Eolyc’s Wind Generator

3 phase Axial Flux Ironless Generator
with NdFeB Permanent Magnets
R&D Process and Chronology



Startup with advanced ideas

Concentrating multiphase transverse flux topology with permanent magnet excitation




Concentrating transverse flux topology

e Simulation results for elementary generator

PM Axial Flux Concentrating Direct Drive Wind Generator PM Axial Flux Concentrating Direct Drive Wind Generator
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2D Magneto-static analysis result sclved by FEMM package (Flux Density)
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Flux Density along rotor's direction with maximal flux values
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Flux Density along stator's direction with maximal flux values



Following traditional ideas

* Multiphase Axial Flux Ironless Generator with permanent magnet excitation

Turbine
Rotor plate shaft

oy

Stator with
armature
bobbins

Rotor disc Stator disc

1kW 2.5kW
Rated power W 1000 2500
Rated speed pm 300 250
Rated frequency Hz 40 333
Rated EMF (per coil) Y 336 205
Number of phases 3 3
Number of pole pairs 8 8
Number of armature coils 12 12
Generator diameter mm 462 590
Generator length mm 55 60
1 kW 2.5 kW
Measured | Predicted | Measured | Predicted
Coil inductance (mH) | 4.67 4.59 67 81
Coil resistance (ohms) | 1.02 0.97 12.9 11.1
V/100rpnv/coil 11.03 11.2 86.0 82.1
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Axial Flux Ironless Generator

3D Simulation results — small cylinder magnets poles

Small PM Cat No: 06.028; Mat: NFB 38 (NdFe36 in AM13); Standard Analysis of Transient Model at 375 rpm
PM Size: D30xH15; PM Num: 16 xR115; Field Intensity in coil cross-section B, Tesla Induced Winding Voltage, V vs. Time, ms @ 375rpm
Rotor Disks Material: Steel 1010; Rotor Disks Size: D290xH15 o XY Pt
Relative Generator Measurements: D290xH80. "7 3 S o 1 B 5
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Axial Flux Ironless Generator

3D Simulation results — medium parallelepiped magnet poles

Middle PM Cat No: 06.045; Mat: NFB 38 (NdFe36 in AM13); Standard Analysis of Transient Model at 375 rpm
PM Size: 50x25x10; PM Number: 16xR127; Field Intensity in coil cross-section B, Tesla Induced Winding Voltage, V vs. Time, ms @ 375rpm
Rotor Disks Material: Steel 1010; Rotor Disks Size: D354xH10; T P e
Relative Generator Measurements: D354xH60. - mm
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Axial Flux Ironless Generator

3D Simulation results — big parallelepiped magnet poles

Simulatdon case Model-06 /Project-01-02-12-5q

Axial Flnx Ironless Generaror with 12 Poles and 9 Cods connected in 3 Phase Scheme;
MNdFeB PM Cat. Neo 06.013: 24 x Size A2 x Bl x C0.5 1 Mai NEE 38;

Roror Diske 2 x Size D374 x 170 x HE.35 mm Mat. Steel 1010;

Codls: 9 pes, Internal Size as PAL Rectangnlar Shape,

Cross-section 18x]8mm 72 taens, D20 mm:

Almaost all dunensions are the same or close to once in article from Garoson F. Poce at all

T [Hm] PM Price: Fin [4] MO-3%_P-01-02-125g
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Axial Flux Ironless Generator

3D Simulation results — medium wedge magnet poles

Simulation case Model-07 / Project-01-01-12

Amizl Flox Ironless Generator with 12 Poles and & Coils connected in 3 Phase Scheme;
NdFeB PAL: 24 x Wedge MN42 53554473078 (hirp:/ wromw solberoavind se );

Rotor Diske 2 x Size D357 x d191 x HE meon Mt Steel 1010

Codls: 9 pes., Internal Size as PAL Trapezoidal Shape,

Cross-section 12x18mm 72 tnms, D20 mm .
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Axial Flux Ironless Generator

