
US 20190245421A1 

( 19 ) United States 
( 12 ) Patent Application Publication ( 10 ) Pub . No . : US 2019 / 0245421 A1 

SMITH et al . ( 43 ) Pub . Date : Aug . 8 , 2019 

( 54 ) AIR GAP CONTROL SYSTEMS AND 
METHODS 

( 71 ) Applicant : Boulder Wind Power , Inc . , Louisville , 
CO ( US ) 

( 72 ) Inventors : James S . SMITH , Lyons , CO ( US ) ; 
Matthew B . JORE , Ronan , MT ( US ) ; 
Michael A . KVAM , Polson , MT ( US ) ; 
David SAMSEL , Missoula , MT ( US ) ; 
Charles Perry BUTTERFIELD , JR . , 
Boulder , CO ( US ) ; Brian J . 
SULLIVAN , Boulder , CO ( US ) ; James 
David DUFORD , Polson , MT ( US ) 

( 73 ) Assignee : Boulder Wind Power , Inc . , Louisville , 
CO ( US ) 

filed on Jun . 2 , 2010 , provisional application No . 
61 / 517 , 040 , filed on Apr . 12 , 2011 . 

Publication Classification 
( 51 ) Int . Cl . 

HO2K 21 / 02 ( 2006 . 01 ) 
HO2P 25 / 024 ( 2006 . 01 ) 
HO2K 21 / 12 ( 2006 . 01 ) 
H02K 21 / 24 ( 2006 . 01 ) 
HOCK 41 / 03 ( 2006 . 01 ) 
HO2K 7 / 08 ( 2006 . 01 ) 
HO2K 7 / 09 ( 2006 . 01 ) 

( 52 ) U . S . Cl . 
CPC . . . . . . . . . HO2K 21 / 026 ( 2013 . 01 ) ; HO2P 25 / 024 

( 2016 . 02 ) ; HO2K 21 / 12 ( 2013 . 01 ) ; H02K 
21 / 24 ( 2013 . 01 ) ; HO2K 2213 / 09 ( 2013 . 01 ) ; 

HO2K 7 / 08 ( 2013 . 01 ) ; HO2K 7 / 09 ( 2013 . 01 ) ; 
H02K 7 / 088 ( 2013 . 01 ) ; HO2K 2201 / 03 

( 2013 . 01 ) ; H02K 41 / 031 ( 2013 . 01 ) 
( 57 ) ABSTRACT 
In one embodiment , an apparatus includes a first member 
that supports a magnetic flux carrying member and a second 
member that supports a magnetic flux generating member 
disposed for movement relative to the first member . An air 
gap control system is coupled to at least one of the first 
member or the second member and includes an air gap 
control device that is separate from a primary magnetic flux 
circuit formed between the first member and the second 
member . The air gap control device is configured to exert a 
force on one of the first and second members in response to 
movement of the other of the first and second members in a 
direction that reduces a distance between the first and second 
members to maintain a minimum distance between the first 
and second members and / or substantially center the one of 
the first and second members within the other . 

( 21 ) Appl . No . : 16 / 259 , 521 

( 22 ) Filed : Jan . 28 , 2019 
Related U . S . Application Data 

( 63 ) Continuation of application No . 15 / 332 , 627 , filed on 
Oct . 24 , 2016 , now Pat . No . 10 , 193 , 429 , which is a 
continuation of application No . 13 / 733 , 457 , filed on 
Jan . 3 , 2013 , now Pat . No . 9 , 479 , 038 , which is a 
continuation of application No . 13 / 445 , 206 , filed on 
Apr . 12 , 2012 , now Pat . No . 8 , 362 , 731 , said applica 
tion No . 13 / 733 , 457 is a continuation - in - part of appli 
cation No . 13 / 152 , 164 , filed on Jun . 2 , 2011 , now Pat . 
No . 9 , 154 , 024 . 

( 60 ) Provisional application No . 61 / 517 , 040 , filed on Apr . 
12 , 2011 , provisional application No . 61 / 350 , 850 , 

1 

Stator 
Support 
Structure System 

Controller 

668 

618 
880 mg 

080 810 - wwwwwwwwwwwwwwwwww 878 - - - - 878 

870 mm 

614 



Patent Application Publication Aug . 8 , 2019 Sheet 1 of 28 US 2019 / 0245421 A1 

. m m m m m m m m m m m m m m m m m m m m m m m m m m m m w m m 
w 

ww WA MWAKA * W 

www Stator Rotor 
Assembly ww XX 

WAK AKKUMUWUWW * * W 28 
www X X 

Air Gap Control 
System 

FIG . 1 



Patent Application Publication Aug . 8 , 2019 Sheet 2 of 28 US 2019 / 0245421 A1 

53 
5 

33 18 
35 37 37 12 

30 

System 
Controller NONUR 

w 

www 

FIG . 2 



Patent Application Publication Aug . 8 , 2019 Sheet 3 of 28 US 2019 / 0245421 A1 

all 
130 

114 
11 

122 wwwwwwwwwwwwwwwwwwwwwwwwwwwwwww JAKARARAAKAKAKAMAMARULAMAMARAAAAA 
XMPTomorrowroom WHO YA 

152 Citroen wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 120 wit 

wwwwwwwww 
www 3 

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww WAN wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 

FIG . 3 



US 2019 / 0245421 A1 

20 

212 

252 

k 224 

and 231 

218 

w 

Aug . 8 , 2019 Sheet 4 of 28 

VAKKKKKKKKKKKKKK * * * * * * * * * * KKKKKKKKKK 

232 
GGG 

wwwww 

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 

FIG . 4 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

AMALAN 

WA 
+ 

+ + 

+ 

www 

2302 

Percorso CCC 

214 . 

