) are considered. Additionally, the allowable outer
diameter of the hydraulic machine is further constrained, as a tube
must be placed between the hydraulic machine’s barrel and electric
machine’s rotor to isolate the electric machine from the hydraulic
machine’s radial forces. Fig. 20 includes the volumes and aspect ratios
of the direct-driven, radially integrated machines.

(30a)
(30b)

Drnachine = ODpysm

Imachine = Max(lpmsm» lam)
6.3. Axially stacked, gearbox-coupled machines

Eq. (31) defines the calculation of the diameter and length for an
axially stacked, gearbox-coupled machine as sketched in Fig. 1(c). A
practical design heuristic for compact axially-stacked machines is to
match the outer diameters of the electric machine, the hydraulic ma-
chine and the gearbox. Then, for each individual machine, the machine
with the shortest length that satisfies the outer diameter constraint is
selected.

D = max(ODpysps» O Dy, OD (31a)

(31b)

machine gearbox)

Imachine = Ipmsm + Ium + lgearbox

To realise a gear ratio of —2.5, Fig. 19 shows different combinations
of feasible gearbox lengths and outer diameters that achieve the desired
ratio. From these options, the most compact feasible version is selected.

Figs. 18 and 19 show that as long as tooth flank safety is the main
limitation, the resulting outer diameter and gear width combinations
remain consistent across all moduli. However, when tooth root safety
is the main limitation, higher moduli enable smaller gear widths for
the same outer diameter. Furthermore, Fig. 16 shows that for the same
outer diameter and gear width, the scuffing safety improves for smaller
moduli. Thus, when the smallest considered modulus (m=1.0 mm) is
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Fig. 21. Lengths and diameters of axially stacked, gearbox-coupled machine
using a floating piston machine of single pump type.

mainly constrained by flank safety, the smallest modulus is selected.
If the smallest modulus is mainly constrained by tooth root safety, the
next larger modulus is selected.

For the considered machine sizes, the hydraulic machine’s outer di-
ameter for the double pump hydraulic machine is significantly smaller
than the PMSM’s outer diameter for almost all airgap diameters. There-
fore, as illustrated in Fig. 20, the single pump configuration is more
compact than the double pump configuration for almost all airgap
diameters. Note also that Fig. 9 shows that the thermal equilibrium
cannot be sustained under the given cooling conditions at large airgap
diameters, and thus Fig. 20 does not contain results for those airgap
diameters.

Fig. 21 shows the outer diameters and lengths of each component
within the axially stacked, gearbox-coupled machine configuration, and
the overall length.

6.4. Radially integrated, gearbox-coupled machines

Eq. (32) shows the computation of the diameter and length for
radially integrated, gearbox-coupled machine as sketched in Fig. 1(d).
However, for a radial integration, the outer diameters of both the
gearbox and hydraulic machine must remain smaller than the inner
diameter of the support tube. This tube isolates the electric machine’s
rotor from radial forces generated by the hydraulic machine. Therefore,
a radial integration requires large airgap diameters, but the high-speed
machine proved infeasible under the given cooling conditions, as its
shortened active length limited the available cooling surface.

(32a)
(32b)

Dryachine = ODppsm

Imachine = Max(pyvsm, lm + Igearbox)

6.5. Radial integration of the gearbox, and axial stacking of the hydraulic
machine

Eq. (33) shows the computation of the diameter and length for
machines that radially integrate the gearbox into the electric machine,
and axially stack the hydraulic machine onto this as sketched in Fig.
1(e). The gearbox’s outer diameter must be smaller than the PMSM’s
inner diameter to allow this integration. However, for the considered
high-speed machine and cooling condition, no machine offers both an
adequate inner diameter to accommodate the gearbox and an active
length sufficient to maintain thermal equilibrium.

