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Abstract—The concept of driving two rotors that can rotate
in separate directions within the same stator by utilizing har-
monic components of concentrated winding layout in a surface-
mounted permanent magnet motor has been investigated. The
configuration of a number of slots and poles for such a motor
was examined, and a stator with 24 slots and two rotors with
22 and 26 poles was chosen. A harmonic analysis was done
on this configuration, and it was concluded that it should be
able to drive a counter-rotation. The parameters for a motor
design with the chosen slot and pole configuration were first
analytically done. Then the parameters were simulated using
the FEM program COMSOL. COMSOL also confirmed the
counter-rotation. Using the motor parameters, a prototype was
designed using SOLIDWORKS. The designed prototype was
then produced and tested. Finally, a function test performed on
the prototype confirmed that the twin harmonic motor drive is
possible.

Index Terms—Magnetic field harmonics, counter rotation,
prototype, hydropower, machine design, harmonic analysis, PM
machine, manufacturing

I. INTRODUCTION
A. In relations to the specialisation project

During the fall of 2021, the author wrote a specialization
project titled “Design of a counter-rotating twin-rotor machine
prototype” [[1]. Much of the groundwork for this thesis is
done in the specialization project, where initial simulations and
prototype design were made. The background and the theory
behind this thesis and the specialization project are the same,
and material from these parts of the specialization project has
therefore been reused in this thesis. Some of the results from
the specialization project are also presented in this thesis as
they are important for the understanding of the work done in
the thesis.

The following sections contain parts of reused material from
the specialization project and will not be referenced later in
the thesis:

o Background and motivation in section |[[-B

o Theory regarding permanent magnet motors, magnetic

field harmonics and cogging factor in section

o Design process in section [[TI]

B. Background

The capacity of installed renewable energy sources such as
wind- and solar power is increasing globally, and these sources
are highly uncontrollable with fluctuation in available energy.

The solution for these fluctuations in available energy is power
electronics and energy storage [2]]. One of the most important
energy storage technologies is pumped storage hydropower
(PSH), which accounts for 94% of all installed electrical
energy storage in the world [3]]. PSH has many benefits over
other energy storage systems such as battery and flywheel
storage systems. PSH allows for energy storage over extended
periods of time, a large storage capacity and no use of limited
rare earth materials.

Norway relies heavily on hydropower to power its electrical
demand, and the total installed capacity in Norway is 33
GW per 2021 [4]. It accounts for 50% of the capacity for
hydropower in Europe [5]]. The installed PSH is per 2019 at
a capacity of 1.4 GW [3]] which is around 5% of the total
installed capacity in Norway. However, it is estimated that
there are 86 hydropower plants with a combined capacity of
10.8 GW that are well suited to be built into PSH [5] [6].
Converting these hydropower plants into a PSH will lead to
high cavitation on the turbines as the pressure in the tailrace
will be too low in pump mode [5]. The diameter of the
installed turbine would also have to be increased to overcome
the losses in the waterway [7]. The cavitation wear and the
change in waterway and turbine will lead to high costs during
the conversion to PSH.

HydroCen is a research center at NTNU that focuses on
hydropower technology. HydroCen is currently looking at
booster pump solutions to overcome the cavitation problem
during pump mode of the hydropower plants. The booster
pump solution involves having a booster pump in the tailrace
tube to increase the pressure on the suction side of the main
turbine, therefore negating the cavitation and waterway losses.
This is a considerable cost-saving measure in converting hy-
dropower plants to PSH and could change the conversion from
a bad investment to a good one [5]. In the research towards
this solution, the booster pump is being designed. Counter-
rotating turbines and propellers are considered as they have a
hydrodynamic advantage of being able to recover some of the
rotational slipstream energy [8|]. This would be beneficial for a
booster pump for a PSH as the pump would have lower water
spin coming up to the main turbine than a conventional single
screw turbine. Less water spin would lead to less cavitation
and higher efficiency of the main turbine.

The background for this project is based on a phenomenon



that Prof. Robert Nilssen has observed in his many years
of working with fractional slot concentrated wound motors
which will be described as twin harmonics in this project.
The twin harmonics are two harmonics in the magnetic field
with different pole numbers and opposite rotations. The twin
harmonics often have a much larger magnitude than the other
harmonics, sometimes almost as large as the fundamental. Us-
ing two rotors with the same number of poles as the two twin
harmonics will lead to the rotors having the rotational direction
as their respective harmonic. The twin harmonic phenomenon
has been investigated in Ole Erik Leangen’s master thesis
Achieving counter-rotation by utilizing harmonic components
of the magnetic field in a fractional slot concentrated winding
permanent magnet motor [9]]. Leangen’s thesis concluded that
it was possible to drive two counter-rotating rotors in one
stator using the twin harmonics but should be investigated
further. This project aims to continue the investigation of such
a counter-rotating machine.

C. Scope

This thesis aims to simulate, design, build and test a
prototype motor with two counter-rotating rotors, where the
counter-rotation will be achieved by using the twin harmonics
in the stator. The design for the prototype made in the
specialization project “Design of a counter-rotating twin-rotor
machine prototype” [1] will be used as the basis for the
finished design. Drawings for further improvements and addi-
tions to the motor setup will be made using SOLIDWORKS.
COMSOL models previously made during the project will also
be improved and used to give motor characteristics that will
be used during lab testing of the finished prototype. The report
will neither include different types of losses nor discuss the
general efficiency of the designed prototype as the main goal is
to end up with a finished prototype that proves the concept of
counter-rotation using magnetic field harmonics. The motor
design will not be optimized. Programs such as COMSOL,
SOLIDWORKS and MATLAB will be used to simplify the
design and simulation process.

D. Outline

The number of slots and poles will be discussed and
investigated, and a configuration is then put into a Matlab
script for harmonic analysis. After validating the choice of
the number of slots and poles for the motor, the winding
layout is presented. Then the preliminary motor parameters are
calculated. The parameters are then taken into COMSOL for
modelling and verification. Later the final design is made in the
CAD program SOLIDWORKS, and the design choices based
on manufacturing are disclosed. The manufacturing process
and the design changes made along the way are described.
Finally, simulation results together with various test results
are presented and discussed.

II. THEORY
A. Permanent magnet motor

An electric motor is a machine that converts electrical
energy to rotational Kkinetic energy. A permanent magnet

electric motor is a type of electric motor which uses permanent
magnets instead of field windings for magnetization. As a
result, permanent magnet motors often have high efficiency
because they do not have current losses in the rotor windings.
Furthermore, as permanent magnet machines are synchronous
machines, permanent magnet motors are often talked about as
permanent magnet synchronous motors (PMSM). The relation
between the rotational frequency of the EMF in hertz (f;),
and the rotational speed in rpm (n), is given by the pole pairs

in the machine (p) as shown in [10].

60'fel
n =
p

PMSMs are highly scalable like other electrical machines,
where the torque-volume ratio is usually linear. The equation
for the rated torque for a sinusoidally-fed PMSM is shown in
[L1]. The torque can here be computed using the
peak value of the fundamental distribution of the flux density
in the airgap (B1), linear current density factor (K), airgap
diameter (D,4) and the active length of the machine (Lcore).
The airgap diameter is defined as the diameter out to the
middle of the airgap.