262 
G 

228 . 

Patent Application Publication 



Patent Application Publication Aug . 8 , 2019 Sheet 5 of 28 US 2019 / 0245421 A1 

G 328 316 331 

MD 353 
wwwwwwwwww wwwwwwwwwwwwwwwwwwwww 

M 

Www 

RO 

* 

MT . ME CAAACCAAACAAADPLAADUMADMOROM DOMOMAAAAAAAAAAAAAAAA . 

* * 

332 
* 

C 



Patent Application Publication Aug . 8 , 2019 Sheet 6 of 28 US 2019 / 0245421 A1 

430 
WW 

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 
MUULIWOWWWWWWWWWWWWWW 

WOWWWWWWWWWWWWWWWWWWWWWWWWWW 
WWWWWW WWWWWWWWWWWW WOWWWW 

wwwww w wwww wwwwwwwwwwwwwwwwwww 

418 457 

FIG . 6 



Patent Application Publication Aug . 8 , 2019 Sheet 7 of 28 US 2019 / 0245421 A1 

528 FIG . 7 
VES MALAM O OTRON OVGRU NENNONOTRONIC 279 

OWNER WOWOROWS 
JOULE 

ther RR 
des 

COS 562 524 SILEIRO CORO 
LO www 

- 522512 NEWE . 

MONETA 
UNUN WA Liz WSW 

EXT 
ACION Who N KOMU 

ODOSIKO ONSTANOW WWWWW WWWWWWWW SA 

crear MEMORAN 

One 

524 meseca 
TEAM 

521 - 



Patent Application Publication Aug . 8 , 2019 Sheet 8 of 28 US 2019 / 0245421 A1 

526 - 525 M 

ORE 

TOUR 530 - 
525 518 mm 518 517 7 AGORA wa 

525 559 538 MOTION . COM WARTA 536 

526 mark x 525 

MEDICALA ory that aupun 
wal 

Chouch armaram MARILLA 
T 

4 

HONDENLO Orhan ALACEEDITAT LATEST CONEX anun 516 ???? ANAD 
th 

Winter 
W 

IUDO1 MALLIR C OMAR 
EES 

ch 

TARSKOU MANRVALTAINERA 
V 

KERU 

A RARASELLAXERCICIKLUES 
LUTLAUSTEITETER O TOMON K 

UOV th 

y 

SEN lemen 
gondosany Gre 510 1 515 

* 

525 522 N 

- - - 522 

VAMAA NAVIGATION MOGU 

FIG . 8 



a Torrent 

US 2019 / 0245421 A1 

FIG . 9 

CON 

wut CENTRALIA Wh 

ht en 

TACTE 

CH 

S LEDDE kaart 

Werwoche OPSTI 

14001 en 

WORAW 

Morricoruschen 

Aug . 8 , 2019 Sheet 9 of 28 

CKORNA 

XXX A 

en cont act 
HORARONURETANOWPROMANC ?i trong CANYELLOWANE 

KA 

SA 

công 

. WS 

538 

A 

ONETWORK 
WWW 

Lucrf 

534 

cream 
O 

IN 

E LENGDUNENSINONEN 
INAW 

ANONS Wonen 
NOW Y 

ONNEN 

INNON NONEWONORONHAND 
chuhe COM 

Patent Application Publication 

RINNA 

R 

encara 
EXCEPTION 

514 tis 

257 

_ 9€ 



Patent Application Publication Aug . 8 , 2019 Sheet 10 of 28 US 2019 / 0245421 A1 

553 

526 + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 

526 
www 518 

a 516 
514 2 555 

531 
530 wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 
541 

wrap 

510 
w 

532 
w 

FIG . 10 



518 

510 

510 

WAHAKAMA KAWAMUR 

Patent Application Publication 

538 

2 

544 

538 

538 

535 

540 

L 

U 

540 5400 

544 

H 

7 

534 - 
3 

wwwwwww W 

Snow 
cena 

XULLANILRAAAAAAAAAA 

538 - 

nom 

Aug . 8 , 2019 Sheet 11 of 28 

WELCO 
N LUCU 

S 

S 

S 

N 

WAAAAAAA 

S 

N 

546 

546 

XXX * * * * * * * * * * * 

542 

538 

538 532 

538 

538 

542 

5241 

US 2019 / 0245421 A1 

FIG . 11 



Patent Application Publication Aug . 8 , 2019 Sheet 12 of 28 US 2019 / 0245421 A1 

535 

* * * * * * * * * * * * * * * * * * * * * 

* - * * * * * * * 

) 
( 3 - - 00000000 FIG . 12 

) 

540 542 538538 546 ) 510 544 
| | 

* : 

