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Abstract: Coaxial counter-rotating propellers have been widely applied in ships and helicopters
for improving the propulsion efficiency and offsetting system reactive torques. Lately,
the counter-rotating concept has been introduced into the wind turbine design. Distributed wind
power generation systems often require a novel approach in generator design. In this paper,
prototype development of axial-flux generator with a counter-rotating field and armature is presented.
The design process was composed of three main steps: analytical calculation, FEM simulation and
prototype experimental measurements. The key aspect in the prototype development was the
mechanical construction of two rotating components of the generator. Sturdy construction was
achieved using two points of contact between both rotors via the placement of the bearing between
the inner and outer rotor. The experimental analysis of the prototype generator has been conducted
in the laboratory at the dynamometer test stand equipped with a torque sensor. The general premise
for the development of such a machine was an investigation into the possibility of developing a
dual rotor wind turbine. The proposed solution had to meet certain criteria such as relatively simple
construction of the generator and the direct coupling between the generator and the wind turbines.
The simple construction and the lack of any gearbox would allow for such a system to be constructed
relatively cheaply, which is a key aspect in further system development.

Keywords: dual-rotor machine; wind turbine; axial-flux machine

1. Introduction

Distributed wind power generation systems often require a novel approach in generator design,
especially for low power machines. Gearless wind generator designs are particularly preferred for
these applications. Lately, the counter-rotating concept has been introduced into the wind turbine
design. The counter-rotating type of wind turbines has usually two sets of blades that rotate in
opposite directions.

The process of converting the kinetic energy of wind into mechanical energy of rotational motion
of rotating masses using a single-rotor wind turbine in accordance with the Betz’s law [1] is limited
to 59% of available wind energy. In the theoretical case of an ideal wind turbine with one rotor at
the optimal operating point, the speed of the air stream behind the turbine is reduced to 2/3 of the
speed in front of the turbine. The counter-rotating wind turbine (CRWT) concept assumes the use of
kinetic energy remaining in the airstream behind the first rotor. The use of a second counter-rotating
rotor in the axis of rotation of the first rotor in accordance with the extended Betz’s theory, called
Newman theory [1], allows the production of 13% more power compared to a single-rotor wind
turbine. An interesting analysis regarding the increase in efficiency of an extensive wind farm with
CRWTs is presented in the article [2]. In the publication [3], the authors show numerical analysis using

Energies 2020, 13, 2833; doi:10.3390/en13112833 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-7087-254X
https://orcid.org/0000-0002-5996-9110
https://orcid.org/0000-0003-1803-3647
http://dx.doi.org/10.3390/en13112833
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/11/2833?type=check_update&version=2

A\ MOST

Energies 2020, 13, 2833 2 of 15

a computational fluid dynamics (CFD) method, in which the results of simulation clearly confirm the
greater efficiency of CRWT. The results of experimental research carried out on a small turbine model,
shown in [4] also confirm a good performance of CRWT.

The use of a second wind rotor in the turbine increases the efficiency of wind energy conversion
to a theoretical level of 64%, however, it creates mechanical problems when designing generator
systems. Despite these problems, the continuous increase of installed wind turbines power focuses the
researcher’s interest in searching for new forms of construction of electric generators cooperating with
this type of wind turbine.

The paper [5] is one of the first to describe a mechanism that composes of two counter-rotating
rotors. In the generator, a rotor is driven by one wind wheel turbine and a regular stator driven by
another wind wheel turbine. Owing to the opposed rotation of two wind wheels turbines, the relative
speed between the two rotors may be doubled, and thus, the efficiency is correspondingly increased,
compared with a conventional generator having one rotor. Similarly, the author of [6] developed a
wind turbine equipped with two sets of blades that propel the rotor and stator directly. In articles [7,8],
the authors proposed a differential planetary gearing for more equilibrated torques between both
rotors. This solution has been tested on low-power prototypes.