2
Tr = % ' Bgl : Ks : Dag2 : Lcore (2)

From this equation, it is possible to see that the rated
torque increases linearly with the length of the machine and
quadratically with the diameter.

The voltage in a coil is calculated using [12].
By multiplying with the number of coils per phase then this
equation can be used to calculate the voltage per phase in an
electrical machine.

Erms = V2m ky - fo-N-® 3)

)

Here k,, is the winding factor, N is the number of turns
and Phi is the total flux per pole. The total flux per pole can

be found using

2
®==.By-l-r 4)
p

B. Magnetic field harmonics

A periodic signal can be split into harmonics. Usually, the
most dominant harmonic is called the fundamental or first
harmonic. A harmonic has a frequency which is an integer
multiple of the first harmonic [[13]. In electric machines, mag-
netic field harmonics are a phenomenon created in the stator
by the windings. Magnetic field harmonics is a phenomenon
that often leads to losses and vibrations.

displays how distributed windings with a phase
belt can generate a near perfect sinusoidal magnetic field in
the stator. The figure shows one phase of a two-layer winding
in which the concentrated coil of NV; turns has been distributed
into four coils per pole, each having a full pitch. In PM motors
with high g-factors (number of slots per phase per pole) the
MMF tends to be close to sinusoidal, giving low amounts



of harmonic content. PM motors with concentrated windings
however, have a lower q value than motors with distributed
windings, giving them a higher amount of harmonic content
[14].
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Fig. 1. MMF of distributed winding having four coils in a phase belt [15]

is also a figure from [15]]. This figure displays the
relative magnitudes of the harmonic components of MMF as

determined by the pitch-factor k,,. As this states, by changing
the pitch-factor, one can change the magnitude of different
harmonic orders by changing the coil pitch. In ordinary
electrical motors, the aim is to reduce any other orders of
harmonics than the first one using the pitch factor.

wiT, —

Fig. 2. Pitch factor for harmonics h=3, 5, 7...15 as a function of per unit coil
pitch w/7, [15].

The winding produces harmonics with the order h as shown
in El Here c is a factor with the value 0, 1, 2, 3,4 ... and m
is the number of phases [16].

h=+1%+2cm (@)

From this equation, it is possible to see that a symmetrical
three-phase winding will have a positive and a negative
sequence in the harmonic orders. The negative sequence in
the harmonic order will move in the opposite direction. For

example, for a three-phase machine, m = 3, and a ¢ = 3, we
have two harmonics, one with 11 pole pairs and one with 13
that will rotate in opposite directions.

When the stator is fed with an angular frequency wg, the
angular speed of the harmonic h with respect to the stator

is shown in The harmonic h will also have pole

pairs py, referenced to the main harmonic’s poles p as shown

in [Equation

Whe = % (6)
pn="h-p (7

C. Cogging factor

The interaction between the MMF harmonics generated by
the permanent magnets and the airgap permanence harmonics
due to slotting results in cogging torque in PM machines and
magnetic gears. This cogging torque manifests as a pulsating
torque as the rotor tries to align itself in stable positions. As
cogging toque leads to vibrations, it is desired to reduce it as
much as possible. The cogging factor (f.) is often used when
describing magnetic gears and describes the severity of the
cogging torque generated. As stated in [[17], the amplitude of
the cogging torque is not formally connected to f., but it is
proven that a higher f. will lead to a higher cogging torque.
The formula for f. is shown in [Equation 8| where Ny is the
number of slots, 2p is the number of poles, and LCM is the
lowest common multiple.

Je= ToGn N ®

By investigating it can be found that fractional

ratios between stator slots and the number of pole pairs result
in the lowest cogging factors, this is also explained in [[18§]]
and [19]].

III. DESIGN

The design process starts with selecting a stator and rotor
configuration that can be used to prove the twin harmonic
motor drive concept. Then the parameters for the motor need
to be calculated before building a COMSOL model to simulate
the design’s functionality. After performing the analysis of the
functionality of the prototype, the drawings of the motor can
be made in SOLIDWORKS.

A. Selection of number of poles and slots

The first step of the design process was to select the number
of slots in the stator (V) and the number of poles (2p) for the
two rotors. It is desired that the gearing ratio (G,.) between the
two rotors is as small as possible so that the deviation in speed
and torque between the rotors becomes as small as possible.

The gearing ratio is defined as in [18]] by
G, =2 9)
Pn
p; is the number of pole pairs for the low-speed rotor and py,
for the high-speed rotor. A configuration with a high number



of slots and a small deviation between the number of poles
for the two rotors is favourable. However, a higher number
of slots may lead to a lower fill factor and lower structural
integrity in the stator teeth. For the prototype to function
as optimal as possible, the cogging torque is desired to be
as small as possible. Therefore the cogging factor for the
different possible configurations of the number of slots and
poles has to be investigated. Additionally, in order to have
concentrated windings, the number of slots in the stator needs
to be a multiple of six. displays the results from the
investigation.

TABLE I
DIFFERENT CONFIGURATIONS OF NUMBER OF SLOTS AND NUMBER OF
POLES
Number of Cogging Gear
2p rotor 1 slots (Ns) 2p rotor 2 factor (f.) | ratio (G;)
10 12 14 2 0.71
14 18 22 2 0.64
16 18 20 2 0.80
22 24 26 2 0.85
20 24 28 4 0.71
26 30 34 2 0.76
28 30 32 2 0.88
34 36 38 2 0.89
32 36 40 4 0.80

The 24-slot design with 22 and 26 poles for the rotors was
chosen for the motor as it has a low cogging factor, a good
gear ratio, and does not have too many slots, making this
configuration a safe choice. The q are 4/11 for the 22-pole
rotor and 4/13 for the 26-pole rotor which should, according
to theory, give large harmonic content.

B. MMF harmonic analysis and winding layout

Verifying the number of poles and slot configuration is
done by putting the configuration in Prof. Robert Nilssen’s
MATLAB script for harmonic analysis. When using the har-
monics analysis function, the program gives the results shown
in From the table in the figure, it is clear that
the configuration would provide a high magnitude for the
harmonics with 11 and 13 pole pairs, which is promising for
the design. This can be explained by looking at
Furthermore, it also shows that the configuration for 24 slots
with 20 and 28 poles would not have worked as the harmonics
with those number of poles are cancelled out.