With A * 

) 
* 538 ) 538 532 * 

) = = = = 

540 ) 546 544 L 
| 

| 

{ 538 538 

ics 



1 

- 

510 

510 www - 

wwwwwwwwwwwwwwwww 

Patent Application Publication 

KUWAAAAAAA 

535 

3 

538 

Increased 544 Gap 15381 

EXKAWA 

Decreased 538 Sapna 538 7544 540 

MWEMA 

wwwwwwwwwwwwwww 

534 

4 

WWWWWWWWWWW 

USA 

XXX 

Aug . 8 , 2019 Sheet 13 of 28 

wyn 

W 542 
1 538 546 

538 

NET FORCE ON STATOR DUE TO 
LEFT SIDE 

546 538 542 536 
NET FORCE ON STATOR DUE TO RIGHT SIDE 

SA 

the 

monteres 

w 

000 

NET FORCE 

* 

E 
DEFLECTION - 

524 

FIG . 13 

US 2019 / 0245421 A1 



como 

510 

510 

WWWWWWWWWW 

Patent Application Publication 

wwwwwwwwwwwwwwwww 

540 

535 

538 

538 

514 

540 

W 

544 

MWMM 

534 www 

516 

med 

Wywu 

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 

1 . 4 . 4 . . 

SOR 

By Eva 
one 

Aug . 8 , 2019 Sheet 14 of 28 

. AAAAAAAAAAAAAAAAAAAAA 

. 3 

5 

5461 538 
538 

5381 
538 

542 NET FORCE ON STATOR DUE TO 
LEFT SIDE MAGNETS 

546 
NET FORCE ON STATOR DUE TO 
* RIGHT SIDE MAGNETS 

V 

www 524 

FIG . 14 

US 2019 / 0245421 A1 



- 518 

- 

510 

510 

Patent Application Publication 

- - - 

538 

- 

538 

538 

- - 

538 
pm - 

1 

4 

540 544 

544 540 

WWW 

534 mm 

oshiban 

WWW 

LERA 

??????????????????????? 

OUNT 

PRO 

M 

Aug . 8 , 2019 Sheet 15 of 28 

400 

9000 

1 

546 

XXXXXXX 

WAY 

wwwwwwwwwww 

532 

542 

L Applied 546 538 Moment 538 

522 542 

wo 

524 

FIG . 15 

US 2019 / 0245421 A1 

- 



Patent Application Publication Aug . 8 , 2019 Sheet 16 of 28 US 2019 / 0245421 A1 

535 
+ + + + + + ? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

538 | FIG . 16 

543 
( cys 

* * * 546 538 
510 

544 
538 ? 

www . 

7 

| 

= 

, } 

532 , = 

* MMMMMMM 

YES 
538 

5454 4 

| 538 

| 538 
51 ] 58 542 krem k 

= = = = 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

522 



Patent Application Publication Aug . 8 , 2019 Sheet 17 of 28 US 2019 / 0245421 A1 

535 

* * 

548 5381 FIG . 17 
538 538 

510 ' 
men 538 546 538 538 

MMMM 548 www . OLEVA 518 
1 LULUK 

548 ?? 

SIN 538 532 ? 

66 
510 672 544 538 

548 

542 
N . 

WE D 538 wwwwwwwwwwwwwwwwwwwwwwWWWWWWWWWWW W W WWWWWWWWWWWWWWWWWWW Hihi ???????????????????????????????????????????????????????????????????????????????????????????????? 

XXK 

* X 

XXS . x 
534 

5221 



Patent Application Publication Aug . 8 , 2019 Sheet 18 of 28 US 2019 / 0245421 A1 

FIG . 18 

652 

WWWUMARINAAWWA Support Structure Joleis 8991 019 - - 670 662 631 919 
KARAMA 

AKSAMANA TOOTORITFOTO A AAAAAAAAAAAAAAAAAAAAAAAAAAAA WER * 12 * XCEVICCE * * * . XXXXXXXXXXXXXXX 

wwww 

wwwwww 

899 wareneromana OZ9 610 mm 
618 612 



Patent Application Publication Aug . 8 , 2019 Sheet 19 of 28 US 2019 / 0245421 A1 

FIG . 19 
W WWWWWWWW 

612 MWWWWWWWWW 618 668 
Stator Support Structure 662 776 

- - - 770 
616 

WWWWWWWWW 

DENISA wwwwwwwww WURUKKAN 
wwwwwwwwwwwwwwwwwwwwwwwwwwwwww w www 

. t 

. 

. 

. 

. 

. 

. . 

. 

. 

. 

. 

. . 

. 

. 

t LULU 

i 

. tw 

. 

it . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 772 
710 

774 668 
770 . 

776 
614 

wwwwwwwwwwwww 
KO Supply System Controller 

4 



887 

Stator Support Structure 

Patent Application Publication 

System Controller 

xxxxx 

???? , 

668 

WWWWWWWWWWW 

ARMA 

WW 

618 880 mg 

+ . . 

WWWWWWWWWWWWWWWW 

U . . . 