Aiming to extend the use of CRWTs to medium- and large-scale applications, the latest paper [9]
introduces and analyses a higher-performance solution, which integrates two counter-rotating wind
rotors, a one degree of freedom planetary speed increaser with four inputs and outputs, and a
counter-rotating electric generator. The proposed system yields the following benefits: a compact
design, increase of the output power (which makes it suitable for medium- and large-scale wind
turbines) and allows for more efficient operation of the electric generator.

One of the most common solutions for a small wind turbine generator is the axial flux machine.
In this type of machine, the normal component of the air gap flux density vector is parallel to the axis of
rotation of the rotor, whereas in the typical electric machine it is perpendicular to the rotor rotation axis.
There are several solutions for axial flux machine construction in regards to the magnetic circuit design
and the design of the windings [10-13]. The magnetic circuit design can be single or double-sided
with slotted, ring-shaped or coreless armature design and disc-shaped or coreless permanent magnet
(PM) exciter design. The winding can also be designed in various ways: using multiphase distributed
winding in slots, toroidal winding on a ring-shaped core and distributed or concentrated coreless
winding. The most popular construction is that of the single or dual permanent magnet disc-shaped
excitation core and coreless armature with concentrated single or dual-layer winding. For example,
the paper [14] has already discussed the development of an axial flux permanent-magnet generator for
gearless wind energy. The merits of an axial-flux generator topology are discussed with reference to
the particular requirements of an electrical generator for a direct-coupled wind turbine application.
The design, construction and test results of a 5 kW permanent-magnet generator were presented.

The bibliography of the subject of this article is rich. In particular, a series of publications [15-19]
is also dedicated to the models and design of dual-rotor radial flux generators. It seems a very detailed
analytical and FEM model presented in the paper [16] for dual rotor radial flux wind generators based
on the equivalent magnetic circuit method. This model was developed to predict the flux densities of
the inner and outer air gaps, flux densities of the rotor and stator yokes, back electromotive force (EMF),
electromagnetic torque, cogging torque, and some other characteristics important for generator design.
The 2D finite element method (FEM) was employed to verify the presented analytical calculations,
fine-tune them, and validate the prediction precision.

However, if taking into account articles similar to subject and scope to this content,
for example [15], it should be stated that there is a lack of details of the design, modelling and
testing process of a particular dual-rotor generator.

2. Objectives and Scope

The electromagnetic structure of the dual rotor machine can be divided into two main groups:
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e  Dual rotor machine with a stator,
e  Dual rotor machine without a stator.

Figure 1 shows two main types of dual rotor machines. The machine with a stator is composed
of two independent rotors and a common stator. The machine without a stator consists of two
counter-rotating rotors. The main difference between these two solutions is the mechanical power
parameters. The dual rotor machine with a stator can develop different speeds and different torques in
both rotors. The dual rotor machine without a stator can also develop different speeds in both rotors,
however, the torque developed in both rotors must be equal.

The objective of the research was to develop a novel axial flux permanent magnet generator
that would take advantage of the dual rotor wind turbine concept. In typical permanent magnet
generators, the field source, also known as the exciter, is the rotor and the armature is the stator. In the
proposed construction, the field, as well as the armature, are both two independent rotors of the
machine. That means they can revolve independently of each other and the stator. The axial flux
machine type was selected for the generator design. This type of machine allows for relatively high
torque-to-volume ratio. The main contribution of the research is the novel construction of the dual
rotor axial flux permanent magnet generator.

T1 ) T1=T 2
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0] T2 0] T1=T>
(a) (b)

Figure 1. The general structure of the dual rotor machine: (a) machine with two rotors and a stator;

(b) machine with two rotors and no stator.

The general approach in the machine design was based on the sizing equation [19]. The verification
of the prototype design was carried out through FEM simulation in ANSYS Maxwell software,
where the generator back EMF was calculated, and through the measurements where generator
prototype power and efficiency was measured.

The design process was composed of three main steps:

e  Analytical calculation,
e  FEM simulation,
e Prototype experimental measurements.