After simulation design summary — based on medium wedge magnet poles

Axial Flux Ironless (AFIL) Generator parameters and construction

PM kind

PM pieces / Poles / Pole pairs
Radial PM repetition ratio

Radial Inter PM space

PM placement pattern

Air gap total

Steel Rotor Disk height

Steel Rotor Disk External Diameter
Steel Rotor Disk Internal Diameter
Steel Rotor Disk Hole Patterns

Static Cacrying Disk Diameter
Static Carrying Disk Hole Patterns
Hub Bearings

Stator Internal Beaning:
External wings bearings

Generator overall dimensions

Wedge 55x44x30x8 hole d3.4 mm
48 /24 /12

0.70766

15.36

24=R200 = d3.4 mm

16 mm

10 mm

D460 mm

D100 mm

24 x R200 x d3.4 mm (PM fixture)
6 x R140 x d16 mm (Hub fixture)

6 x R140 x d10.2 mm (Mount Tool)
528 mm

12 x R252 d16 mm (inter-disk bolts)
12 x F252 d16 mm (external wings)
2 =z Roller D110=d80=B20 mum
Roller D180xd225xB22 (s=011836)

Roller D47xd20xB12 (DIN 615)

D528 x B152 mm (w/o bolt heads)

Geometry

Coils / Phases / Coils per Phase
Radial Coil repetition ratio
Radial Inter PM space

Coil placement pattern

Alr gap

Codl height

Coil cross-section

Cod turns

Plastic Stator Disk

Plastic Stator Disk Segments
Couls/Phases per Segment

Notes:

Poles 24 / Codls 18
18/3/6

0.87718

8.31 @ 12 mm coil width
3= 6=R200 mm

2z 1lmm

14 mm

12z 14 mm

42 = d2.0 mm

D528 x d304 = H14 mm (1n mounted state)
6

5]

* Construction is designed to fit both wedge 55x44x30=8 and 70=46x28=x10 PMs;
* Both rotor and carrying disks should be made with masimal cooling efficiency;
* Stator gathering constmuction should be tuned to fit all incl 24 and 16 poles 140/6 rotor disks;

* Constmction has to be made in

respect to turbine mounting and carrying;

* Constmction should to be designed to be tolerant to external environment;
* Turhine shaft mounting constmiction should be designed in respect to long shaft and big deviations.

i

: external wings bearings (12pes / side)
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permanent magnets (48pes)
| —permanent magnets mounting holes (48pcs)
| rotor disk (2pes)
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Generator Construction

* 3D model of wind turbine, generator rotor and stator — first revision




Generator Construction

* 3D model of wind turbine, generator rotor and stator — first revision




Generator Construction

* 3D model of wind turbine, generator rotor and stator — first revision




Generator Construction

NdFeB Permanent Magnets — supplier selection and delivery

Dailymag Magnetic Technology (Ningbo) Limited
is @ Chinese leading manufacturer and exporter
of permanent magnets etc.

Wind Generator NdFeB Magnets 22.5 degree
8 inch OD x 4 inch ID x 0.5 inch thick

Wedge Segment Shape, Grade N35~N52
Nickel-Copper-Nickel triple layer coated




Generator Implementation

* The rotor disk




Generator Implementation

e The startup staff
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Generator Implementation

* The stator segment




Generator Implementation

e The first assembling together




Generator Implementation

Generator mounted on the test bed — (both first revision)




Test Bed Implementation

Test bed — first revision




Generator Testing

Generator mounted on the test bed — energy production

First Light First Watts

e

First measured 100ths of Watts First measured 1000 Watts

Total Power vs Rotational speed

N

Power vs Rotational speed

y = 0.0029x - 0.0944x - 6.3452 / 8
800 I | I | A Fap

y=00054% - 0.1301x + 27

y = 0.0024x” - 0. 2066x + 6 5787
¥ = 0.0030¢ - 0.0604x + 1.1964

- T
% y = 0.0006x° - 0.0639x + 5.0261
& 00 -
/\ y = 0.0024x" + 0.1198x - 12.25
// y = 0.0008¢" + 0.3124x - 20.001
AT A 0
|