(33a)
(33b)

Dyachine = max(ODpyysy, O Dy )

lmachine = 1Tlax(lPMSM’ lgearbox) + lum
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Table 7
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Selected results for integrated machines. The EHEC diameters and lengths are according to Egs. (29) to (31). The power density of the active parts describes
the continuous output power density of the active parts under consideration of electromagnetic and gearing efficiency, neglecting volumes of housings etcetera.

Gearing efficiencies are approximated using Fig. 17.

(a) Results for minimal volume of each concept.

Direct-Driven
Stacked with Single Pump

Stacked with Double Pump

Radially Integrated

Gearbox-Coupled
Stacked

EHEC volume 5.0 dm? 5.1 dm? 6.3 dm® 3.9 dm?
EHEC length 588 mm 774 mm 181 mm 736 mm
EHEC OD 104 mm 92 mm 211 mm 82 mm
Power density (active parts) 12.6 kw/1 12.2 kW/1 10.3 kW/1 16.2 kW/1
EHEC aspect ratio 0.18 0.12 1.17 0.11
PMSM aspect ratio 0.19 0.13 1.17 0.16
Airgap diameter 61.4 mm 53.2 mm 122.3 mm 41.6 mm
Efficiency 94.5% 93.5% 97.2% 94.0%
Electromagnetic efficiency 94.5% 93.5% 97.2% 96.0%
Gearing efficiency - - - 97.9%

(b) Results for the same outer diameter as most compact direct-driven, radially integrated design.

Direct-Driven
Stacked with Single Pump

Stacked with Double Pump

Radially Integrated

Gearbox-Coupled
Stacked

EHEC volume 7.9 dm’ 8.6 dm’ 6.3 dm’ 9.1 dm?
EHEC length 226 mm 245 mm 181 mm 260 mm
EHEC OD 211 mm 211 mm 211 mm 211
Power density (active parts) 8.2 kW/1 7.6 kW/1 10.3 kW/1 7.2 kW/1
EHEC aspect ratio 0.93 0.86 1.17 0.81
PMSM aspect ratio 1.17 1.17 1.17 1.14
Airgap diameter 122.3 mm 122.3 mm 122.3 mm 96.8 mm
Efficiency 97.2% 97.2% 97.2% 97.5%
Electromagnetic efficiency 97.2% 97.2% 97.2% 98.1%
Gearing efficiency - - - 99.4%
(c) Results for the same aspect ratio as most compact direct-driven, radially integrated design.
Direct-Driven Gearbox-Coupled
Stacked with Single Pump Stacked with Double Pump Radially Integrated Stacked
EHEC volume 9.6 dm’ 11.9 dm’® 6.3 dm’ -
EHEC length 210 mm 224 mm 181 mm -
EHEC OD 242 mm 260 mm 211 mm -
Power density (active parts) 6.8 kW/1 5.5 kW/1 10.3 kW/1 -
EHEC aspect ratio 1.15 1.16 1.17 -
PMSM aspect ratio 1.47 1.63 1.17 -
Airgap diameter 135.4 mm 142.0 mm 122.3 mm -
Electromagnetic efficiency 97.4% 97.4% 97.2% -

6.6. Selected results

Table 7 provides numerical values for selected designs. Table 7a
shows the main dimensions, the continuous power density of the active
parts, the aspect ratio, and the electromagnetic and gearing efficiency
for the most compact configuration of each machine concept. Note that
the power density only considers the active parts and neglects other
parts such as housings. Also, the power density refers to the continuous
power density. Peak power densities are higher but of less interest
for dimensioning. The most compact configurations of each concept
are illustrated in Fig. 22. Table 7b compares the same parameters for
solutions at the same outer diameter as the most compact direct-driven,
radially integrated machine. Finally, Table 7c compares the parameters
for aspect ratios very close to that of the most compact direct-driven,
radially integrated machine.

7. Discussion

This section summarises limitations of this study, analyses the re-
sults presented in the previous sections, and compares the various
design concepts.
7.1. Limitations

The paper uses analytical equations to facilitate concept compar-

isons, aiming to give insights into which concept is most favourable
to pursue for prototyping and testing. However, as this paper does not
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include prototype testing, some phenomena such as cavitation, bearing
friction, churning losses, and vibrations of the components are not
quantitatively considered.