880 

- - - - 880 - - - 878 

884 

wwwwwwwwwwwwwwwwwwwwwwww 

Aug . 8 , 2019 Sheet 20 of 28 

882 

878 

612 

- - - 870 

ann 

870 

- 616 

886 

HUUH 

614 

WWW 

ws 

LUMNA 
www 631 

630 commentin 

884 

- 662 

FIG . 21 

FIG . 20 

US 2019 / 0245421 A1 



Patent Application Publication Aug . 8 , 2019 Sheet 21 of 28 US 2019 / 0245421 A1 

FIG . 22 

799 . 

219 

mm 
266 866 566 . 066 8 . 16 Stator Support Structure 8994 016886 - - 970 919 631 - 662 

* 

LOR 

XXX 
. WAKALAKARAAAAAAAAAAAA 624 NAVADEXXARX IDA newwwwwwwww 

ANNUAL 

WEMWWW . X 
W ARA X XXX 

L . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 4 wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww LULAR + 

A UWAVUUUUUUUU XXXXX wwwwwww ww 

wwwwwwwwwwwwww 

614 630 - 
899 - 066 - 966 - 026 978 998 994 

988 
819 910 



Stator Support Structure 

632 

wwwwwww 

Patent Application Publication 

618 

www 

wwwwwwwwwwwww 

668 

wwwwwwwwww 

652 

668 

th 

1070 

1091 

XXXXXX 

1010 

612 

www 

Aug . 8 , 2019 Sheet 22 of 28 

WWW 

1070 

614 

enerown 616 

10974 

wwwwwwwwwwwwwwwww 

wwwwwwwwwww 

WWW 

631 

w 

1095 

662 

FIG . 23 

US 2019 / 0245421 A1 

LUXX 

A 

RA * * * * 

LOL * * * * 

* 

* * 

* * 

* * * * * * * 

* * * * * * 

* * * * 



. 

US 2019 / 0245421 A1 

FIG . 24 

249 299 

1185 630 - 

V 

631 

614 

ERWARRAREKAN * * 

WUUUUUUUUUUUUUUUUU 

KAMARRAK 

- OLLI 

919 mm 0211 It 
219 mm 

WWW 

Aug . 8 , 2019 Sheet 23 of 28 

wwwwwwwwwwwwwww Controller System 

* CUCUREUXURY 

W 

. . 

. 

LE 

1187 

12 668 

899 

W 

wwwwwwwwwwwwwww 
W 

WWWWWWWWW 
618 

WWW 

Patent Application Publication 

Structure Support Jojets KAXKAKAKULAMALAUKKAKAK 



Stator Support Structure 

Patent Application Publication 

121122 

?????????????????????????? 

MEXXXXXXX 

marscom 618 

M ETRY 

Wwwwwwwwwwwwwww 

XXXXXXXXXXXXXXXXXXXXXY 

612 

Aug . 8 , 2019 Sheet 24 of 28 

1281 

1281 

1210 

WWW . 

* XXXXXXXXXX 

+ 

LAN 
en 616 

1 614 T 

owel 

1 

630 cm 

- 662 

FIG . 25 

US 2019 / 0245421 A1 



Patent Application Publication 

WWW 

Wa 

MARCO 
REDOV 

MUODOSSA Odos 

En nou ROVADODOMA Cowoohohoooooooooooooooooooo oo 

QCION 
IDIO 

we 

* * * 

in 

* * * 

HAY 
95 

MAX 

Aug . 8 , 2019 Sheet 25 of 28 

1310 

FIG . 26 

US 2019 / 0245421 A1 



Patent Application Publication Aug . 8 , 2019 Sheet 26 of 28 US 2019 / 0245421 A1 

1 1430 1418 1455 1435 1414 

www 

1412 
KKKKKKKKKKKKKKKKKKKKKKKKKKKKKXXXXXXXXXXXXX 

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 

1453 
WXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 

1428 more than 

1421 . com 

1420 romana 

1475 mm wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 

WWWWWWWWWWWWWWWWWWWWWWWWW 1473 
www . 

mm 1455 
+ + + + + 

1 1430 1436 mand 

FIG . 27 



maad 

US 2019 / 0245421 A1 

wwwwwwwwwwwwwwwwwwwwww 

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 
w 

w 

1418 

Aug . 8 , 2019 Sheet 27 of 28 

1430 1418 

FIG . 28 

1430 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

1466 1435 1414 

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 

1435 

wamerum 

Patent Application Publication 

1473 

met 

1453 

1420 

1428 - 

1421 

1475 



Patent Application Publication Aug . 8 , 2019 Sheet 28 of 28 US 2019 / 0245421 A1 

Detect a distance between a first 
member supporting a winding and a 
second member supporting a magnet 

1561 

Compare the detected distance to a 
threshold distance 

1563 

sed If the distance is less than the 
threshold distance , activate a device 

to exert a force on one of the first 
member and the second member 

1565 

FIG . 29 



US 2019 / 0245421 A1 Aug . 8 , 2019 

AIR GAP CONTROL SYSTEMS AND 
METHODS 

gap clearance at a relatively lower weight and cost compared 
to known conventional methods that include increasing 
structural stiffness . 

