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Abstract—Pumped hydropower storage (PHS) is a cost-
effective and mature energy storage technology. However, it has
inherently been limited to locations with suitable topographies.
Therefore, the ALPHEUS project aims to implement PHS for
shallow seas and coastal environments with the goal to support
grid stability. To ensure optimal efficiency and fast switching
times in these low-head applications, a 10 MW Contra-Rotating
(CR) axial Reversible Pump-Turbine (RPT) is designed, which
has a rim diameter of 6.4 m and a high efficiency - maximum 84%
and 90% for pump and turbine, over a large operating range.
Furthermore, the RPT is rim-driven, which averts the hydraulic
impact caused by shaft-driven systems. To ensure optimal effi-
ciency at variable speed operation, the runners are driven by two
separate Axial-Flux Permanent Magnet Synchronous Machines
(AF-PMSMs). This paper proposes a Power Take-Off (PTO)
design, where the electric machines and bearings are integrated
in the rim of the CR RPT. The AF-PMSM dimensional design
results in an outside diameter of 6.87 m. Next, active hydrostatic
bearings are proposed due to their higher lifetime compared
to roller bearings and better start-stop behaviour compared to
hydrodynamic bearings. Finally, the advantages of the rim-driven
PTO design with AF-PMSMs are elucidated by means of a
comparison with the PTO of a shaft-driven CR RPT with similar
power ratings. Next to the differences in hydraulic impact and
bearing and sealing complexity, the active mass of both PTOs is
examined. It is shown that the rotary mass and the total mass the
rim-driven PTO is respectively three times and six times lower
than that of the shaft-driven PTO, while the permanent magnet
usage for both PTOs remains similar, with the total permanent
magnet mass being 1.1% lower for the rim-driven PTO.

Index Terms—Drivetrain, Axial-Flux PMSM, Hydropower,
Power take-off

I. INTRODUCTION

Pumped Hydropower Storage (PHS) is an established and
cost-efficient technology. In the ALPHEUS project, Reversible
Pump-Turbines (RPT) and adjacent technologies are improved
to make low head PHS economically viable [1]. A 10 MW
system is designed that is highly efficient and has low mode
switching times, to allow to provide grid ancillary services.
One of the investigated RPTs is a rim-driven Contra-Rotating
(CR) RPT. Here, the two runners have opposite rotational
motion, which limits the creation of swirl behind the RPT,
thus increasing efficiency [2], improving pump stability and
suppressing cavitation [3]. The two runners are driven at their
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rim by two separate electric machines. Therefore, the use of
conventional shafts is averted, alleviating the impact of the
Power Take-Off (PTO) on the hydraulic flow and increasing
the total hydraulic efficiency.

Axial Flux Permanent Magnet Synchronous Machines (AF-
PMSMs) can achieve a strong flux linkage due to a very
small air gap and are suitable for low-speed-high-torque op-
erations [4], [5]. A high pole number averts reduction gearing
and the accompanying friction losses [6]. Due to their high
torque density, efficiency and high diameter-to-length ratio [4],
the implementation of AF-PMSMs for rim-driven turbines or
pumps has recently been investigated in projects on marine
current turbines [7] and ship propulsion systems [8]. Djebarri
et al. implemented a Double-Stator AF-PMSM on a marine
current turbine with a diameter of 11 m and rated power of
300 kW [9], [10]. Next to a detailed linear electromagnetic
and thermal analysis, they compared the resulting AF-PMSM
design to a radial-flux PMSM for the same application. Their
findings showed a reduction in machine diameter and axial
length of respectively 2% and 13% [10]. In this research, a
double rotor AF-PMSM with Yokeless and Segmented Ar-
mature (YASA) topology is used. This topology compensates
undesired axial forces and has no stator yoke, thus reducing
iron losses and weight [11]. In this paper, the 10 MW rim-
driven CR RPT is first analysed in section II. In section III, the
rim-driven PTO is described. The PTO includes the positioning
and dimensioning of electric machines, bearings and seals and
is designed to manage the runner weight and torque, as well as
the axial forces, while preserving optimal system performance.
Finally, in section IV, the advantages of the derived rim-driven
PTO design are elucidated by means of a comparison with a
shaft-driven PTO of similar power ratings and dimensions.