1000

tal Power (kW]

pd “

g
\\/

200 i 1
/ .
/ /.——" .
/ —— - " —
—— — g Do i e
0 D Toe send RS, g
0 100 200 300 400 500 500 00 e e
_rasom = We1om W@6.7Onm Rotational speed [rpm] 0 100 200 300 400 500 500 00 800
—Foly. (W @67 Ohm)  mmmmPOly. (W @ 10 ONm)  ==m=Poly. (W @ 35 OhM)
—o—P @70 0mm P @34 0hm s P@2200m P @ 17 0hm Rotational speed [rpm]

== =Poly (P@700hm) === Poly (P@340hm} == = Poly. (P @22 0hm) Poly. (P @ 17 Ohm)



Generator Improvements

* Wind Generator — first revision with modified stator (molding technology)
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Generator and Turbine

First assembling of the generator and the turbine




Generator and Turbine

* Rotational test of the generator and the turbine




Generator, Turbine and Wings

The generator, the turbine and the wings




The field test suite (Belmeken)




Test Bed Improvements

* Test bed (redesigned from scratch) — second revision Stationary || Generator
Main shaft disk stator

Main bearings ||| Bearing hub \J‘E/

/ "‘\Belt drive
F R\ \| Carrier i \\j r _}

prates ’J__L‘ L _}
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K-m Viotor JH‘Z rotor
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Auxiliary plates | | 10kW AC motor | | 2kW DC motor | | Hind Toque sensor
optional legs || and stator fixer




Mechanical System Improvement

 Test bed —belt drive is using V-Belts pulleys for taper bushes by Bea Ing. S.P.A.

V-BELTS PULLEYS FOR TAPER BUSHES

{E:; PULEGGE A GOLE TRAPEZOIDALI PER BUSSOLA CONICA

Descrizione e caratteristiche - Description and features
Le pulegge per cinghie trapezoidall sono costruite secondo le specifiche
IS0 4183 /DIN 2211
a = Our V-bett pulleys are manutactured according to Intemational Standard 150 4183
= /DIN 2211

Materiale - Material

Ghisa EN-GJL-200 (G20 - UNI 5007)
Cast iron EN-GJL-200(G20 - UNI 5007)

Trattamento e Bilanciatura
Protective treatment and Balancing

Tutte le pulegge standard sono protette con un trattamento superficiale di
FOSFATAZIONE e BILANCIATE STATICAMENTE per essere idonee ad un
funzionamento fino alla velocita periferica di 35 m/sec.

The surface of all our standard pulleys is protected by phosphated treatment. All
the pulleys are Statically Balanced and can be used for peripheric speed up to 35
m/sec

Calcolo della velocita periferica (Vp)
Periferic speed table (Vp)

Vp=m-+dp -n=dp *n=misec
60 <1000 19100

dp = diametro in mm - diameter/mm
n = giri al minuto - revolutions per minute
Vp = velocits in m/sec - speed

f e e f
b‘1 | Dimensioni puleggia
. Dimension of Pulleys
br o
e | i a bl e
i gradi _mm mm
P Y < 80 34
— . SPZ (mm) . 87 85 12 8 2 1
“I A i o
- SPA = 127 11 15 10 28 13
mm) g s ' B E
SPB{mm}:}g i 163 14 19 125 35 175
<315 34
a| # SPC(mm) __ . o 220 19 255 17 48 238
o~

(&)




Electrical System Improvement

Test bed with Kostov’s AC Motor and Curtis’ Controller

A | B | C 1 D | E | [ | G | H
E 24D
7
rpm_sensor TERMISTOR
(64 pulses per revolutlony [~
@I QO
6 5 g
g by
S
'el I'tl
o — ~ - &
R S | =
g A < A g
e | = F= 5
o ooy | [ | oy o
5 I = 'E ﬁ = | g
& 'y
125 125
o -
— 0.5 05
152 152
202 202
4 c
4x3/8 20mm deep
20mm deep 047
3 A=A 10ACS*  75Hz 18ACS* 100Hz
rated power 7 kw 10 kW
rated voltage 32 VAC 67 VAC
required battery 48 vIC 96 VIC
2 operatlon mode S2-60min S2-60min
protection IP 44 IP 44
0.126/0.130 ¢ Balkancar
y ML " G. Kostov'JSC
0.750 DEEP £9.05.2011
05.05.2011
Rev.
A | B [ C ! D | E | F | G J H




Electrical System Improvement

Test bed with Kostov’s AC Motor and Curtis’ Controller

ON-ROAD AC INDUCTION MOTOR CONTROLLER

MODEL 1238R

DESCRIPTION

The Curfis Modsl 1238R provides snergy efficient control of AC
induction molors parforming onvshicls frocfion drive dutiss. |t
offers vahicls developsrs o highly costeffective combination of
power, parformance and functionality.