Figure 2 shows the iteration approach in the design process. The prototype measurements are
used in order to verify the assumptions made during the analytical calculations.


http://mostwiedzy.pl

A\ MOST

Energies 2020, 13, 2833 4 0f 15

asumptions
veryfications

\ 4

Analitical calculation |«

v

Geometrical model N
£12
Lls

=
* 2|8
. gls
material parametrs o . Sl
- »| Numerical model 215
veryfications >

v

FEM
simulations:
- flux density distribution;
- EMF calculation;
- Electromagnetic torque calculation

v

Prototype
measurements:
- EMF measurement;
- Mechanical charecterystic
measurements

Figure 2. The general approach during the prototype design process.

2.1. Analytical Calculation of the Machine Dimensions

The general approach in machine design is based on the sizing equation. For the axial flux
machine, this equation is defined as:

Pout
Doyt = ¢ 1
out \/nszkwlnsBmgAmn cos ¢ )

where: D, (m) is the external diameter of the PM, Py,:(W) is the output power of the machine
(mechanical power in the case of motor, electrical power in the case of generator), k1 is the winding
factor for the fundamental component of the winding magnetomotive force (MME), 15 is the machine
rotational velocity (in the case of the dual rotor machine, it is differential rotational velocity between
two rotors), Byug(T) is the amplitude of the air gap flux density normal component, A;;(A/m) is the
amplitude of the linear current density, cos ¢ is the power factor of the machine, 7 is the efficiency
of the machine and the kp is defined based on the ratio of the internal PM diameter D;,(m) to the
external PM diameter Dy (m):

D:
k — m
a Dout
_ 1 2
kp = g(l‘f'kd) (1_kd> 2)

As can be noticed, the power of the machine is dependent on the machine rotational velocity
and the product of linear current density and air gap flux density, which determines the air gap
tangential stress or the torque. For set rotational velocity, power is defined by the torque, which in
turn is dependent on the machine external diameter cubed.

The axial flux machines are known for their large diameter in relation to machine length. Which
makes them suitable for low speed, high torque solutions. In order to increase the power density of the
proposed solution, an axial flux machine with counter-rotating field and coreless armature has been
proposed. In the axial flux machine with a coreless armature and dual permanent magnet disc-shaped
field, the exciter is usually made out of construction mild steel or carbon steel with permanent magnets
glued to its surface. This carbon steel magnetic core has much lower relative magnetic permeability (40
to 100 times lower) than electrical or lamination steel. However, in a machine with a coreless armature,
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this does not affect the machine performance. This type of construction is very popular due to the fact
that it is very easy to manufacture even without any advanced equipment. Because of the coreless
armature, the power density is reduced. However, in axial flux machines, the power is proportional to
its diameter cubed. In low power machines, even a small increase in the diameter can compensate for
the lower power density of the coreless design. In addition, a dual PM exciter disc solution allows
increasing the flux linkage of coreless armature machines. Figure 3 shows the single and dual exciter
construction of the dual rotor axial flux machine.

-

(]

Field/Exciter \i

ooo

] Field/Exciter |—

(a) - (b)

Figure 3. Dual rotor axial flux machine solutions: (a) single permanent magnet (PM) exciter disk and

single armature disk; (b) two PM exciter disks and single armature disk.

In the sizing Equation (1), the rotational velocity ns is the relative velocity between the excitation
and the armature. In the proposed solution of the machine with a rotating field and armature,
each of these components will rotate in the opposite direction powered by a separate wind turbine.
The resulting relative velocity will be the sum of the speed of the field and the armature in reference to
the machine enclosure.

The machine three phase winding constructions consist of nine coils. Three coils are connected in
series in each phase. The winding is a fractional slot winding or the tooth coil winding type where the
number of slots per pole and per phase is 0.5. The number of winding turn per phase was calculated
based on the machine flux linkage:

:€~ﬁ~V1L7N

N, =
’ a)'kwl‘¢m

®)
where € is the ratio of machine phase-to-phase back EMF Ef to the fundamental component of machine

voltage, w(rad/s) is the electrical rotational velocity (w = pw,, where p is the number of pole pairs)
and V4 (V) is defined as:

E
f
. 4
=y @)
and for the generator 1.2 > ¢ > 0. The ¢, is the amplitude of flux linkage and is calculated based
on the magnitude of air gap flux density, the slot pitch and the external and internal diameter of
the machine:

A Dout — D;

G = Bug - kp—""5—" T (5)
where 1;(m) is the slot pitch and kp is the air gap flux density distribution factor as a ratio between
the average and maximum value of the air gap flux density. The machine has coreless armature

and relatively high value of PMs height in reference to pole pitch. Because of that, the air gap flux
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distribution along the width (wpp(m)) and the length (Ipps(m)) of the PM is close to sinusoidal and

can be defined as:
5 (3 () o ()
Bs (w,]) = —¢ |sin|{ —m | +sin| — 6
(5( ) 2 lPM oy ()

Based on this, the air gap flux density distribution factor can be defined as:

ky = (i)z )

This coefficient value was later verified using FEM simulations. The expected distribution of the
normal component of air gap flux density between two magnets in the coreless armature is presented
in Figure 4.

0.6 0.6
04 04
) =)
Q0.2 Qo2
0 0
0.02 01 0.02 0.1
0 0.08 0 0.08
-0.02 0.06 -0.02 0.06
(a) wpar (M) Ipar (M) (b) wpar (M) lpy (M)

Figure 4. Normal component air gap flux distribution from two permanent magnets in the middle of
the coreless armature, (a) calculated value based on the assumption expressed by Equation (6); (b) finite
element method (FEM) simulation result.

The material used for the exciter rotor was construction milled steel S355 and the PM material is
the N40. The general dimensions calculated during the design process are shown in Figure 5.
The magnetic or effective air gap length is defined as:

Oeff = hcu +20 (8)

where d(m) is construction/manufacturing air gap and hc,(m) is the armature height or the
winding/slot height in the case of the coreless armature axial flux machine. Based on the maximum
value of air gap flux density, the air gap length and the permanent magnet parameters at the operational
temperature, the height of the PM is calculated:

Oeff - HpM *kpm
2 (ka2 )

mg

©)

hpm =

where ppy is the magnetic relative permeability of PM, kpy, is the PM fill coefficient (defines the ratio
between PM volume and PM specific material in that volume) and B,py;(T) is the remanence flux
density of the PM. Figure 6 shows the winding construction of the designed machine.
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Figure 5. Machine dimensions calculated during the design process.
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Figure 6. Concentrated

winding of the designed machine.

Calculated machine dimensions are shown in Table 1.

Table 1. Calculated dimensions of the designed generator.

Parameter Value Description

Dout 200 mm  external diameter

Dy 100 internal diameter

o 2 mm mechanical air gap

hpm 25 mm PM height

Ipm 50 mm PM length

Wpm 50 mm PM width

hypm 12 mm PM rotor yoke height

lcu 80 mm single coil length

hcu 25 mm coil height

wey 30 mm ”slot” width

N; 1815 number of armature winding turns
Dys 0.55mm  diameter of armature winding wire

7 of 15
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2.2. FEM Analysis

The FEM analysis was used in order to verify the analytical calculation of the machine dimensions.
In order to do that, two main tests were conducted:

e  The no load back EMF calculation,
o  The electromagnetic torque at nominal current calculation.

In order to perform the simulation, a model in ANSYS Maxwell environment was developed.
Figure 7 shows the geometry of the machine in the FEM software as well as the mesh discretisation
and an example of the simulation results. The basic process of the FEM simulation model development
consists of the definition of geometry, the definition of materials and the definition of boundaries and
excitations. Because of the coreless armature and material used for the PM rotor core (5355 construction
steel) the relative magnetic permeability of 3, = 500 was used for the ferromagnetic PM rotor core
during the simulations. A separate issue concerns the discretisation of the geometry also known as
the mesh generation. In the Maxwell environment of the ANSYS software as in many other FEM
simulations software, this step can be automated and left for the software default optimisation strategy
based on the allowable error level of the performed simulation. It has to be considered in the design
process that coreless armature of the machine creates a large air gap in reference to the armature length
(in this case this length is understood as the length of the PM). This results in a decreased value of
the average flux density of the flux linkage in the machine. In a typical machine with a small air gap
length in reference to the length of the machine, the relation between the average and maximum flux
density in the air gap for sinusoidal flux density distribution is defined as Bavg/Bmg = 2/ 7.