II. RIM-DRIVEN CONTRA-ROTATING REVERSIBLE
PuMP-TURBINE

Rim-driven propellers are found in a number of fields
including hydropower, pumped hydropower storage, marine
current applications and propulsion systems. The main benefit
of rim-driven propellers compared to shaft-driven propellers
is the absence of a shaft and PTO in the hydraulic flow.
Therefore, the accessory hydraulic losses are averted, and
the total hydraulic efficiency is increased. In order to use
PHS to provide ancillary services for the grid in regions



with a flat topography, a rim-driven CR RPT is developed,
which has increased efficiency at low head [2]. Furthermore,
it can improve pumping stability at low flow rate and suppress
cavitation at high flow rate [3]. In the ALPHEUS project,
an initial design of the CR rim-driven RPT is developed by
Advanced Design Technology Ldt., using ADT’s TURBOde-
sign suite [12], based on a 3D inverse design method [13].
Table I lists the relevant properties for the 10 MW rim-driven
design. The RPT geometries are shown in Fig. 1, with the
main parameters indicated. Note that the axial gap between
the rotors is magnified for better visualisation and is 0.25 m in
reality. Evaluation with computational fluid dynamics results
in a high efficiency - maximum 84% and 90% for pump and
turbine mode respectively - over a large range of heads and
flow rates. Finite element analysis confirms that the maximum
von-Mises stress occurs at the shroud of the runners, with a
maximum value of 154 MPa, which is far below the yield
strength 1020 MPa of the used material Stainless Steel 17-4
H1075.

runner 2

runner 1

(a) (b)

Fig. 1. Developed rim-driven contra-rotating RPT, with main parameters
indicated on (a) trimetric view with magnified axial gap and (b) front view.

TABLE I
MAIN CR RPT PROPERTIES

Symbol Runner 1 Runner 2
Nominal rot. speed Qpom [rpm] 50 -50
Rim diameter Dyim [m] 6.40 6.40
Shroud diameter Dy, [m] 5.94 5.94
Axial length L [m] 1.30 1.70
Runner mass m [kg] 5.94-10* | 7.75-10%
Rotational inertia J [kg m?] | 4.89-10% | 6.39-10°
Maximal axial force  Fg max [kN] 1-103 1.5-103

III. POWER TAKE-OFF CONCEPT

In this section, the Power Take-Off (PTO) design is anal-
ysed. First, the general concept is described in section III-A.
Next, the AF-PMSM design is discussed in section III-B, fol-
lowed by the analysis of bearings and sealing in section III-C.

A. General Concept

In this rim-driven PTO, Axial-Flux PMSMs (AF-PMSMs)
are used due to their high efficiency and high diameter-to-
length ratio. With the YASA topology, undesired axial forces

on the rotor discs are averted and the flux path becomes
predominantly axial due the North-South arrangement between
the rotors. The axial flux path obviates the magnetic purpose
of the stator yoke, further reducing iron losses and weight.
It also allows for the use of grain-oriented steel in the stator
teeth. This anisotropic material has a high permeability and
low magnetic losses in the axial direction, increasing the
efficiency [14]. Other efficiency improvements are achieved by
using segmented permanent magnets and concentrated stator
windings [11]. As pictured in Fig. 2, to reduce magnetic losses,
both stator teeth and rotor magnets are formed by multiple
rectangular segments that approximate an isosceles trapezium.

Fig. 2. YASA topology AF-PMSM with dimensional parameters indicated
on (a) trimetric view with magnified axial air gap and (b) section view of the
stator teeth at a constant radius [11].