PRIORITY 

[ 0001 ] This application is a continuation of U . S . patent 
application Ser . No . 15 / 332 , 627 , entitled “ Air Gap Control 
Systems and Methods , " filed Oct . 24 , 2016 , which is a 
continuation of U . S . patent application Ser . No . 13 / 733 , 457 , 
entitled “ Air Gap Control Systems and Methods , ” filed Jan . 
3 , 2013 , ( now U . S . Pat . No . 9 , 479 , 038 ) which is a continu 
ation of U . S . patent application Ser . No . 13 / 445 , 206 , entitled 
“ Air Gap Control Systems and Methods , ” filed Apr . 12 , 2012 
( now U . S . Pat . No . 8 , 362 , 731 ) , which claims priority to and 
the benefit of U . S . Provisional Application Ser . No . 61 / 517 , 
040 , entitled “ Air Gap Control System , ” filed Apr . 12 , 2011 , 
each of the disclosures of which is incorporated herein by 
reference in its entirety . U . S . patent application Ser . No . 
13 / 733 , 457 is also a continuation - in - part of U . S . patent 
application Ser . No . 13 / 152 , 164 , entitled “ Systems and 
Methods for Improved Direct Drive Generators , ” filed Jun . 
2 , 2011 ( now U . S . Pat . No . 9 , 154 , 024 ) , which claims priority 
to U . S . Provisional Application Ser . No . 61 / 350 , 850 , entitled 
“ Systems and Methods for Improved Direct Drive Genera 
tors , ” filed Jun . 2 , 2010 , and U . S . Provisional Application 
Ser . No . 61 / 517 , 040 , entitled “ Air Gap Control System , ” 
filed Apr . 12 , 2011 , each of the disclosures of which is 
incorporated herein by reference in its entirety . 

SUMMARY 
[ 0005 ] Illustrative embodiments that are shown in the 
drawings are summarized below . It is to be understood , 
however , that there is no intention to be limited to the forms 
described herein . One skilled in the art can recognize that 
there are numerous modifications , equivalents , and alterna 
tive constructions that fall within the spirit and scope of the 
inventions expressed in the claims . In particular , one skilled 
in the art can recognize that the embodiments described 
herein are applicable to any machine with alternating polar 
ity arrays of magnets , including radial , axial , and transverse 
flux motors and generators that operate in a rotating or a 
linear manner . 
[ 0006 ] In one embodiment , an apparatus includes a first 
member that supports a magnetic flux carrying member and 
a second member that supports a magnetic flux generating 
member . The second member is disposed for movement 
relative to the first member . An air gap control system that 
includes an air gap control device is coupled to at least one 
of the first member or the second member . The air gap 
control system is configured to exert a force on one of the 
first member and the second member in response to move 
ment of the other of the first member and the second member 
in a direction that reduces a distance between the first 
member and the second member to one of maintain a 
minimum distance between the first member and the second 
member and substantially center the one of the first member 
and the second member within a region defined by the other 
of the first member and the second member . The air gap 
control device is separate from a primary magnetic flux 
circuit formed between the first member and the second 
member . 

FIELD OF THE INVENTION 

0002 ] Embodiments described herein relate to an air gap 
control system , and more particularly to an air gap control 
system for maintaining a minimum gap clearance in elec 
tromagnetic machines . 

BACKGROUND OF INVENTION 
[ 0003 ] Typical electromagnetic machines function by 
exposing electrically conductive windings in a stator to a 
magnetic field produced by magnets mounted on a turning 
rotor . The size of the air gap between the stator and the rotor 
is an important design variable , as the electromagnetic 
efficiency of such machines tends to improve as the air gap 
size is reduced . Maintaining a constant air gap size is also 
important , both to avoid a collision between the rotor and the 
stator and to avoid unwanted currents , flux effects , and other 
load - related losses caused by eccentricities in the air gap . 
Consistency in air gap size is typically achieved by ensuring 
that the machine ’ s stator and rotor ( and any supporting 
structure ) are stiff enough to withstand expected outside 
forces during assembly and operation . Significant violations 
of air gap size , such as where the air gap is nearly closed or 
is closed altogether , can be dangerous or destructive to 
equipment and personnel , particularly if the air gap is 
compromised during operation of the electromagnetic 
machine . 
[ 0004 ] As the size of an electromagnetic machine 
increases , dependence on structural stiffness to ensure that a 
minimum air gap clearance is maintained can become 
impractical due to the weight and cost of the required 
structure . A need exists , therefore , for alternative approaches 
for maintaining a constant air gap . A need also exists for 
providing such alternatives that would provide the necessary 