Further, this study was conducted for a specific displacement and
power level.

The comparison considers a single fixed heat transfer coefficient
for the electric machines. This heat transfer coefficient is assumed
to be independent of the machine’s geometry, and local hotspots are
omitted. In addition, the volumes of the cooling system and inverter
are omitted. Note that for the inverter, different methods of integration
with the electric machine can increase the system’s power density [70].
Further, it was neglected that the centrifugal forces on the carbon-fibre
banding increase significantly for high-speed machines with high airgap
diameters, which could require increased airgap lengths to give space
for thicker banding.

The sizing process considers only active components, omitting ele-
ments such as housings and bearings. Using off-the-shelf components
results in reduced compactness compared to integrating purpose-built
components, and this reduction in compactness is not quantified in
the present analysis. Furthermore, when comparing direct-driven and
gearbox-coupled concepts, the compactness of gearbox-coupled con-
cepts is likely overestimated due to the exclusion of additional housings
and bearings.

Efficiency and noise are affected by radial integration or by intro-
ducing a gearbox, but physical experiments are required to quantify
these effects. Note that noise as a system property is generally difficult
to quantify [96].



T. Heeger et al.

Energy Conversion and Management: X 29 (2026) 101463

Direct-driven, axially stacked
with single-sided pump

¢ Direct-driven, axially stacked
» with double-sided pump

Direct-driven, radially integrated
with double-sided pump

Gearbox-coupled, axially stacked
with single-sided pump

f Gearbox-coupled, axially stacked
with double-sided pump

Fig. 22. Visualisation of results for most compact configuration of each concept, see Table 7a.

Manufacturing and cost constraints may reduce the viable design
area, e.g., for machines with very low aspect ratios.

7.2. Comparison between direct-driven axially stacked, and radially inte-
grated concept

For a radial integration, double pump hydraulic machines are re-
quired due to their longer, thinner design. The double pump type also
offers balanced axial forces, enabling reduced bearing size. However,
the larger diameter and shorter length of single pumps can result in
a more compact configuration for axially stacked components, as the
diameter mismatch between the hydraulic and the electric machine is
reduced.

The most compact direct-driven, axially stacked setup yields a
volume of 5.0 dm?, and is more compact than the most compact direct-
driven, radially integrated design which yields a volume of 6.3 dm?
(see Table 7a). The reason for this is that to enable radial integration,
larger PMSM diameters are required, resulting in increased PMSM vol-
umes. However, the larger PMSM diameters also yield increased PMSM
efficiencies for the 12-slot/10-pole machine (see Fig. 8). Larger PMSM
diameters lead to increased use of copper material and decreased use
of magnet material (see Fig. 12). There is also a significant difference
in aspect ratio between the axially stacked and the radially integrated
design (see Table 7a). For similar outer diameters or aspect ratios, the
radially integrated, direct-driven design is most compact (see Tables 7b
and 7¢).

Further, there are some considerations for the radially integrated
design:

7.2.1. Airgap design

One major decision is whether to flood the “airgap” with oil [23]. If
the airgap is not flooded, sealing the airgap requires significant effort,
and introduces friction losses due to the sealing elements. Flooding the
airgap is sometimes considered for additional cooling (e.g., [40,45]).
However, allowing oil in the airgap raises concern over oil degradation
and the interaction between the magnets and metallic particles in
the oil [97]. Furthermore, as oil has a higher viscosity than air, the
airgap length needs to be increased, which requires thicker magnets to
maintain electromagnetic performance, and torque losses are increased,
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especially at cold start [40]. An option for increased cooling without
fully flooding the airgap is oil spray cooling [98], which however is
typically mainly considered to cool the end windings. Oil spray cooling
requires an oil supply (which usually consists of an oil tank, a pump,
and a flow control valve) and nozzles to make droplets. The oil is
usually delivered back to the tank through gravity or a scavenger
pump and needs to be cooled before recirculation. This technology is
less attractive for concentrated wound machines which possess a small
exposed surface area of the end windings in comparison to distributed
wound machines.