Fig. 3 shows the proposed PTO design. The electric ma-
chines are directly coupled to the RPT runners via the rotor
discs. Therefore, no gearbox is present, which averts the
accompanying friction and increases reliability [6]. Using two
separate electric machines allows for a variable speed ratio
between the runners to allow efficient and dynamic response
to grid state changes. Note that the inner tube diameter is
equal to the RPT shroud diameter Dgyoug. The runners are
each supported by two sets of both a radial and an axial active
hydrostatic bearing to carry both radial and axial forces.

B. AF-PMSM Design

Equation (1) shows the AF-PMSM power equation [15].
In this PTO design, two AF-PMSMs of 5 MW are used.
Note that, in contrast to other common machines, the axial
length of the AF-PMSM stator does not directly influence
the electromagnetic torque. Therefore, the axial length of AF-
PMSMs is relatively short and in this design L,x = 0.4 m.
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In this equation kp is the diameter ratio factor, k,, is the
winding factor, B,,, = 0.8 T is the peak value of magnetic
flux density in the air gap, D, is the rotor magnets outer
diameter and A,, is the linear current density in the air gap.
The diameter ratio factor and winding factor, which combines
distribution and pitch factor, are calculated as follows [15]:



Fig. 3. General PTO concept, with the YASA topology AF-PMSM and active
hydrostatic bearings positioned around the RPT periphery.
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In (2), D; is the inner diameter of the rotor magnets.
In the proposed rim-driven PTO, D; = Dy, = 6.4 m.
In (3), it is shown how the winding factor depends on the
number of phases m; = 3, the number of stator slots Qs,
the number of poles p and number of stator-slots-per-pole-per-
phase g. n is the denominator of ¢ reduced to lowest terms. To
reduce the torque ripple in permanent magnet machines with
fractional slot windings, the relation between the number of
stator slots and number of rotor poles has been an interesting
topic for recent research. It is found that combinations with the
same stator slots-per-phase-per-pole number g share the same
winding factors k,, and harmonics in the torque characteris-
tics [16], [17]. It was concluded that 1/4 < ¢ < 1/3 yields
optimal torque characteristics while maintaining high winding
factors [16]. Therefore, ¢ = 2/7 is chosen in this design,
which has a more sinusoidal electromagnetic torque compared
to commonly used ¢ = 2/5 and ¢ = 3/8 arrangements,
while maintaining low leakage inductance [18]. Due to the low
nominal speed of the runners, the AF-PMSM rotors consist
of 63 polepairs, making the nominal frequency fnom = 52.5
Hz. This ensures that the frequency is well below the power
converter switching frequency. For commercially available
converters in the megawatt range using IGBTs, the switching
frequency typically is 500 Hz [19], although it was shown that
a better trade-off between torque response, switching losses
and power density is found at 1.5 kHz for power plants up
to 10 MW [20]. With p = 63, the number of stator slots,
using ¢ = 2/7, becomes Qs = ¢ - my - 2p = 108. With these
parameters, k,, (3) can be caluclated k,, = 0.933. Now, D,
can be found as a function of the rated power P = 5 MW
and A,,. A, can range from 30 - 80 kA/m for air cooling to
150 - 200 kA/m for direct water cooling [21]. For a machine

with effective air cooling, D, can be reduced to 6.87 m. By
using water cooling, the diameter can be further decreased to
D, < 6.66 m. However, due to the complexity of a cooling
circuit that effectively reduces heat in the stator windings and
air gap, this option is omitted in this high diameter AF-PMSM.
Other parameters that are important for sizing purposes of
the PTO are the air gap thickness ¢ = 5 mm, the magnet
thickness h,, = 5 mm and the rotor discs thickness hy4. The
minimal rotor disc thickness to prevent rotor saturation, can
be calculated as follows [9]:
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Here, b,, is the magnet width, (3, is the magnet pole pitch
ratio and Bg max is the maximal flux density of the rotor
material, which is upwards of 1.5 T for standard construction
steels, e.g. S235. Therefore, hy; = 84 mm. The total length of
the proposed AF-PMSM becomes Lap = Lax +2- (g + o +
hq) = 0.59 m, thus occupying only part of the axial length L
of the RPT runners, which are listed in Table I.