Using the stator animation tool from the script, the direction
of the twin harmonics can be investigated. The harmonic
content can be plotted where the 22-pole harmonic is defined
as a sub-harmonic and the 26-pole harmonic as a higher
harmonic. shows the twin harmonics in the two plots
moving in the opposite direction, as required for the motor to
work.
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Fig. 4. The two harmonic waves moving in opposite direction

The winding layout for the chosen configuration of 24 slots
with concentrated windings was made by using the MATLAB

script. The winding diagram can be seen in

Slot # 12 3 4 5 8 7 8 910 11 12 13 14 15 18 17 18 19 20 21 22 23 24
PhaseR |R R R R R RRR
" Phase5 | s 8 58 5 58 8
" PhaseT | <7 [T B [ T T
" RST |RRRRI TTTSSESSRRRRTITTTS S 8
Bottom € R RRRT T T T S5 S8 SRRRRTTTT S5 S
" SingleP | gleP |R R R R R R-R R
s s 5= 5 55 s
T TS TS

Fig. 5. Winding layout

C. Initial specifications

Since the purpose of the prototype motor is to prove the
concept of driving a motor using the twin harmonics, there
were no initial set performance specifications, and the motor
will therefore not be optimized. However, a starting point for
the design process is needed, and the rated power is set to



2 kW (1 kW per rotor) with an outer diameter required to
be 300-400 mm. The power requirement is set since motor
controllers of this size are easily obtainable, and the size
requirement is set for the motor to be relatively easy to move
around. To ease the assembly of the prototype and hopefully
increase the twin harmonic phenomenon, the motor will be
designed with concentrated windings. Having concentrated
windings will also allow for higher magnitudes of the higher
harmonics. As it is easiest to test the prototype in a low voltage
lab, the prototype will be designed for being operated with a
phase voltage of 230 V, resulting in a desired rated current
of 2.9 A. The electrical frequency is also assumed to be 50
Hz. However, this can be changed during testing to check the
speed characteristic of the motor. The two rotors are expected
to act as two motors in series, resulting in 115 V per phase.
With the power rating and the electrical frequency, the speed
and torque for each rotor are also set. The rotational speed for
the 22-pole rotor will be 272.7 RPM with a 35 Nm torque,
while the speed of the 26-pole rotor is 230.8 RPM with a
torque of 41 Nm.

D. Initial calculations

The first analytical dimensioning was done using the pro-
cedure described in the Sizing procedure of surface-mounted
PM machines for fast analytical evaluations paper [11]]. In
short, this procedure bases itself on designing the stator iron
based on the preliminary set requirements for the max flux
density in the stator teeth (Bis_mqz), stator yoke (Bys—maz),
rotor yoke (Brs—maz) and the max current density (Jp,qz)-
The stator teeth width (wy) and stator yoke height (h,,) are
dimensioned to account for the max stator teeth and yoke
flux density respectively, using and [IT] The flux
density is calculated from the size and strength of the magnets.
The stator teeth height is then dimensioned to give a slot
area that can account for the set slot current density, using
The motor is designed with straight slots to ease
the windings’ fitting during the prototype’s assembly. The rotor
yoke thickness can be dimensioned, iterating around the flux
density in the rotor. However, as the inertia is not considered
a problem and the cost of the rotors would be unchanged, the
rotors are designed as solid discs with the inner radius equal
to the outer radius of the shaft.

By Ts — Tp
Wy = ———— - (Qyy - Tp — (10)
" Bts—max . Ki ( P 2 )
B, oy T
hys = -9 —m P (11)
Y Bys—maac : Ki -2
s = Koo Dis (12)

Jmaw . Ns . kwdg . kfill * Wit

Here B, is the maximum flux density in the airgap, K; is the
lamination pack coefficient, k.44 is the winding factor, &z is
the fill factor, D;s is the inner stator diameter, 7, is the polar
pitch, 7 is the stator slot pitch and «,,, is magnet width as a
percentage of the pole pitch. The linear current density factor

was calculated using using the desired torque as
input.

The slot pitch and pole pitch are defined by
and [[4

W'Dis
= 13
T, N, (13)
“(Dis — 2 -hgg — lm
7'1)_7.r ( - 2. p J ) (14)

The initial specifications for the motor were set to relatively
moderate values. As the materials to be used in the prototype
were not chosen at the beginning of the design process, the
moderate values would prevent any saturation or overheating.
However, selecting moderate values could also lead to the
motor being somewhat over-dimensioned. The initial speci-
fications are shown in

TABLE II
INITIAL SPECIFICATIONS
Parameter Symbol | Unit Value
Stator yoke flux density | Bys T 1
Rotor yoke flux density Birs T 1
Stator tooth flux density | Bis T 1
Slot current density J Almm?2 | 2

The starting dimension for the calculation process was the
inner stator diameter and the length of each rotor. The inner
stator diameter was set to 270 mm as this would lead to an
outer diameter of around 300-400 mm as initially specified,
while the length of each rotor was set to 40 mm. Rotor
lengths were selected as the magnet length of 40 mm was
readily available. The magnet’s dimensions were set so that the
magnets would not be too strong, making the manufacturing
process harder and making the magnets more costly. The
magnet vendor called supermagnete was used to find suitable
magnets for the project [20]]. The magnet dimensions were set
to be 40 X 20 X 5 mm. The magnets would then cover the
entire length of the rotors while not being too wide to fit on
the 26-pole rotor.

Using the number of turns can be calculated
where the desired voltage per phase is set to 230 for the two
rotors in total. Emetor’s winding factor calculator [21] is used
to find the winding factor, and it calculates that the winding
factor for the two rotors is 0.955. Assuming a peak flux density
between 0.9 and 1 in the airgap, the required number of turns
is found to be 150. The most available wire thickness in the
workshop was 1.3 mm?, which could hold up to 3.7 A RMS
continuously according to the American Wire Gauge Chart
(AWG chart). Using this copper wire with 150 turns and the
set slot are of 308 mm? would require achieving a fill factor
of 63%.

After finishing the dimensioning process, the final motor
parameters is shown in These parameters were taken
onwards to the Finite Element Analysis (FEA) models of the
motor.



TABLE III
PROTOTYPE CALCULATED DIMENSIONS
Parameter Symbol | Value [mm]
Outer rotor diameter Dey 258
Outer stator diameter | Des 350
Inner stator diameter | D;g 270
Inner rotor diameter Dj, 40

Airgap height Rag 1

Useful slot height hus 26
Stator yoke height hys 14
Length per rotor Lyotor | 40
Length stator Lstator | 150
Magnet width Wi 20
Slot width Wit 16
Stator tooth width Wit 19.3

E. FEM analysis

To verify the design of the prototype, two cross-sections
models were built in COMSOL, one for each rotor. The models
were made to analyse and verify the counter-rotation of the
motor. Each model includes one of the rotors, where the
interaction between the rotor and stator can be investigated.
As the rotors only can be analysed separately, the interaction
between the rotors, such as cogging between the rotors, can
not be investigated. The model with the 26-pole rotor can be
seen in In the model, four layers were added to the
airgap to make the mesh in the airgap symmetrical.

Fig. 6. Geometry of the model with 26 poles

Under physics, two amperes laws were added to separately
define the radially north and south-facing magnets. On
the north and south pole of the magnets can be seen
as blue and red, respectively. An amperes law was also added
to define the magnetic flux saturation curve for the rotor and

stator iron. The saturation curve was set to the predefined BH-
curve given by COMSOL. This BH-curve is set to saturate at
around 1.5 T, which was considered reasonable. Three coil
physics were added to define the phases in the stator and
assigned according to the winding layout seen in
The currents added can be seen in Finally, a force
calculation was added to the rotor and the inner layer of the
airgap.