BRIEF DESCRIPTION OF THE DRAWINGS 
[ 0007 ] FIG . 1 is a schematic illustration of an air gap 
control system and a rotor / stator assembly according to an 
embodiment . 
[ 0008 ] FIG . 2 is schematic illustration of a rotor / stator 
assembly and an air gap control system , according to an 
embodiment . 
[ 0009 ] FIG . 3 is a schematic illustration of a portion of a 
rotor / stator assembly , according to an embodiment . 
[ 0010 ] FIG . 4 is a schematic illustration of a portion of a 
rotor / stator assembly , according to an embodiment . 
[ 0011 ] FIG . 5 is a schematic illustration of a portion of a 
rotor / stator assembly having a two - sided rotor , according to 
an embodiment . 
[ 0012 ] FIG . 6 is a schematic illustration of a portion of a 
rotor / stator assembly having a one - sided rotor , according to 
an embodiment . 
[ 0013 ] FIG . 7 is a perspective view of a rotor / stator 
assembly that can be used with an axial flux motor or 
generator , according to an embodiment . 
0014 ] FIG . 8 is an exploded detail view of a portion of the 
rotor / stator assembly of FIG . 7 , showing one of the rotors 
with a portion of an air gap control system mounted thereto . 
[ 0015 ] FIG . 9 is an enlarged view of a portion of the 
rotor / stator assembly shown in FIG . 7 showing a portion of 
an air gap control system mounted thereto . 
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[ 0016 ] FIG . 10 is a schematic illustration of a section of a 
portion of the rotor / stator assembly of FIG . 7 with a portion 
of an air gap control system mounted thereto . 
[ 0017 ] . FIG . 11 is a schematic illustration of a portion of 
the rotor / stator assembly and a portion of an air gap control 
system shown in FIG . 10 taken at “ A ” in FIG . 10 . 
[ 0018 ] FIGS . 12 - 16 are schematic illustrations of the 
portion of the rotor / stator assembly and air gap control 
system shown in FIG . 11 . 
[ 0019 ] FIG . 17 is a schematic illustration of a portion of 
the rotor / stator assembly of FIG . 7 taken at “ A ” and a 
portion of an air gap control system , according to an 
alternative embodiment , coupled thereto . 
[ 0020 ] FIG . 18 is a schematic illustration of an axial 
rotor / stator assembly and a portion of an air gap control 
system , according to an embodiment . 
[ 0021 ] FIG . 19 is a schematic illustration of an axial 
rotor / stator assembly and a portion of an air gap control 
system , according to another embodiment . 
[ 0022 ] FIG . 20 is a schematic illustration of a portion of an 
axial rotor / stator assembly and a portion of an air gap control 
system , according to another embodiment . 
[ 0023 ] FIG . 21 is an enlarged view of a portion of the air 
gap control system of FIG . 20 . 
[ 0024 ] FIG . 22 is a schematic illustration of a portion of an 
axial rotor / stator assembly and a portion of an air gap control 
system , according to another embodiment . 
[ 0025 ] FIG . 23 is a schematic illustration of a portion of an 
axial rotor / stator assembly and a portion of an air gap control 
system , according to another embodiment . 
0026 ] FIG . 24 is a schematic illustration of a portion of an 
axial rotor / stator assembly and a portion of an air gap control 
system , according to another embodiment . 
[ 0027 ] FIG . 25 is a schematic illustration of a portion of an 
axial rotor / stator assembly and a portion of an air gap control 
system , according to another embodiment . 
[ 0028 ] FIG . 26 is an illustration of a portion of a radial 
rotor / stator assembly and a portion of an air gap control 
system , according to another embodiment . 
[ 0029 ] FIG . 27 is a schematic illustration of a cup - type 
radial flux rotor / stator assembly , according to an embodi 
ment . 
( 0030 ) FIG . 28 is a schematic illustration of the rotor / 
stator assembly of FIG . 27 with an air gap control system 
coupled thereto . 
[ 0031 ] FIG . 29 is a flowchart illustrating a method of 
controlling an air gap , according to an embodiment . 

can provide a locating stiffness between the rotor and stator , 
such that the air gap control stiffness becomes the dominant 
stiffness with respect to the relative motion between the 
stator and the rotor . For example , the air gap control system 
can function similarly to a spring of desired spring constant 
in that it can be used to produce a desired structural stiffness 
at a localized point between , for example , a rotor and a 
stator . In some embodiments , the air gap control system 
provides localized stiffness between a relatively soft com 
ponent and a relatively stiff component of a machine or 
mechanism . Additionally , the stiffness between a relatively 
soft component and a relatively stiff component of the air 
gap control system can be distributed over a broader surface 
area of interaction between the two components if this 
arrangement proves more adaptable to the dynamic 
responses of the system components . 
[ 0033 ] Some embodiments of an air gap control system 
described herein can be used to maintain an air gap within 
a required limit for performance and / or safety , such as in 
radial , axial , and transverse flux motors or generators , oper 
ating in a rotating manner or in a linear manner . Some 
embodiments of an air gap control system described herein 
can be useful for reducing the weight and cost of machines 
utilizing an air gap , and for reducing the required frequency 
and scope of maintenance over conventional air gap 
machines . 
[ 0034 ] Although most of the embodiments described 
herein focus on implementations including permanent mag 
nets in rotating , linear or reciprocating electric machines , it 
should be clear to the artisan that such electric machines can 
be designed and built using other than permanent magnets as 
the excitation means for the primary energy conversion 
electromagnetic circuit design . For example , wound field 
synchronous , induction , switched reluctance , etc . machine 
types can benefit in the same or similar manner from the air 
gap control systems described herein for permanent magnet 
machines . This is because , at least in part , the air gap control 
system can be engineered to have little or no effect on the 
primary energy converting electromagnetic circuit during 
operation or activation of the air gap control system . There 
fore , the use of the term “ magnet ” when referring to an 
electric machine type in the preceding and following text 
should not be construed to limit the embodiment being 
discussed to permanent magnet machines . 
[ 0035 ] Electromagnetic machines , such as the rotor / stator 
assemblies described herein , utilize magnetic flux from 
magnets , such as permanent magnets or electromagnets , to 
convert mechanical energy to electrical energy or vice versa . 
Various types of electromagnetic machines are known , 
including axial flux machines , radial flux machines , and 
transverse flux machines , in which one component rotates 
about an axis or translates along an axis , either in a single 
direction or in two directions , e . g . reciprocating , with 
respect to another component . Such machines typically 
include windings to carry electric current through coils that 
interact with the flux from the magnets through relative 
movement between the magnets and the windings . In a 
common industrial application arrangement , permanent 
magnets , for example , are mounted for movement , e . g . on a 
rotor ( or otherwise moving part ) and the windings are 
mounted on a stationary part , such as a stator . Other con 
figurations , typical for low power , inexpensive machines 
operated from a direct current source where the magnets are 
stationary and the machine ' s windings are part of the rotor 