The rotor mass m, and rotational inertia of the PTO J,,
comprising the AF-PMSM rotors and magnets are given by
respectively (5) and (6), where pngres = 7500 kg/m? and
ps235 = 7800 kg/m3 are the mass densities of the permanent
magnets and the rotor S235 steel discs respectively. It is found
that m,. = 6.8 - 10®> kg and J, = 7.5 - 10* kg m2.
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C. Bearings and Sealing Selection

Bearings constrain the position of the RPT both radially and
axially, while inducing minimal friction within the operating
range (see Table I). Therefore, it must compensate for both the
radial and axial forces of the RPT. As can be seen in Fig. 3,
in absence of a shaft in a rim-driven RPT, the bearings are
positioned around the periphery of the RPT and have a diam-
eter of 6.4 m. Therefore, developing a bearing arrangement
for this rim-driven PTO is a challenging objective.

To select the bearing type and arrangement, two main
categories are distincted i.e., roller bearings and plain fluid
bearings. These bearing types respectively use rolling elements
and pressurised lubricant to carry loads, while allowing relative
motion. In most turbines today, roller bearings are used as
main bearings due to their high efficiency, suitability for
low-speed applications and the absence of a high starting
torque, which allows for frequent start-stops. Furthermore,
the standardisation of main roller bearings has experienced



a significant increase since the late 2000’s. However, in wind
applications, it has been found that these bearings do not meet
the lifetime of the turbine. According to a study of over 2000
wind turbines of 1.5 to 2.5 MW, the main bearings have a
failure rate of up to 30% over a 20 year period [22]. In
addition, main bearing faults propagate to the electric machine
in direct drive turbines, as no gearbox is present. Therefore,
main bearing failures not only induce costs due to downtime
and replacement of the bearing itself, but causes extra costs for
maintenance and eventual replacement of electric machines.
Furthermore, a roller bearing with an inner diameter of 6.4
m might be economically unsuitable, due to the significantly
increased number of rolling elements and material, manufac-
turing and engineering costs.

Plain fluid bearings are a valuable alternative to roller
bearings. In hydrodynamic bearings, a hydrodynamic pressure
build-up is established in the lubricant film in the converging
gap between the bearing shell and the eccentric shaft, due to
the rotational motion of this shaft. Hydrodynamic bearings
generally have a higher lifetime, lower cost and exhibit a
damping effect that compensates for sudden force deviations.
The main drawbacks of hydrodynamic bearings are lower
efficiency compared to roller bearings and high starting torque,
due to the rotation dependent lubricant film thickness. Tradi-
tionally, a hydrodynamic bearing arrangement that compen-
sates both radial and axial forces consists of two separate
bearings; one radial bearing and one axial thrust bearing. Large
axial thrust bearings typically consist of tilting pads, attached
to the bearing housing. A hydrodynamic pressure is established
in the lubricant film, that is formed in the converging wedges
between the tilting pads and the shaft. Therefore, the same
effect is achieved as in a radial bearing. Recently, innovative
combined (radial and axial) hydrodynamic bearings are devel-
oped for wind turbine applications. Here, common geometries
of combined roller bearings, such as the double tapered roller
bearing or toroidal bearing form the basis of the design [23].

As described above, in both radial and axial thrust hydro-
dynamic bearings, the lubricant film is established due to a
sufficiently high rotational motion for a given lubricant vis-
cosity, so that external forces can be accommodated. However,
when the rotational speed of the shaft decreases, the lubricant
film thickness decreases, narrowing the gap between the shaft
and the bearing shell. For very low rotational speeds, e.g.
during start-stop events, the film thickness is insufficient to
fully separate the opposing surfaces, causing direct contact
between the shaft and the shell. Besides a significant increase
of friction, increasing start-up torque, such start-stop events
induce wear and when occurring frequently, decrease the
bearing lifetime. Especially when providing ancillary services
to the grid, frequent start-stops are prominent. For these types
of applications, recent research proposes active hydrostatic
bearings, otherwise called hybrid bearings [24], [25]. In a
hydrostatic bearing, the lubricant pressure is not provided by
the shaft rotational speed, but by external pumps. The bearing
comprises different chambers in which the pressurised lubri-
cant is pumped. However, passive hydrostatic bearings are not