TABLE IV
PHASE CURRENTS
Phase | No load | On load
A 0 I-sin(2mfer)
B 0 T sin (27 fer + 27/3)
C 0 T- sin(2m fo; + 47/3)

For accurate results, the meshing of the model is essential.
The airgap flux determines the motor’s torque, and this mesh
is therefore emphasized in the model. As pointed out earlier,
the models were made with four layers in the airgap to ensure
a symmetrical and high quality mesh in this area. The meshing
in the stator and rotor iron is less crucial and therefore requires
lower meshing to reduce the simulation time. The meshing
difference between the airgap and the rest of the model can

be seen in [Figure 7

Fig. 7. Mesh of the model near the airgap

A locked rotor test was done where the currents were set
according to and the rotational speed was set to
zero. The locked rotor test was done to find the d,, which
is the angle displacement applied to the current to align the
current with the g-axis of the motor, also called time shift. The
simulations were run for one electrical rotation T,; with 200
steps. The locked rotor test gave the curve shown in [Figure 8
for the 26-pole rotor and a similar one for the 22-pole rotor.
The two rotors needed two separate time shifts as they rotate
in opposite directions, and what is considered max torque has
opposite signs. The time shifts are found using the COMSOL
functions ’attimemax’ and ’attimemin’. The time shifts are
found to be 0.0062 seconds for the 22-pole rotor and 0.0163
seconds for the 26-pole rotor. This resulted in the angles being:
0g,22 = tmaz—torque * fer - 360° = 0.0062 - 50 - 360° = 111.6°



04,26 = 0.0163 - 50 - 360° = 293.4°
These angles might be a source of error as most motor
controllers cannot drive motors at such an optimal angle.

Global: Axial torque (N*m) ®

301 —— Axial torque

Axial torgque (N*m)

0 0.002 0.004 0.006 0.008 0.01 0012 0.014 0.016 0.018 0.02
Time (s)

Fig. 8. Locked rotor test

F. SOLIDWORKS model

The designed motor was drawn and modeled using SOLID-
WORKS. A cross-sectional view of the final design setup
for the prototype is shown in In the figure copper
windings, bearings, and feet for the motor are added and set up
for illustrative purposes. With this setup, one rotor shaft will be
mounted with ball bearings in the cover of the stator housing,
while the other rotor shaft will be mounted on an adjustable
table with pillow block bearings. The rotor shaft mounted with
pillow block bearings will be movable, allowing the distance
between the rotors to be adjusted. Therefore, it is possible to
investigate the rotors’ influence on each other. The distance
between the rotors will be adjusted using a spacer seen to the
left in Using a bolt with a known thread pitch, the
distance can be adjusted by turning the bolt with the right
amount of turns. To have room for the distancing between the
rotors, the stator needs to be longer than the combined length
of the two rotors. Therefore, the stator length is set to 150 mm,
allowing the rotors to be adjusted up to 70 mm apart.

The original stator design was modified to have straight
slots, also called parallel slots, as shown in This
change will allow the coils to be wound and formed be-
forehand and then slid onto the straight tooth, significantly
simplifying the assembly process of the motor. Changing the
design to parallel slots resulted in a smaller slot area, leading
to a higher slot current density. However, increasing the slot
current density is considered not to be an issue as the motor is
a bit over-dimensioned. Marking slots with a radius of 1.5 mm
were added along the stator edges. These are used for the
alignment of the stator stacks during stator manufacturing. The
marking slots are best illustrated in Appendix [A] The stator
has to be assembled from stacked laminated iron to avoid
high current losses in the stator. The laminations can either
be laser-cut or stamped out. To stamp out the laminations, the
stamping tools have to be made, which is costly for small-scale
production, making laser-cutting more viable for this project.

The two rotors are designed to be held on the shafts with
a 1 mm tall and 2 mm wide edge on the innermost part of

Fig. 9. Cross-section view of the setup for the designed prototype

Fig. 10. Final stator design

the shaft and a retaining ring on the other side of the rotor,
dimensioned after [22]. With these dimensions for the edge
holding the rotors in place, the distance between the rotors can
be as small as 5 mm when the distance between the shafts is
1 mm. If the retaining rings were to be set where the edge
is, the mounting of the rotors could have been easier, but
the smallest distance between the rotors would be 12.3 mm.
The smallest possible distance between the rotors for the test
setup is desired to test the effect the rotors have on each other
thoroughly. The rotors are secured with a wedge, securing
that the rotors cant rotate without the shafts. The wedge is
also dimensioned according to [22]. To secure the alignment
of the rotor magnets, the rotors are designed with magnet
beds. Misalignment of the magnet placement can influence the
cogging and general function of the motor and is therefore
considered crucial during manufacturing. The bed for the
magnets need to be cut 2 mm into the rotors to secure that the



magnets can not move, and the rotor diameters are increased
by 4 mm to account for the magnet beds. The assembly of the
rotors can be seen in The rotors are to be laser-
cut from the same laminations as the stator stacks. Having
laminated stacks for the rotors is more important for this motor
than other motors as the laminations prevent current losses
in the rotors. Current losses in the rotor might influence the
magnetic field harmonics in the motor, which is crucial for
this prototype. All dimensions for the rotors can be seen in

Appendix [B] and [C]

Fig. 11. Assembly of the rotor to the rotor shaft

A stator housing and its cover are also designed to hold
everything together. shows the planned assembly
for the stator housing. Two bearings (2) are to be fitted in the
cover of the stator housing (3) as two bearings are needed for
the stability of the shaft. The bearings will be held in the cover
with two retaining rings (1). The stator (5) is to be held in the
housing (4) using three fasteners (6). The fasteners are to be
bolted into the housing, pushing the stator against an edge
inside the housing. The cover and stator housing dimensions
can be seen in Appendix [D] and [E]

IV. MANUFACTURING

The prototype’s manufacturing process brought challenges
that required clever solutions and design changes. This section
will focus on the most important manufacturing steps in the
manufacturing process.

A. Manufacturing steps

1) Laser cutting rotors and stator: The production of the
stator and two rotor stacks were outsourced as they needed
to be laser cut, which was not possible to do in-house. The
stacks were laser cut lamination stacks and bonded by LCD
LaserCut AG. Magnetic steel of the type M330-50A was used
as this was recommended by the supplier. In the
stator and rotor stacks can be seen as they were delivered.

2) Machining stator housing: Originally the stator housing
and cover were planned to be machined out in the workshop
at NTNU. However, it was discovered that the maximum
diameter possible to be used in the lathe at NTNU was

Fig. 13. Laser cut parts

350 mm, and the outer diameter of the stator housing is
386 mm. This restriction meant that the machining of the
housing and cover had to be outsourced as well.

Delprodukt AS machined the stator housing and cover from
a grade 6082-T6 aluminium bar. The housing and cover can be
seen in Later, a window was added to the drawings
and machined in the workshop to allow viewing of both rotors
during operation.