APPLICATION

Dssignad for we a3 o rochion confroller for onroad alectric and
hybrid possengsr vehicles using 72-96Y system voliogss, and
other similar opplicabions with low or medium duly cydes.

Patants Pending

www.curtisinstruments.com

CuRTIS

Only Curtiz AC can offer:

* Curtiz VCL—Vehicle Control Language iz an sosy fo
use programming languoge that allows vehicle developass
fo write powerful logic functions and create o virtual system
controller’. Curfis offers customers VICL development tools
ond fraining. Curfis alio providss o VCL service where Curtis
engineers will work with the OEM to create any custom VCL
code raquired.

+ Indirect Field Orientation (IFO) vector control olgorithm
generates the maximum possibla torqus and sfficiency ocross
the entirs spesd range. Advanced Curtia IFO vector coatrol
provides suparb drive ‘fesl, improved speed regulafion and
increased grodeability.

* Curtiz Auto-Tune function enobles quick and sasy

charocisrization of the AC melor without having to remove

it from the vehicle. Curfis AC controllers are fully compatible

with any brand of AC motor.

Dual-Drive functionality is standard, allowing corrsct

control of applications featuring twin froction motors. This

function ensuras smooth and sofe operation, minimal firs
wsar and correct load sharing betwsen the rocfion motors

at all fimes.

+ Configurable CANbuz ion allows ication
with other CANbus snabled devices. Mods! 1238R iz
CANopsn compatible and can be further customized and
configured using VCL

* Integrated Syztem Controller - Mars than just o motor
controller, it is also powsrful system controller. It featurss o
compraheasive allocation of mulfifunciion 1/ pins for use
as analog inputs, digital inputs, contactor coil drivers and
proportional valve drivers. In addifion o this local 1/C, this
controller can use VCL to map and configurs the remots 1/0
availabls on ofher CANbus devicss, ssnd messagss fo CAN
displays and thus conirol and monitor the eafirs system

FEATURES

Ad d functionality, compact power

» High fraquency, silent operafion across the 0-300Hz: siafor
frequency range.

» Two models of 1238R are available; offsiing cufpufs of
550A or 050A for o 72-96V nominal system volloge. This
iz 0 72-96V nominal system yoltoge. This is a frue 2 minuie
RMS roting, not a short durafion ‘boost’ rating.

MODEL 1238R

TYPICAL WIRING

KSt J1-1
EMREV. ¥ e | sy
EMRCHECK | coiL
{OPTIONAL) 120 § ANALOGOUT (0-10)  RETURN
w
|iNTERLOCK ¥ 18 | swmena g
GMODE v S0 f swircH4 DRIVER1 o z
DRIVER 2 £ c
7 N £ s
EwWiTcHo pavera 4N 2 (‘
7 912 fswieks prRveRs 2N ¢
32 AN 204
| FoRwARD ¥ a2 | cnrens PV DAIVER
REVERSE 4 .
JPBEVERSE » = i1 switcHs DiGiTAL ouTRuT 6 2118
J1-20
T7—
DIGITAL OUTPUT 7 AN
8+ Oue L
o aE
MOTOR
TEMP. INPUT
18 Y switcH 2iANA 2 U O
R\ v o rcmotor) |
T) — BATTERY
w o ' s
17§ o GROUND 1156 3 -
e SPEED
PHASE A
ENCODER  piase’p J31-32 % |eNcoDER
Vo Gnd 1T 3
=0
4115 § THROTTLE §iz
5 — || POTHIGH cann 2,
: 0} oo
4 2116 | THROTTLE cany 35/ (I
E WIPER 21
E
o CANTERMH |=——=—— -  shotfor120
. paT2 CANTERML o134 ! Ohm Termination
HIGH
pOT2 125
WIPER azy | 4
a1-28
SERIAL  TX A SERIAL PORT
POTLOW POAT ax |2 1 4 PIN MOLEX
vocGrouno |17 2
WARRANTY Two year limited warranty from fime of delivery. (@
1940 + 2018
(‘ is a trademark of Curtis insruments, Inc. Specifications subject fo change without nofice: ©2010 Curtis Instruments, Inc. 50175 REVD 12410