DETAILED DESCRIPTION 
[ 0032 ] An air gap control system as described herein can 
be implemented in many applications where maintaining a 
constant gap is desired for machine performance and / or safe 
operation of the machine . In some embodiments , an air gap 
control system is described herein that can be used to 
maintain a clearance between the rotor assembly and stator 
by making one of the stator structure and the rotor structure 
relatively soft or compliant and the other of the stator 
structure and the rotor structure relatively stiff , and by 
transmitting a force from the stiff member to the compliant 
member to maintain a minimum gap clearance . When the 
stiff member is displaced or deflected , it transmits a force to 
the compliant member , causing the compliant member to 
deflect in a similar manner so as to maintain a constant or 
substantially constant gap size . The air gap control system 
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( energized by a device known as a “ commutator ” with 
" brushes " ) are clearly also available , but will not be dis - 
cussed in detail in the following text in the interest of 
brevity . 
[ 0036 ] In an electric motor , for example , current is applied 
to the windings in the stator , causing the magnets ( and 
therefore the rotor ) to move relative to the windings , thus 
converting electrical energy into mechanical energy . In a 
generator , application of an external force to the generator ' s 
rotor causes the magnets to move relative to the windings , 
and the resulting generated voltage causes current to flow 
through the windings — thus converting mechanical energy 
into electrical energy . In an AC induction motor , the rotor is 
energized by electromagnetic induction produced by elec 
tromagnets that cause the rotor to move relative to the 
windings on the stator , which are connected directly to an 
AC power source and can create a rotating magnetic field 
when power is applied . 
[ 0037 ] An air gap control system as described herein can 
be utilized in such electromagnetic machines , to control the 
air gap or distance between the moving part ( e . g . , the rotor ) 
and the stationary part ( e . g . , the stator ) to ensure proper 
operation of the machine . An air gap control system as 
described herein is separate from the main rotor - stator 
support feature of such electromagnetic machines , and can 
operate independently of a main bearing of , for example , a 
rotor / stator assembly . In addition , the air gap control system 
does not bear the load of the rotor / stator assembly ; rather the 
rotor / stator assembly is supported by some other suitable 
load - bearing component such as , for example , a main bear 
ing assembly of the rotor / stator assembly as described 
below . Although the embodiments described herein are 
described with reference to use within an electromagnetic 
machine ( e . g . , a rotor / stator assembly as described herein ) , 
it should be understood that the air gap control systems 
described herein can also be used within other machines or 
mechanisms where there is a need or desire to maintain a 
specified distance or gap between a stationary component 
and a component that can move relative to the stationary 
component . An air gap control system as described herein 
can also be beneficial for controlling and maintaining an air 
gap in an iron core stator system . In such systems , where the 
stator is formed of iron , the stator is attracted to the rotor and 
therefore a need to control the gap between the rotor and 
stator can be even greater than in an air core stator system 
as described herein with reference to specific embodiments . 
0038 ] In some embodiments , an air gap control system 
can be configured similar to a magnetic levitation train 
suspension system . For example , in such systems , magnetic 
levitation can be used to suspend , guide and / or propel a train 
from magnets . Similar magnetic forces can be used within a 
machine to control and maintain a gap between the moving 
component ( e . g . , rotor ) and the stationary component ( e . g . , 
stator ) of the machine . 
[ 0039 ] As used herein , the term “ air gap control device ” 
can refer to a component of any of the embodiments of an 
air gap control system described herein . For example , an air 
gap control device can include a magnet ( e . g . permanent 
magnet , electromagnet ) , an auxiliary winding , an air bear 
ing , a guide rail , etc . 
[ 0040 ] FIG . 1 is a schematic illustration of a rotor / stator 
assembly , according to an embodiment . The rotor / stator 
assembly is one example embodiment of an electromagnetic 
machine that can include an air gap control system that can 