3) Building stand for the stator housing: The stator housing
needed a stand, which wasn’t designed originally. Using
SOLIDWORKS, the stand was designed to be made from
aluminium plates, as this would allow them to be water cut at
the workshop. displays the finished housing stand
design from SOLIDWORKS. All the housing stand drawings
can also be seen in Appendix [ One of the sides has a larger
plate where the junction box is meant to be mounted. The
drawings were exported as DWG files and water cut before
they were assembled onto the stator housing.

4) Fitting stator into the stator housing: The stator was
hammered into the stator housing until it hit the edge designed



Fig. 14. Stator housing and cover

Fig. 15. Housing stand design

to keep it in place. During this process, it became evident that
the original solution for keeping the stator in place using a
clamp was redundant as the fit of the stator was so tight it
would not be able to move with the expected torque that would

affect it. The stator in the housing can be seen in

5) Winding and fitting coils: During planning for winding
of the coils, it was decided to design and 3D print a holder
that the coils would be wound around. These holders were
only meant to be used during the winding to help shaping
the coils, but later during the design process, using the coil
forms to hold the coils in place in the stator was decided.
Using the holders to hold the coils in the stator would limit
the need for glue on the coils, make the fitting of the coils in

the stator easier, and give protection for the coils during the
fitting of the coils. The coil forms would also provide some
protection during the motor assembly and electrical insulation
between the coils and the stator iron. As the holders were
to hold the coils in place and keep the coils from moving
towards the rotors during operation of the motor, the holders
were designed with flanges on top that would hold the coils
in the slots. A holder for the coil forms to use during the
winding of the coils was also designed and 3D printed. The
finished coil form (1) design and the holder (2) for it can be
seen in Using red, blue and green PLA, the coil
forms were colour coded to represent the phases. The colour
coding was done to make the connection of the coils easier
and to improve the aesthetic of the prototype when finished.

Fig. 16. Coil form with holder used during winding

Winding of the coils was done using a winding machine
turned by hand with a counter connected. A plastic sheet was
placed in the coil forms to ensure that electrical insulation
between the coils and the stator iron was good enough. The
plastic sheet was placed with one side between the coil and
the coil form and a larger piece hanging out that would wrap
around the coil when pushed into the stator. After a coil
was wound, electrical tape was wrapped around the coil to
ensure that it did not unwind during fitting the coils in the
stator. shows the process of winding the coils. One
advantage of using coil forms for the winding process was that
the coils easily could be test fitted in the stator to check for
faults in the design, such as the coil forms fitting as intended
or if the number of turns was too high or too low. However,
during the test fittings of the coils, it was discovered that they
were extruded too much to the sides to fit with the planned
150 turns. The number of turns was therefore changed from
150 to 130, requiring a fill factor of 54% rather than 63%.



The change would lead to the rated phase voltage changing
from 230 V to 200 V as well as changing the rated current
from 2.9 A to 3.3 A

The first iteration of the coil forms was designed to take as
little as possible space away from the coils and had thin walls
and only thin flanges on the top to hold the coils in place in
the stator. However, during the first fitting of the coils, it was
discovered that the holders were soft and prone to cracking.
To improve the structural integrity of the holders, flanges were
added to the bottom of the holders as well. The coils were
grinding towards the sharp stator edges on the bottom of the
slots, which was a problem that the bottom flanges of the coil
forms also helped to overcome. The winding process had to
be repeated multiple times as the pressure that the coils were
wound with had to be tuned since the pressure from the coils
sometimes broke the coil forms. Here the advantage of 3D
printing the forms came into play, as the forms could easily be
remade or redesigned. During the iterations of the coil forms,
some steps were taken to increase the structural integrity of
the forms. In addition to flanges that were added on the bottom
of the forms, walls in the coil forms were made thicker and
more material to hold the flanges was added.

Fig. 17. Winding process of the coils

Winding of the coils was done using a winding machine
turned by hand with a counter connected. A plastic sheet was
placed in the coil forms to ensure that the electrical insulation
between the coils and the stator iron was good enough. The
plastic sheet was placed with one side between the coil and
the coil form and a larger piece hanging out that would wrap
around the coil when pushed into the stator. After a coil was
wound, electrical tape was wrapped around it to ensure that it
did not unwind while fitting the coils in the stator.
shows the process of winding the coils. One advantage of using
coil forms for the winding process was that the coils easily
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could be test fitted in the stator to check for faults in the design,
such as the coil forms fitting as intended or if the number of
turns was too high or too low.

Fig. 19. All coils glued in the stator

6) Electrical connections: After the coils had been glued
to the stator, the wires from the coils were measured and cut
to the correct lengths. The wires were then insulated using
the same colour coding as the coil forms and connected using
splicing connectors. It was decided to use splicing connectors



instead of soldering the wires to make eventual corrections
along the process easier. All the wires were then fastened to
the stator housing using plastic strips.

A junction box was mounted on the junction box plate on
the motor stand. All the terminals for the phases were guided
to the junction box, bundled together in a cable sleeve and
connected to banana plug connectors. In addition, a grounding
cable connected to the junction box plate was also guided into
the junction box and connected to a banana plug connector.

7) Assembly of the rotors: The assembly process of the
rotors can be seen in The assembly of the rotors
started with gluing the magnets (2) into the slots on the rotor
stacks. Due to the importance of having the correct polarity
in the correct slot, the polarity of the magnets was checked
and marked carefully. The magnets were carefully glued into
the slots in the rotor, using a Teflon working surface to avoid
accidentally gluing parts to the working surface.

The next step in the assembly process of the rotors was to
assemble the rotors to the shafts. First, the rotors were slid
onto the shafts (3) until they hit the edge of the shaft. Then,
retaining rings were placed on the other side of the rotors (4),
and wedges were slid into the rotors (5).

8) Aligning of the rotors: The alignment of the rotors
started with the rotor mounted in the stator housing cover,
which was chosen to be the 26-pole rotor. This process can
be seen in and 2] Firstly the bearing on the inside
of the cover was entered (1) in the cover and secured with a
retaining ring (2). Then the shaft of the rotor was entered in
the bearing (3) before the other bearing was fitted on the other
side of the cover and secured with a retaining ring (4) and (5).
The cover with the shaft and rotor was then hoisted up using
an eyebolt fastened in the shaft and lowered into the stator
(6). A 1 mm thick metal plate was placed on the inside of the
stator to help center the rotor. The metal plate was removed
from between the rotor and stator when the cover was bolted
in place in the stator housing. As the cover and housing were
machined with good accuracy, the rotor was perfectly aligned
and had next to no cogging torque. displays the
motor with one rotor aligned.

The alignment of the the 22-pole rotor started with as-
sembling a small table of aluminium extrusions to mount the
pillow block bearings. The steel plate which the pillow block
bearings were mounted to was placed on rails to make the
adjustment of the rotor distance possible. A long threaded
bolt was added to the table and the steel plate to make the
rotor distance easier to adjust. Thin metal spacers were added
under the pillow block bearings to adjust the height of the
rotor, and small bolts were mounted on the sides of them to
adjust the sideways alignment. The first attempt at aligning
the rotor was made using an Easy-Laser, a tool that uses a
laser to determine the offset from one shaft to the other in all
directions. This was very difficult as the Easy-Laser is intended
to have one common axis through the entire machine, which
this prototype doesn’t have with its double shaft design. This
meant that when the laser was rotated around the axis of one
of the shafts, the receiver on the other shaft didn’t rotate along
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Fig. 20. Assembly of the first rotor

with the laser, making the readings inaccurate.