suited for high shaft surface velocities, due to heating of the
lubricant. Therefore, active hydrostatic bearings monitor this
velocity and control the lubricant pressure accordingly. They
combine the benefits of hydrodynamic bearings at nominal
rotational speed and the benefits of hydrostatic bearings at
standstill and start-stops. However, these bearings need an
auxiliary high pressure pump unit and control architecture,
that both increases initial price and requires energy con-
sumption. Nonetheless, for a high diameter rim-driven CR
RPT providing ancillary services, the application of active
hydrostatic bearings is favorable. Their integration in the rim-
driven PTO is pictured in Fig. 3. Each runner is supported by
two radial and two axial bearings, optimally countering both
the unidirectional radial load and the reversible axial loads.

To guarantee minimal water leakage between the RPT and
the PTO housing, large diameter shaft seals must be installed
around the RPT periphery. In hydropower installations, axial
mechanical face seals are typically used. Here, a static carbon
ring is spring loaded to a flange-type extension of the rotat-
ing shaft, commonly stainless steel, bronze or ceramic [26].
However, carbon sizes are limited, resulting in a segmented
face ring, which complicates alignment between the sealing
faces, increasing wear and leakage. Therefore, elastic polymer
face rings are recently developed to replace the carbon, which
can be machined for high diameters and increase resistance
to abrasive wear [26]. Still, the complexity and cost of these
large mechanical face seals is evident, as achieving face ring
tolerances and spring loading across the periphery becomes
more difficult for increasing diameters.

IV. COMPARISON WITH THE PTO OF SHAFT-DRIVEN
CONTRA-ROTATING RPT

In this section, the derived PTO is evaluated based on a
comparison with the PTO design of a shaft-driven CR RPT
with similar design and load conditions, which was proposed
in [27]. A 3D CAD drawing of the PTO with optimised shaft
dimensions is shown in Fig. 4. The PTO consists of two
coaxial shafts, which allows the AF-PMSM to be placed on
one side of the RPT, housed in a bulb.

runner 1

e}

Fig. 4. 3D CAD drawing of the shaft-driven contra-rotating RPT with PTO,
consisting of coaxial shafts and a bulb, housing the AF-PMSMs [27].



The RPT efficiency, excluding the hydraulic impact of
the PTO, is higher for the shaft-driven RPT, experiencing
a maximum of 90% in both pump and turbine mode [28].
As seen in section II the pump efficiency of the rim-driven
RPT is only 84%. However, the main benefit of the shaftless
rim-driven PTO concept is that any impact of the PTO on
the hydraulic efficiency is evaded. Especially in a low-head
PHS system with high flow rate, any secondary flow induction
can induce significant losses. In the shaft-driven PTO design,
two shafts are used to transfer mechanical torque and motion
between the RPT runners and the AF-PMSMs. Each shaft is
supported by two roller bearings, due to their high efficiency,
high standardisation (for low diameter shafts) and low starting
torque. In the rim-driven PTO design, the RPT runners are
directly driven by AF-PMSMs designed around the runner
rim, and the use of shafts is averted. However, due to the
high diameter in the rim-driven PTO, active hydraulic bearings
are proposed. Therefore, the bearing arrangement in the rim-
driven PTO is more complex and has a higher cost than in the
shaft-driven PTO. However, with proper maintenance, the re-
liability of this plain bearing arrangement can be significantly
higher than its rolling elements counterpart. Next, the shaft-
driven PTO only requires one high diameter mechanical face
seal (3.5 m), lowering material and manufacturing cost and
reducing leakage.