7.2.2. Suction performance

Suction performance limits high-speed operation of hydraulic ma-
chines [99]. Radially integrated designs complicate the provision of
sufficient channel space without bends that create pressure losses.

7.2.3. Churning losses

Hydraulic machines have churning losses caused by piston motion
in the oil and by the oil enclosed between the cylinder barrel and
the housing [100]. The direct-driven, radially integrated design has no
relative speed between the cylinder barrel and the pump “housing”.
Therefore, the churning losses between barrel and housing are drasti-
cally reduced [23]. Churning losses are small at low speeds, but become
significant at high speeds [100].

7.2.4. Load support

The double pump design has compensates axial forces but not radial
ones [23]. Significant deviations of the rotor from concentric alignment
with the stator are amplified by magnetic forces [38]. Therefore, a
sufficiently stiff structure is required to guide the radial hydraulic
forces [23].

7.3. Comparison between direct-driven and gearbox-coupled concepts

Due to the differing operating speed of the PMSM in gearbox-
coupled concepts, a 6-slot/4-pole PMSM was chosen for the gearbox-
coupled concepts. For the most compact combinations, the amount
of magnetic material used is comparable to the baseline design using
a radially integrated 12-slot/10-pole machine, but copper usage is
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significantly lower (see Fig. 12). The total mass including the gearbox
is in a similar range as the direct-driven concepts (see Figs. 11 and
19). The peak PMSM efficiency for the 6-slot/4-pole machine is similar
to the 12-slot/10-pole machine, but note that the gearbox introduces
gearing losses (see Table 7) and additional losses (e.g., due to churning,
oil splashing, and bearing friction), that have not been quantified in this
work.

Nishanth et al. [20] mention some qualitative disadvantages of us-
ing gearboxes, such as increased system mass, volume, inertia, and cost.
In contrast, this paper does not observe these effects in this generality.
Instead, the quantities depend on the specific machine configuration
and the aspect ratios considered.

Table 7a shows that using a gearbox can reduce the volume of
the active parts to 3.9 dm?, which is significantly lower than that
of the direct-driven concepts. However, these numbers only include
active parts, and because adding a gearbox requires additional space
for bearings and housings, the relative compactness is overestimated.

The most compact machine combinations are achieved when the
electric machine, the hydraulic machine, and the gearbox are axially
stacked and have the same outer diameter (see Figs. 20 and 21). That
results in machines with very low aspect ratios, e.g., the most compact
gearbox-coupled, axially stacked machine has a total length of 736 mm
and an outer diameter of 82 mm. For increased aspect ratios, the
volume increases due to increased diameter mismatches between the
hydraulic machine and the PMSM, and the direct-driven concepts can
be more compact.

For the gearbox-driven concepts, a radial integration of the gearbox
inside the PMSM is deemed impractical for the considered machines.
The gearbox’s outer diameter needs to fit inside the PMSM’s inner diam-
eter. When limiting the gear width, this results in relatively large airgap
diameters and short active lengths for the PMSM. For the considered
cooling condition, no PMSM has been identified that offers a suffi-
ciently large airgap diameter to integrate a gearbox, and simultaneously
a sufficient active length to maintain thermal equilibrium. Thus, the
concepts sketched in Figs. 1(d) and 1(e) would require a higher cooling
effort and were discarded in this work.

A typical challenge in gearbox design is noise (see Section 5.5).
Noise generally is challenging for each subsystem, and introducing the
gearbox as an additional subsystem increases the complexity of the
system. Furthermore, introducing the gearbox means additional parts
that need maintenance and lubrication. Note that gearboxes typically
use different types of oil than hydraulic pumps.

Magnetic gears have been considered as an enabler for increased
torque density in electric machines [25,101], but are outside the scope
of this paper.