Therefore the alignment of the rotor had to be done manu-
ally using thin 0.5 mm plates of stainless steel to measure the
distance between the rotor and the stator on the top, bottom
and both sides. After numerous attempts, it was discovered that
the magnetic forces from the rotor were strong enough to bend
the entire aluminium table, making the alignment impossible.
Therefore a new table water cut from steel plates was made.
In addition, the bearings were moved closer to the rotor as the
bending of the shaft combined with movement in the bearings
also made the alignment of the rotor impossible.

After a couple of attempts, the other rotor was then aligned
and inserted into the rotor, which can be seen in
Unfortunately, the alignment of the second rotor was not as
perfect as the first one, which resulted in a more significant
cogging torque than anticipated. Moving the bearings closer
to the rotor also resulted in the rotor being almost on the edge
of the stator, making it impossible to test the influence of the
distance between the rotors. To do the rotor distance test, a
new sturdier shaft would have to be made, and new pillow
block bearings would have to be bought.

A function test was done to both prove that the prototype
worked and to determine if the cogging was too severe
for further testing to be done further. This is described in
During this testing, it was discovered that
the vibration caused by the cogging was too severe for further
testing.



Fig. 21. Entering the first rotor

=

Fig. 22. First rotor fitted

To make the alignment possible, a 60 mm shaft was made
for the the 22-pole rotor. The new shaft setup can be seen in
New larger pillow block bearings were also bought
to fit the new larger shaft. A cover able to hold a bearing was
also made for the open side of the stator housing. This cover
was created using the in-house water cutter and was made
from two plates of aluminium stacked beside each other. The
rotor was assembled to the shaft before the shaft was tread into
the bearing in the cover and the two pillow block bearings.
The pillow block bearings were fastened onto the table again
before the the 22-pole rotor once again was inserted into the
stator. The new cover created a common centre point through
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Fig. 24. First attempt at aligning the 22-pole rotor

Fig. 25. New 60 mm shaft setup

the motor, making it possible to use the Easy-Laser to align the
rotor. After the alignment process on the the 22-pole rotor was



done, the cogging torque for this rotor also was satisfactory.

The finished motor setup can be seen in

Fig. 26. Finished motor setup

V. TESTING AND RESULTS

During the project period, simulations and various tests were
performed on the designed prototype. This section will focus
on the simulations, tests and results from these. The simulation
results were used to give expectations for the tests performed
on the prototype. Some of the tests performed resulted in
design changes.

A. Simulation results from COMSOL

The COMSOL models made for the verification of the
counter-rotation of the two rotors were run with rated values.
The current was however set to 3 A instead of 3.35 A as it was
considered too close to the current limit of the wire, leaving
safety margin. Two main tests were performed in COMSOL.
In the first test the rotors were rotated with rated speeds with
no current load, here called no-load test. In the second test the
current and rotations of the rotors was set to nominal values,
here called the nominal test.

1) No-load operation: First, the no-load test was performed
on the two COMSOL models. The torque results from the
no-load test can be seen in and 28] These figures
show that the cogging torque is offset, where cogging torque
normally oscillates around the 0 Nm line. The reason for the
cogging torque being offset in the positive direction for the
22-pole rotor while being offset negative for the 26-pole rotor
is likely caused by the opposite rotational direction.
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Fig. 28. Cogging torque 26-pole rotor

The back emf for the two rotors is shown in and
The two curves show a slight difference in voltage and in
voltage shape.
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Fig. 29. Back emf on the 22-pole rotor
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Fig. 30. Back emf on the 26-pole rotor

2) Nominal test: The simulation with nominal values is
run on the motor. The nominal torque curves can be seen in

and [32] The torque has opposite signs for the two

rotors when the rotational speed is set to rotate in the opposite
direction of each other, proving a counter-rotation.
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Fig. 31. Nominal torque curve for 22-pole rotor
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Fig. 32. Nominal torque curve for 22-pole rotor

From the nominal test and the no-load test, the nominal
torque, cogging torque and torque ripple were found. The
cogging torque can be found looking at the average value from

the no-load test from and 28] or by subtracting

the maximum torque value from the minimum torque value

shown in and [32] The nominal torque is found using

average torque value for the curves, and torque ripple is found

using |[Equation For these operations the timemax, timemin
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and timeavg functions in COMSOL are used as these functions
find the maximum, minimum and average values respectively
from a set curve. The results are shown in [lable VI

Tmaz - Tmzn
Tripple—% =" .100% (15)
avg
TABLE V
TORQUE RESULTS
Rotor Nominal Cogging Torque
Poles Torque [Nm] Torque [Nm] Ripple [%]
22 28.2 22 7.7
26 32 22 6.1

The cogging torque found from the nominal test was higher
than expected from the no-load test for the 22-pole rotor.
This increase in cogging could come from a magnetic field
harmonic interference that does not occur before the current
is put on in the stator. The torque ripple is slightly on the high
side but is considered acceptable for a prototype that is not
supposed to be driven over extended periods.

Fig. 33. Flux density plot

3) Flux density: The flux density plot in shows
that the set boundary for max flux density of 1 T is adhered,

with only a few minor deviations. As expected, however, the
flux density is higher than 1 T in sharp corners of the stator
teeth, but this is not likely to affect the motor’s performance.
On the other hand, saturation in the iron could have led
to losses and reduced motor performance and might have
disrupted the harmonics needed to test the prototype.

B. Thermal test

When the concern about whether the PLA in the coil forms
could withstand the expected heat generated in the motor was
raised, it was decided to perform a thermal test of the coils and
coil forms. According to ScienceDirect [23]] the glass transition
of PLA is around 55°-60° Celsius, meaning that the coil forms
would likely start warping around 50°-55° Celsius.



1) Test setup: All the coils were inserted into the stator
and connected in series. The test was done using a VARIAc
to apply a voltage with a frequency of 50 Hz over the
coils, with a multimeter in series to measure the current. The
voltage was slowly increased until the current reached the rated
level of 3 A. A FLIR thermal camera was used to measure
the temperature increase in the coils over time. The starting
temperature was measured to be 22.8° Celsius. The FLIR was
pointed at one of the coils and used to take a snapshot, where
each snapshot contained the temperature data and a timestamp.

displays an example of a snapshot from the FLIR

measurements.