Curits



Test Bed Improvements

Test bed (redesigned from scratch) — second revision




Generator Testing

Generator mounted on the second revision test bed — energy production
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Test Bed Improvements

Test bed — modified second revision
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Test Bed Improvements

* Test bed — modified second revision (complete staff)
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Generator Testing

* Generator mounted on the second revision test bed — energy production

Tests after mounting torque and temperature sensors
e  Short time max power measured on 18 March — 5150 W (30.5A x 169V) @ 798 rpm and 5.5 Ohm load;

e Long time max power measured on 17 March — 4860 W (28.5A x 171.1V) @ 806 rpm and 6.2 Ohm load;
e  Short time max power measured on 14 March — 4200 W (26.1A x 161.4V) @ 725 rpm and 6.2 Ohm load;
e Long term max power measured on 12 March — 3300 W (21.6A x 152.5V) @ 650 rpm and 7.1 Ohm load;
e  More power output at rpm above 800 and load current above 30 A can be reached with better mechanical
balancing and stator cooling.
Rotational Speed, Generator and Battery Power row data
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Voltage [v]

Voltage [V] and Gurrert [4]

200

100

Generator Testing

Generator mounted on the second revision test bed — measured power up to 5 kW

Generator volatge at open circuit vs Rotational speed
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Generator Testing

* Generator mounted on the second revision test bed (AC/DC Load comparison)
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Generator Testing

* Generator mounted on the second revision test bed (long test)
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Test Bed Improvements

* Test bed — modified second revision with torque and temperature sensors




Next Generator Improvements

Current Stator Base — wire size: D1.8 mm, 2.54 mm?; coil: 120 windings
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Stator Redesign (Coil)

* Next Stator Base — wire size: 1.8 x 3.15 mm, 5.67 mm?; coil: 60 windings
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Stator Redesign (Coil)

* Production of the new coils




Generator Redesign

Rotor design with light hub and centered cone bushes and plotted stator
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Cone lockings
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Generator Redesign

Modified to use centered cone bushes by Bea Ing. S.P.A. for mounting to the shaft

%} CALETTATORI - DATI TECNICI

LOCKING ASSEMBLIES - THECNICAL DATA

Calcolo del mlmmd diamelro esierno mozzo [DM)

Calculation of the minimum outsicde dametsr of hub [DM) Z L1 = L1
- f——
DM =D - K — |
o e e ey
[ = diametro esterno calettatore (mmj) C=1 E F—F——-—F——
outside diamater ol locking assemble (mm) =
i = coefiiciente (vedi tabella) _ﬂ_ _________ a1
coeficient (see table) E 211
Fer il calcolo del valore K. non riportato in tabella __l |
applicare la seguente formula:
[To caloulate the K™ value not shown in the table, c=08 = T -
use the following formula: L =] =
I 1
[ 0,2+ (C-PN)
K=+ (mm) -— 221 |
| O'02-(C+PN) |
I 0.2 = carieo di snervamento del materiale (Nimme) r_h:] -
yiakd strength of the matedal (Nimm?) = | | C=06 = T ===
C = fattore in funzione del tipo di applicazione 0 _[L = 1 O " 1
factor depending on the type of the application - 1

PH = pressione superficiale del mozzo
surlace pressure of the hub

TABELLA DEL COEFFICIENTE “K" - COEFFICIENT "K™ TABLE

GG-20 GG-30 GGEG-38 GGG-50 GGEG-60 GEGE-TO
GTS-35 G5-400 G5-500 G5-600 G570
ALSiMghn S542.3 C-40 C-a5 C-80

valori indicativi per il carico di snervamento O 0,2 in N/mm®
150 200 250 300 350 400 450 600
/06 08 1 (06 08 1 (06 08 1 (06 08 1 |06 08 1 |06 OB 1 (o6 08 1 |06 DB 1