7.4. Efficiency for varying operating conditions

7.4.1. Hydraulic machine efficiency

The overall efficiency of a hydraulic machine is separated into
the volumetric efficiency and the hydro-mechanical efficiency. For the
pumping case, the volumetric efficiency compares the actual outlet flow
to the theoretical outlet flow, and the hydro-mechanical efficiency com-
pares the theoretical drive torque to the actual drive torque. Increasing
operating pressures lead to reduced volumetric and increased hydro-
mechanic efficiencies. Increasing speed increases both efficiencies at
low speeds, but decreases them at high speeds due to incomplete filling
and churning losses [102]. Therefore, when sizing a hydraulic machine
at a corner operating point, efficiencies well below their peak values
must be taken into account.
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7.4.2. Electric machine efficiency

The efficiency of PMSM is generally more constant over the oper-
ating area than for hydraulic machines. Both iron and copper losses
are present in the machine. Copper losses dominate at high current
(i.e., high torque), while iron losses dominate at high speeds. The
machine designer has some freedom for trade-offs between these losses
and can shift the point of peak efficiency to where it is desired [23].

As explained in Section 4.1, increased cooling capacity allows
higher losses, and thus enables a more compact design with the conse-
quence of decreased efficiency.

7.4.3. Gearbox efficiency

Planetary gearboxes with one fixed shaft (in this paper, the carrier
shaft is fixed, see Section 5.1) possess an efficiency that is almost
independent of their load because friction scales proportionally with
the load [92].

8. Conclusions

Different types of hydraulic machines suit the different concepts. For
the radial integration inside the electric motor, double pump hydraulic
machines offer the greatest compactness, whereas the other concepts
typically favour a conventional, single pump type due to a reduced
diameter mismatch.

The most compact EHEC concept depends on the considered aspect
ratio.

For the direct-driven concepts, axial stacking with low airgap diam-
eters results in a good match of the electric machine’s outer diameter
with the hydraulic machine’s outer diameter, but results in electric
machine designs with very low aspect ratios. Such low aspect ratios are
very unusual, as they pose challenges in both manufacturing and rotor
stability. Also, their electromagnetic efficiency is reduced. For balanced
aspect ratios with the outer diameter and total length of the machine
being similar, the radially integrated concept is most compact.

Gearbox-coupled concepts with radial integration require large in-
ner diameters of the electric machine. Therefore, those designs also
require large airgap diameters, which leads to long end windings and
short active lengths. End winding losses and limited active length
for heat transfer pose cooling challenges. Therefore, of the different
gearbox-coupled concepts, only the axially stacked concept is feasible
under the considered cooling condition.

Using a gearbox with a ratio of —2.5 lowers the torque requirement
on the electric machine by 60%, but when comparing the most com-
pact gearbox-coupled design to the most compact direct-driven design,
the volume of the active parts is only reduced by 22%. Considering
further parts, such as bearings and housings, is expected to decrease
the relative compactness of the gearbox-coupled concept further. The
most compact gearbox-coupled concepts have also very low aspect
ratios, which is unusual due to challenges for manufacturing and rotor
stability. When choosing more balanced aspect ratios, the direct-driven,
radially integrated concept is of similar or higher compactness.

An advantage of introducing the gearbox is that the PMSM used
requires significantly less copper mass, while the magnet mass and
total mass remain comparable to those of the direct-driven, radially
integrated design. However, the ratio of magnet mass to copper mass
depends on the machine’s aspect ratio, i.e., the use of magnet materials
can be reduced at the expense of using more copper. Furthermore,
adding a gearbox introduces an additional source of losses, and gear-
boxes are often perceived as noisy, and utilising a gearbox makes the
noise behaviour of the overall system more complex.