Fig. 34. Measurement from one coil during testing

2) Results: After 30 minutes, the temperature in the coils
had started reaching an equilibrium at 38° Celsius. The
snapshots from the FLIR were put into excel and plotted. A
regression was done and plotted with the data points as seen
in [Figure 33| where the plots show the increase in temperature
from room temperature. After 30 minutes, the motor was
disconnected from the VARIAC. Once the motor had been
disconnected, the coil forms were inspected to see if the PLA
had become softer. It was concluded that at 38° Celsius, the
rigidity of the forms was not noticeably different from room
temperature.
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Fig. 35. Temperature rise test results and regression line

During the period when the motor was cooling down, the
FLIR was used to measure the temperature during the cool
down. A regression was also done for the cool-down period

and plotted with the data points as seen in where
the plot shows the decrease in temperature from 38° Celsius.
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Fig. 36. Temperature decrease test results and regression line

C. Back EMF-testing

After both the rotors were aligned in the prototype, a
no-load test was performed on the prototype. Both rotors
were rotated separately at various speeds. The back emf was
measured using a FLUKE 434 series Power Quality Analyzer
(PQA), while the rotational speed of the rotors was measured
using a tachometer. The back emf test was not performed with
both rotors rotating simultaneously due to the lack of drives
to drive both rotors during the thesis period.

The data measured can be seen in Comparing

the two curves for the phase voltages generated by the two
rotors, it is clear that the 26-pole rotor generates a higher
voltage per RPM than the 22-pole rotor. This difference is to
be expected as the electrical frequency generated by the two is
different. However, when the phase voltages are plotted related

to the electrical frequency as in there is no apparent
difference in the output from the two rotors.
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Fig. 37. Measured phase voltages related to measured RPM
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shows the phase voltages per electrical frequency
that were measured, plotted together with the data from COM-

SOL, and estimates from hand calculations using
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Fig. 39. Comparison between phase voltages measured in the tests, in
COMSOL and hand calculations

and show that the phase voltages from COM-
SOL were about 11% higher than the actual results measured
in the lab tests. Some of the reasons for this might be because
the 2D COMSOL models only account for the length of 40 mm
for the rotors and therefore neglect the iron losses from the
extended stator that the prototype has in reality as well as the
flux density might be lower in reality compared to simulations.

TABLE VI
COMPARISON OF THE 22-POLE ROTOR

COMSOL-Estimated | COMSOL-Measured | Estimated-Measured
3.7 % 11.3 % 145 %

TABLE VII
COMPARISON OF THE 26-POLE ROTOR

COMSOL-Estimated | COMSOL-Measured | Estimated-Measured
8.7 % 10.9 % 2.4 %

The measurements also showed that the phases were almost
identical. During the 350 RPM measurements of the 26-pole
rotor, the voltages were 126.9, 128.4 and 127.8 volts. The

largest difference between the coils were therefore only 1.2%,
which is considered satisfactory.

shows the back emf from the two rotors. Compar-
ing the curves for the two rotors, one can see that the voltage
waveform is different, where the 26-pole rotor has a sharper
peak voltage than the 22-pole rotor.
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Fig. 40. Measured back emf for the two rotors

COMSOL models are simulated with one of the frequency
measured and the back emf curves are compared with the mea-
sured ones in The measured voltage curves coincide
very well with the simulated ones, where the simulated values

only are slightly higher. This comparison indicates that the
models are fairly accurate.
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Fig. 41. Measured back emf compared to COMSOL values

D. Function test

A function test was performed on the prototype when both
rotors were aligned. The function test was performed after the
second rotor’s first alignment and after the second rotor was
upgraded with a larger shaft and center bearing. The function
test was performed to prove that the twin harmonic motor
drive concept was possible. In addition, the first function test
was performed to check if the second rotor’s cogging was too
severe to perform any further tests.

1) Setup: The function test was performed by connecting a
converter from Danfoss called VLT AutomationDrive FC 302
to the prototype. It is a three-phase converter functioning using
linear voltage to frequency ratio that can be increased using
a potentiometer as input. The converter must be connected
to a 230 V IT system with an output voltage of 0 - 240 V
and a power rating of 0.75 kW. This converter had some
limitations towards powering the prototype as the voltage and

power rating were below what the motor was designed for.

The test setup can be seen in

Fig. 42. Function test setup

2) Result: The first function test proved that the twin
harmonic drive concept worked. However, during the first test,
it was also discovered that the cogging on the second rotor was
too severe for further tests. The cogging caused the motor to
vibrate, and the speed was not increased beyond 48 RPM for
the 22-pole rotor as the risk of damaging the prototype was too
high. Therefore, the prototype had to be redesigned to align
the 22-pole rotor better.

After the redesign and realignment of the second rotor, the
function test was performed again. This time the cogging was
unnoticeable, and the motor ran smoothly. However, while
tuning the motor controller, some unexplainable behaviour was
observed. When the controller surpassed 60 RPM referenced
to the 26-pole rotor, the rotors seemed to stall and even rotate
in directions opposite to what was expected. Future work will
investigate this behaviour further.

VI. DISCUSSION

As shown in the results from simulation and physical test-
ing, driving two counter-rotating rotors by utilizing the twin
harmonics in the stator is possible. The two rotors performed
according to FAE simulations similarly regarding rotational
speeds, torque output, cogging torque, back emf and phase
voltages. Having two similar performing rotors was one of
the first design criteria, where the gearing ratio was desired to
be as close as possible. For larger machines with higher pole
and slot numbers, the gearing could be even closer to one, and
the rotors could have almost identical performances.

Looking at the back emf simulations, one can see that the
shape of the voltage curve is different for the two rotors. This
could indicate that the two rotors induce different harmonic
content in the stator. The difference in voltage shape becomes
clearer from the measured back emf, indicating that the
harmonic content is larger in reality than in the COMSOL
models. When comparing the simulated and the measured
back emf, it is clear that the measurements coincide very
well with the simulations regarding the voltage during separate



operations, where the simulated values only are about 10%
higher. This comparison indicates that the models are fairly
accurate; however, further testing is needed to verify the
torque output. Sources of error and reasons for the differences
between the FEA models and the measurements could be the
material settings in the models, different magnetic properties
set in the models or inaccurately wound coils.

The end-effect is one of the other effects of the design
choices that did not come forth in the simulations. Because
the stator is much longer than the rotors, the end-effects
affecting the rotors might be noticeable. For example, the
end-effects might lead to further cogging or disruption in the
magnetic field. However, end-effects are believed mostly to
lead to losses, which is irrelevant for testing this prototype.
The stator length can be optimized after tests have been done
on the prototype to define the optimal distance between the
two rotors.

The reduction of turns that had to be done to fit the coils
resulted in a lower voltage and higher current rating for the
machine. The current rating for the motor was decided to be
set to 3 A and not the 3.3 A the current had to be increased
to for keeping the 2 kW power rating. This led to the new
power rating of 1.8 kW. Reducing the power rating was not
considered a problem as the prototype’s main goal was to
prove the concept of twin harmonic drive. As the coil wire
is rated to handle the needed current, reaching the initially
specified power rating is possible. The limitation factor for
the power rating would most likely be the heat generated from
the coils into the coil forms rather than the current rating of
the wire. Using 3D printed coil forms eased both the winding
process and the gluing of the coils to the stator. The coil forms
also made the iterative process easier and could be considered
ideal for prototyping. However, the coil forms did become the
limiting factor for the temperature rating of the prototype, but
as the performance of the prototype was not the objective of
the motor, it ended up as a good decision. The thermal test that
was done on the motor also proved that the coil forms would
survive nominal operation continuously for 30 minutes, where
the max temperature measured was 10° Celsius below the glass
transition temperature of PLA. The motor was never intended
to be operated with high performance over long periods, so
the thermal test concluded that the PLA coil forms were good
enough for this project. To increase the temperature rating,
the printing filament used for the coil forms could have been
changed from PLA to PTE-G, ABS or other heat-resistant
filaments that can withstand temperatures up to 100° Celsius.
The choice of using PLA filament was made because it would
not lead to delays due to the need for ordering new filament.
The coil forms also limited the machine’s performance by
reducing the useful slot area by about 50 mm?. Using a
more traditional way of securing the coils than 3D printed
coil forms, such as using wedges, is recommended for higher
performance machines.