a) d)

Flux density magnitude in radial (};) direction
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Figure 7. FEM analysis of designed machine: (a) geometry view in Ansys Maxwell 3D, (b) finite
elements discretisation of the geometry, (c) example of the results—flux density in the middle of the
coreless armature, (d) flux density in the radial direction (along I;), (e) flux density along the air gap at
the middle of PM (along I,).
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However, in the case of the coreless axial flux machine, this value is decreased and influenced by
several factors like the shape of PM, the direction of magnetisation of PM, the ratio between the air gap
length and the length of the machine and the MMF of the machine winding. Using FEM simulation
and results presented in Figure 3, one can estimate the relationship between the average and maximum
flux density to be Bayg/Bpg =~ 0.5.

For the model verification, a transient simulation of the designed machine was conducted. For this
simulation, a circuit model was defined in ANSYS Maxwell software. Figure 8 shows the circuit model.
The winding resistances RRA, RRB and RRC have been calculated based on the design demotions of
the machine coils. A series of simulations in which the machine velocity and the load resistance RResl
were changing have been conducted. The differential velocity changed from 100 to 1000 rpm and the
load resistance changed from 100 to 1900 ohms

P Model
Modell 260hm
LAO1 RRA
A +
D1 2 D3
.| LabellD=Vidc 260hm
CV) LabellbAvac LA02 RRB
LabellDAVdc 1900
RResl1 260hm
L LAO3 RRC
4 5 6
10megohm 10megohm
RRes2 RRes3

L

Figure 8. FEM analysis circuit model for the transient simulations.

The results of the simulations are shown in the next section of the paper, where they are compared
with the measurements.

2.3. Experimental Verification of the Prototype Design

The generator prototype was constructed by the EMS Electric Motors Service Company, Poland.
The key aspect in the prototype development was the mechanical construction of two rotating
components of the generator. Sturdy construction was achieved using two points of contact between
both rotors via the placement of the bearing between the inner and outer rotor. Figure 9 shows the
internal structure of the prototype machine and transverse cross-section.

mzm )
s
i

\ fel
|
%% T

(A Y
— D=
ST s ]

Figure 9. The internal structure of the prototype axial flux generator (left), a transversal cross-section (right).

oom

% _

One of the key aspects apart from the mechanical decoupling between both rotors was the issue
of the electrical energy transfer between the armature rotor and the terminal box of the generator.
Generally in AC machines, a set of slip rings is used to supply or draw power from the rotating part of
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the machine, whether it is a synchronous machine with DC excitation winding on the rotor supplied
via two slip rings or it is an ac induction machine with three phase wounded rotor and three slip
rings. Usually, the slip rings are placed side by side on the shaft of the machine (Figure 10). In the
case of the proposed dual rotor axial flux machine, the slip rings are in the form of concentric rings
to which the brushes are spring-loaded parallel to the axis of the machine. The advantage of this
approach is the smaller overall length of the machine, however, the disadvantage is the increase in the
mechanical losses due to the friction in slip rings and much larger diameter of slip rings than in typical
ac machines.

a) b)

slip rings

Figure 10. Three phase slip rings configuration: (a) typical machine, (b) concentric slip ring
configuration used in prototype generator.

The experimental analysis of the prototype generator has been conducted in the laboratory.
The dynamometer test stand equipped with HBM T40B type of torque sensor was used in the
measurements. In addition, a second motor equipped with an encoder for speed measurement
was used to move the second rotor of the generator. The electrical parameters of the generator were
measured using a ZES LMG670 type of power analyser. Figure 11 shows the simplified measurement
test stand schematic and dual-rotor generator test on the dynamometer test bench.