Based on the results in this paper, the suitability of gearbox-coupled
and direct-drive integrated concepts cannot be dismissed without con-
sidering further application-specific requirements. However, as the vol-
ume reduction of active parts is only 22% for the gearbox-coupled
concept in this study, and this neglects bearings and housing, and
the benefit is only feasible with an extreme aspect ratio machine, the
authors currently do not consider this approach for prototyping. Future
experimental plans of the authors include the experimental validation
of the direct-driven, radially integrated concept as sketched in Fig. 2.
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General abbreviations Nomenclature for planetary gears

Designation Denotation Designation ~ Denotation Unit
BLDC Brushless Direct Current Machine b Gear face width m
DD Direct-Driven Dearrier Planetary carrier width m
Dp Double Pump d, Pinion reference diameter m
EHEC Electro-Hydraulic Energy Converter i Gearbox ratio -
FSCW Fractional-Slot Concentrated Winding m Module m
GB Gearbox m, Normal module m
PMSM Permanent-Magnet Synchronous Machine no.12 Rotational speed of the sun, carrier rev/s
SP Single Pump shaft, ring gear
u Gear ratio (z;,/z,) > 1 -
z Tooth count -
General nomenclature F, Tangential force N
K, Dynamic factor -
Designation Denotation Unit K, Application factor -
I acine Machine’s length m K ij Condensed influence factor for -
Dpachine Machine’s outer diameter m tooth bending
oD Outer diameter m Ky, Condensed influence factor for \/ﬁ /mm
v Volume m? pitting
Kgq Transverse load factor (root stress) -
K Face load factor (root stress) -
Nomenclature for hydraulics Ky Transverse load factor (contact -
stress)
Designation Denotation Unit Kyp Face load factor (contact stress) -
: K, Mesh load factor -
Phyq Rotational speed of the rev/s N, Number of planets _
hydraulic machine Sk Safety factor for tooth bending -
p Pressure Pa Sk Safety factor for pitting -
O Theoretical volume flow m3/s T Torque Nm
T Theoretical torque Nm Yy Rim thickness factor -
Vaya Hydraulic displacement m3/rev Yor Deep tooth factor -
Ehyd Setting ratio - Yr Tooth form factor -
Ynr Life factor -
Nomenclature for electrics Yrerr Relative surfa.ce factor -
Ys Stress correction factor -
Yst Stress correction factor -
Designation Denotation Unit Yy Size factor -
ky Winding factor - Y, Helix angle factor -
n, Number of phases - Ysealr Relative IlOtCl:l sensitivity factor -
Moy Pole pair count _ Ys Stress correction factor -
q Slots per pole per phase - Ysr Stress correction factor -
z, Number of turns - Tx Size factor -
B Magnetic flux density T Yy Helix angle factor -
B, Magnetic loading T YsielT Relative notch sensitivity factor -
F Force N Zpp Tooth contact factor -
I Current A Zg Elasticity coefficient (N/mm?)%3
J Inertia kg m> Zy Zone factor -
Lo Active length m Zy Lubricant factor -
N, Slot count _ Znr Life factor -
Orms Electrical loading A/m Zr Roughness factor -
R, Rotor radius m Zy Velocity factor -
T Torque Nm Zy Work hardening factor -
o Magnetic shear stress Pa Zx Size factor -
Zy Helix angle factor (pitting) -
Z, Contact ratio factor (pitting) -
Indices for planetary gears £q Number of contacting teeth for spur -
gear
Desi : : g Number of additional teeth in -
esignation Denotation .
contact due to helix angle
0 Sun £, Number of contacting teeth -
1 Planet respectively planet carrier n Efficiency _
2 Ring gear o Tooth root stress Pa
a Pinion OFo Nominal tooth root stress Pa
b Wheel
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Designation Denotation Unit
OFlim Nominal stress number (bending) Pa
OFG Tooth root stress limit Pa
OFp Permissible bending stress Pa
oy Contact stress Pa
OHo Nominal contact stress in the pitch Pa
point
OHlim Allowable stress number (contact) Pa
OHG Pitting stress limit Pa
oup Permissible contact stress Pa
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