The motor was designed with one adjustable rotor so that
the influence that the rotors have on each other can be tested
using the prototype. The first iteration of the setup for the
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adjustable rotor was a bad design as the magnetic forces
pulling the rotor out of alignment were underestimated. After
the cover with a center bearing was made for the adjustable
rotor, the alignment process became much simpler. However,
an adjustable rotor is not recommended for future designs of
a counter-rotation motor. The manufacturing and alignment
process of the adjustable rotor demanded much effort and
time. For future designs, it is recommended to find an optimal
distance between the two rotors and to have the two rotors
stationary mounted, as this would reduce the complexity of
the design and manufacturing drastically.

VII. CONCLUSION

The main conclusion from the project is that the twin har-
monic counter-rotation drive works as theorized. The concept
of driving two counter-rotating rotors in one stator using
magnetic field harmonics was proven during this project by
designing, manufacturing and testing a prototype motor, where
basic testing proved the concept. The COMSOL simulations
that were done to confirm the counter-rotation were to some
degree verified through no-load tests; however, further verifi-
cation is needed. Back emf measured in the no-load test on the
prototype deviated about 10% from the simulated values from
COMSOL. The design topology of the prototype setup with
two counter-rotating rotors made the manufacturing process
especially difficult, as each shaft can only be supported on
one side.

VIII. FUTURE WORK

As the production of the motor took much more time
than anticipated, much of the planned motor tests were
not performed during the project period, and the prototype
should therefore be tested more thoroughly. Nominal torque
and cogging torque are parameters that should be validated
from the COMSOL simulations through testing. Testing the
influence the rotors have on each other through the planned
rotor distance test is an important test that remains to be done
on the prototype. Having one adjustable rotor proved to be a
much larger inconvenience than expected, where the alignment
of the adjustable rotor became very time consuming and
labour-intensive. Therefore, testing the optimal rotor distance
is important for the next dual rotor design. A working 3D
model in COMSOL of the prototype should also be built and
verified as this could be used to determine the optimal rotor
distance for the next iteration of the twin harmonic counter-
rotating motor.

Although the prototype worked as intended and proved that
the drive of two counter-rotating rotors is possible using the
twin harmonics, the design for a machine utilizing this should
be optimized and analyzed further. The optimization of the
motor was not done during this project since such a motor
never had been built before and it was therefore hard to know
what to optimize for. With the prototype built, extensive testing
should be done to find the faults that can be optimized for the
next iteration. The motor did behave strangely when the speed
was increased over the electrical frequency of 13 Hz. What



the cause of this behaviour was, must be investigated further.
This weird behaviour could be caused by the large amount
of harmonic content fed by the 50 year old motor controller
used for the function test or it could be caused by an other
controller fault that is yet to be discovered. Because there
have not been done much research on such a motor before,
there is no established controller theory, and figuring out if
the prototype can be controlled with standard motor controller
theory remains to be investigated. The weird behaviour could
also be caused by a fault in the design of the motor, where
unexpected harmonic content is present at certain frequencies
and as a result, space harmonics could be interacting with
time harmonics. Therefore it is important to test the prototype
further to optimize the control and design of the twin harmonic
drive.

Whether utilizing the twin harmonics to drive two counter-
rotating rotors is more efficient or better suited for any
application than just putting two counter-rotating motors after
each other is a question that this thesis did not look into and
should therefore also be studied further. A comparison between
the twin harmonic drive and two counter rotating motors in
series should be done after the twin harmonic drive has been
optimized.
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E. Stator housing

8 7 6 5 4 3 2 1

F
+0.10
_18mm \-0.10
4X @ 5mm
7 \
. (+0A10] ) 4x P 5mm
35mm \-0.10, @ 346mm\\-0.
E . . (+0.10|
35mm {-0.10/
D
65 \ !
co
e
€
€
o
o i |
N
C
20mm
46X @5mm
B (+0.20)
@350mm\ 0.00/
4 "+
N +,
A Dimensions are in milimeter

A3

“Stator housing

SCALETS SHEET 1072

SOLIDWORKS Educational Product. For Instructional Use Only. S 4 3 2 ]

25



F
E @5mm
C
D @386mm
ug; 0.10
@5mm o 6.5mm |-0.10)
OSMMA-B
%) £
iﬂ D 346mm H 1S
w
I
C
‘+2.00‘
®350mm\ 0.00
€
€
o
o
N
€
S
B R
B [+2.00)
@®350mm\ 0.00,
SECTION C-C
A SCALE1:2
5 4

SOLIDWORKS Educational Product. For Instructional Use Only.

26

I
|
=

13.26mm

SECTION H-H

Dimensions are in milimeter
WG NO,

Stator housing

SCALEIZ sweT2 072

2 1

A3

A



F. Housing stand

4 3 2 !
F F
£
o)
%,
i E
&
(o £ o
i .2 o o m
S
o
R A a— © © °
S
S
D £ S
Ie) o~
&
o A ° ¢
| 45mm_ 20mm
- . o QT%+
- ~ 4AX ©10mm Lo,
\ =
S
- 5
N
486mm
B
A G NO.
. A4
2 Bottom-plate
3 ) 1




4 3

SOLIDWORKS Educational Product. For Instructional Use Only.

F
E
& O
:
S D D 6X @ 6.00mm
% ;
D
o LQ
£
£
S
Ln
15.00mm
C
97.91mMmm
B
A DWG NO.
plate A
28 SCALE:1:1 2 SHEET 1 OF 1 ]



4 3
F
£
24.25mm &
Y]
252.24mm
© ¢ 135.83mm i
@_g ey
. (@)
D € 67.91mm D
S
@
C C
B B
A A
) . . A4
Plate-junctionbox
4 3 o . 1

SOLIDWORKS Educational Product. For Instructional Use Only.



SOLIDWORKS Educational Product. For Instructional Use Only.

4 3
5deg—E!
Lo
F
E
&
&
N
Ne)
o
™
D
- 436mm o
2XP5Smm = 5 T 1
78.22mm g
67.91mm "] S
S =
4X O 5mm B B B I
67.91mm
49.25mm ‘ ‘
5 139rmm 4X§Z?5mm
[ 4 <+ © < |
20mm
A
DWG NO. A4
Foot
4 3 30 2 ]
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