139|158 | 151 (126|130 (1553 (121|130 (139|116 |124 (131|145 (120 (126|113 | 118|122 ) 111 (115|120 | 104 | 1.11 ) 1.1+
142|463 | 190 (130|142 (157 (123|132 (142|119 |126 | 134|106 | 122 126 |1.14| 119|124 | 112|116 121|109 | 1.12] 115
146|160 | 200 (132|146 (162 (125|154 | 1.46 120|128 | 136|447 123 (130 |1.15| 120|135 | 113 116|122 | 109 | 1153 | 1.16
148|175 | 211 (134 | 140 168 (126 | 157 (149|121 |1.30| 139|148 125|132 |1.15| 121|127 | 1.14 119 ]|124)1.10] 1.14] 1.17

15311581 224 (136|153 (1731281139 (153|122 )1.31 (141|119 (126 (134 1.16|1221120)11.34(120]1325]1.11]1.14]1.15

§¢8m353




Stator Redesign (Segment)

e Stator template for molding technology




Stator Redesign (Segment)

* New stator geometry for plotting technology




Stator Redesign (All segments)

* New stator after plotting and ready for coil mounting




Stator Redesign (Complete staff)




Rotor Redesign (Assembled)

 Assembled rotor with light hub, spacers and centered cone bushes




Rotor Redesign (Painted)

 Assembled and painted rotor, stator carrier disk both mounted on the field




The field test suite (Shabla




Electrical System Improvement

Test bed — rev. 3 with PC Station interconnection and Cooler for Curtis’ Controller

Using a standard programming cable found on e-bay to program your curtis motor controller.

a

9 Pin D-sub connector

N
or USB port HE

1314 PC Programming Station

Serial cable
or USB cable

—.—

CAN Gateway

or

1309 Interface Box
+

Conxall cable, RJ11 cable
or
Molex cable

Curtis device

Kenwood KPG-4 and KPG-46 Programming cable

KPG-4 KPG-46)
£-9  DE-25 LTI8ICN RJ-12 RJ-45
R - 6 pins 8 pins
ER [ 1O 7; i T To Sado :
2 3 |mmEmeec <‘ 1 10 TIL fron Rode x 5
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8 5J i T af & 5 .
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| i s |
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LT10B1CN.

UF 16V, Mote poiarityl
Facing the redo.

e
ic copacitors sre 10
erea 1eFt-tomright,

KPG clone cables are quite common,
prizes on ebay are cheaper than building
yourself.

luse a USB version of the KPG-4 cable.

Aditional parts:

T41s04,

10uF 16¥Y capacitor

5.1V zener 0.5W

Resistor 1000hm 1/4W

0Old ATX 12V powersupply cable
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Electrical System Improvement

Generator 2-nd rev., Test bed 3-rd rev., 3

phase load and data acquisition 1-st rev.
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Electrical System Improvement

Generator 2-nd rev., Test bed 3-rd rev., 3-phase load and data acquisition 1-st rev.
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Electrical System Improvement

Generator 2-nd rev., Test bed 3-rd rev., 3- phase Ioad and data acquisition 2 nd rev.




Electrical System Improvement

Generator 2-nd rev., Test bed 3-rd rev., 3- phase Ioad and data acquisition 2-nd rev.
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Measurement Results

Generator 2-nd rev., Test bed 3-rd rev., 3-phase load and data acquisition 2-nd rev.

Test process (row data measured with testbed sensors)
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Measurement Results

* Generator 2-nd rev., Test bed 3-rd rev., 3-phase load and data acquisition 2-nd rev.

Generator performance characteristics taken from row data
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Measurement Results

* Generator 2-nd rev., Test bed 3-rd rev., 3-phase load and data acquisition 2-nd rev.
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Measurement Results

Generator 2-nd rev., Test bed 3-rd rev., 3-phase load and data acquisition 2-nd rev.
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