Next, the PTO mass and rotational inertia are compared.
The PTO mass has a great influence on the radial loads in
the bearing arrangement and gives an insight into material
costs, while excessive rotational inertia can limit the dynamic
capabilities of the RPT in a grid-supporting system. Table II
lists the dimensional properties of the PTO of both the rim-
driven and the shaft-driven CR RPT. Both AF-PMSMs of
the shaft-driven PTO have a nominal power of 5 MW, with
nominal rotational speeds of respectively 50 rpm and —45 rpm
for the first and second runner. Note that the AF-PMSMs are
water cooled in the shaft-driven PTO [27], which increases the
stator current density and decreases its outer diameter D,,. The
dimensional values for the rim-driven PTO are adopted from
section III-B. One important parameter is the total magnet
mass 2 - m,,, calculated by (5), as permanent magnets are
experiencing a rapid increase in cost and are exhaustible.
Although the AF-PMSM outer diameter D, is significantly
higher in the rim-driven PTO, the lower magnet height D,—D);
results in a similar total magnet mass for both concepts. Next,
the total rotor disc mass 2 - my and stator mass mg; are
calculated. Contrary to the ring-shaped rotor discs and stator
in the rim-driven AF-PMSMs with inner diameter equal to
D;, both the discs and stator in the shaft-driven AF-PMSM
have an inner diameter equal to their shaft diameter Dq,
increasing steel usage and weight. Furthermore, the shafts
further increase the total PTO (rotor) mass and inertia. It can
be concluded that the total PTO rotor mass m,. of the shaft-
driven runners is more than three times higher than the total
rotor mass of the rim-driven PTO, with the total PTO mass
Mot = My + Mgt being more than six times higher. However,
due to the high diameter of the AF-PMSM in the rim-driven

PTO, the rotational inertia is more than three times higher
in this PTO. Therefore, it can be seen that for similar power
ratings, the rim-driven PTO induces less radial loads and uses
less core steel, but has a higher rotational inertia. Finally, the
total PTO rotor mass and rotational inertia are compared to
the RPT runners in a percentual increase, i.e., ™/ myunne: and
Jr [ Jeunner. From these values, it can be concluded that the
percentual increases for both rotary mass and rotational inertia
are significantly higher for the shaft-driven PTO.

V. CONCLUSIONS

In this paper, a PTO concept for a low-head 10 MW rim-
driven contra-rotating RPT is proposed. The main benefit of
this rim-driven RPT is that the full PTO is built around
the periphery of the rim diameter. Therefore, the use of
conventional shafts and any hydraulic impact of the PTO are
averted. Two separate electric machines are used to directly
drive the RPT runners. This allows a variable speed ratio and
averts the use of a gearbox. Due to their high efficiency, power
density and high diameter-to-length ratio, YASA topology
Axial-Flux PMSMs are used. They are designed to suit the
high diameter and low speed of the RPT. Although roller
bearings are the common choice due to their high efficiency
and low starting torque, reliability has proven to be an issue
for roller bearings in multi-MW wind turbines. Furthermore,
the high diameter of the discussed RPT increases initial cost.
Active hydrostatic bearings are favorable for this PTO, as
they combine the benefits of hydrostatic bearings under start-
stop conditions and hydrodynamic bearings under nominal
operation. A detailed analysis of the total cost of ownership
for both high diameter roller bearings and active hydrostatic
bearings is an interesting topic for future research. Finally,
the derived rim-driven PTO is compared with the PTO of a
shaft-driven contra-rotating RPT with similar power ratings
and dimensions. Both the difference in hydraulic impact and
bearing and sealing complexity is outlined. Notwithstanding
the higher AF-PMSM diameter in the rim-driven PTO, both
PTOs have a similar permanent magnet usage. Furthermore, it
is shown that the rotary mass and the total mass of the rim-
driven PTO is respectively three times and six times lower
than that of the shaft-driven PTO. Future work includes the
experimental validation of this rim-driven PTO using a model
scale version.
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