@ measurement measurements :@
Tr

Or2, X
Prime mover 2
—p}—| Load
% — 1
B 6x

Full bridge rectifire
AC/DC

Figure 11. Dynamometer test bench configuration during the measurements.

Conducted measurements included the back EMF waveform measurement of line-to-line voltage
of the generator (Figure 12). Also, the efficiency of the prototype generator was measured for selected
differential speeds between the rotors and selected load conditions. Figure 13 shows the measured
efficiency of the prototype generator.
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Figure 12. Generator back electromotive force (EMF) FEM simulation and measurements.
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Figure 13. Prototype generator efficiency diagram from measurements at the dynamometer stand.
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In order to compare the electromagnetic FEM simulations and measurements, mechanical losses
had to be incorporated into the FEM results. The static and dynamic friction calculated based on the
measurements in load and no load conditions for different relative rotational velocities torque has
been added to the simulation. Figure 14 shows the friction torque in the function of differential speed.

2.5 T T T T T T T T

15 ¢ .

Friction torque (Nm)
\

0.5 i

0 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

Machine differential velocity (rpm)

Figure 14. Designed machine friction torque in the function of relative rotational velocity.
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The results of FEM simulations and measurements are shown in Figure 12. The line-to-line voltage,
output electrical power and the efficiency ware calculated from both measurements and simulations.
The efficiency calculated from the FEM simulation included measured static and dynamic friction:

P,
T, + Dy 'wm+D2)wm

n= ( (10)
where T, is electromagnetic torque developed by the simulated machine, D1 and D, represent the
dynamic and static component of friction torque (Figure 14) and P, is the output electrical power of
the generator.

The presented result of the simulation and measurements in Figures 12 and 15 indicate a significant
difference between the simulations and measurements. The higher calculated efficiency can be caused
by both the higher value of induced EMF and also the omission of additional losses due to AC
resistance and eddy currents in ferromagnetic construction elements of the machine. The lower value
of induced EMF can be caused by:

e  Different PM parameters the assumed/selected in the calculations,
e  Different than designed coil dimensions/layout,

e Additional leakage flux caused by the ferromagnetic components of the machine construction
(shafts, bolts, etc.).

3. Conclusions

During the research, a dual rotor axial flux generator prototype was developed, constructed and
tested. The unique mechanical construction of the generator allows for independent rotation of both
the permanent magnet exciter and coreless armature. The proposed generator is indented for wind
turbine operation reliability by eliminating the mechanical gearbox.

The obtained results of efficiency measurements shown in Figure 15 indicate that the generator’s
efficiency is not very high. It can be assumed that this may be the result of a significant measuring
error of the used torque meter because its measuring range was too large for the tested machine.
The tests would have to be repeated on a smaller dynamometer. The torque meter used in the tests
is the factory equipment of our 180 kW dynamometer and cannot be replaced with a smaller one.
Measurements were made on a dynamometer with a K-T40B-002R-MF-5-M-DU2-0-S type flange
torque sensor, £2000 Nm, accuracy 0.05%.

During the tests, attention was also paid to the occurring cogging torque between both rotors
caused by ferromagnetic bolts holding the armature winding plate, which may impede the operation
of a wind farm at lower wind speed. Therefore, a twin-rotor wind turbine was prepared for testing in
the wind tunnel. The dual-rotor generator coupled with CRWT was shown in Figure 16.

For a quantitative assessment of prototype properties, measurements would have to be repeated
on a more adequate dynamometer. However, the main objective of the research was the development
of a novel structure of dual rotor axial flux PM generator, and this objective was reached. The further
steps will include optimisation of the proposed structure and for that, more precise measurement
equipment will have to be used.
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Figure 15. FEM simulation and measurements results: (a) measured machine voltage, (b) measured
machine output electrical power, (c¢) measured machine efficiency, (d) simulated machine voltage,
(e) simulated machine output electrical power, (f) simulated machine efficiency.
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(b)
Figure 16. Permanent-magnet dual-rotor generator coupled with counter-rotating wind turbine for
efficiency wind research: real photo (a), virtual model (b).
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