be used to control a gap between a moving component and 
a stationary component of the electromagnetic machine . A 
rotor / stator assembly 12 can include a rotor assembly 28 and 
a stator 18 . The rotor / stator assembly 12 can be incorporated 
within , for example , a machine such as , for example , an 
electric motor or an electric generator . The rotor assembly 
28 can include one or more rotor portions that move relative 
to the stator 18 . For example , in some embodiments , the 
rotor assembly 28 can include a rotor portion that rotates 
relative to the stator 18 ( e . g . , with the direction of flux from 
rotor to stator generally in the axial or radial direction ) . In 
some embodiments , the rotor assembly 28 can include a 
rotor portion that moves in a linear motion relative to the 
stator 18 . The rotor assembly 28 ( also referred to herein as 
a " magnet supporting member " or a “ member supporting a 
magnetic flux generating member ” ) can include or support 
one or more magnetic flux generating members , such as , for 
example , magnets ( e . g . , a magnet pole assembly , or array of 
magnets ) or windings ( each not shown in FIG . 1 ) . The 
magnets can include , for example , an array of magnets and 
can be , for example , permanent magnets , electromagnets or 
a combination of both . For example , in an induction 
machine or wound field synchronous machine , the magnets 
are electromagnets . A winding can be , for example , as 
described below for stator 18 . 
[ 0041 ] The stator 18 ( also referred to herein as a “ winding 
supporting member ” or a “ member supporting a magnetic 
flux carrying member ” ) can include or support , for example , 
air core types of stators without any ferromagnetic material 
to support the copper windings or conduct magnetic flux . An 
air core stator can include an annular array of stator seg 
ments ( not shown ) and one or more conductive windings 
( not shown ) or one or more magnets ( not shown ) . Each air 
core stator segment can include a printed circuit board 
sub - assembly ( not shown ) , or another means known of 
structurally encapsulating the windings in non - ferromag 
netic materials . In some embodiments , the printed circuit 
board sub assemblies can be similar to that described in U . S . 
Pat . No . 7 , 109 , 625 and International Application No . PCT / 
US2010 / 000112 , each of the disclosures of which is incor 
porated herein by reference in its entirety . Some embodi 
ments of an air gap control system ( as described in more 
detail below ) in machines with a stator 18 made of conven 
tional iron - core construction are arranged similarly to the air 
core concept described above , but are sized to address the 
attractive forces between the ferromagnetic core material 
and the flux from the rotor and the resulting negative 
stiffness from a rotor dynamic perspective . 
10042 ] . An air gap control system 10 can be coupled to the 
rotor assembly 28 and / or to the stator 18 and can be used to 
control one or more air gaps defined between the rotor 
assembly 28 and the stator 18 during operation of the 
rotor / stator assembly 12 . An air gap as referred to herein can 
be , for example , a distance between two components such as 
a distance between a portion of the rotor assembly 28 and a 
portion of the stator 18 . The air gap control system 10 can 
be embodied in a variety of different arrangements that are 
each configured to maintain a minimum air gap between the 
rotor assembly 28 and the stator and / or to provide a mecha 
nism to maintain the stator 18 centered within a region 
defined by the rotor assembly 28 . For example , if the rotor 
assembly is a one - sided rotor assembly as referred to herein 
( e . g . , includes a single rotor portion as described herein ) , the 
air gap control system 10 can be configured to maintain a 
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minimum distance between the rotor portion of the rotor 
assembly 28 and the stator 18 . If the rotor assembly 28 is a 
two - sided rotor assembly as described herein ( e . g . , includes 
a first rotor portion on one side of the stator and a second 
rotor portion on the other side of the stator ) , the air gap 
control system 10 can be configured to maintain the stator 18 
in a centered or substantially centered position between the 
first rotor portion and the second rotor portion of the rotor 
assembly 28 . In an embodiment without the end support 
portion 53 , the air gap control system 10 can also carry the 
magnetic attraction load of the system to maintain the first 
rotor portion 14 spaced apart from the second rotor portion 
16 . 
[ 0043 ] As shown in FIG . 2 , the rotor / stator assembly 12 
can include a stator support structure 52 that couples the 
stator 18 to a stationary stator hub 21 . The stator support 
structure 52 can include one or more stator support mem 
bers , a stator support clamp , and various other supporting 
components ( the preceding components not shown in FIG . 
2 , for simplicity of illustration ) depending on the particular 
embodiment . The stator 18 and / or one or more components 
of the stator support structure 52 can be relatively compliant 
or flexible to allow for the stator 18 to be deflected by a force 
exerted by the air gap control system 10 , as described in 
more detail below . The rotor / stator assembly 12 also 
includes a rotor support structure 62 that couples the rotor 
assembly 28 to one or more bearings 20 that are coupled to 
the stationary stator hub 21 . The rotor support structure 62 
can include , for example , one or more rotor support mem 
bers ( not shown in FIG . 2 ) that can couple the rotor assembly 
28 to the bearings 20 . The rotor assembly 28 can also include 
an end support portion 53 that can separate the magnetic 
attraction loading within the system . 
[ 0044 ] The bearings 20 can be , for example , a conven 
tional bearing that can function to establish the general 
alignment , support ( bears the weight of the rotor assembly 
18 ) , and provide general locating forces for rotor assembly 
28 and stator 18 , as well as general rotor dynamic stability 
of the rotating and stationary parts . The bearing 20 can be , 
for example , a hydrodynamic oil film , air , rolling element or 
magnetic bearing or other type of bearing known in the art . 
The air gap control system 10 can function independently of 
the main bearings 20 and can be used to establish the relative 
proximity of the rotating and stationary parts , for example , 
at the air gap between the rotor assembly 28 and the stator 
18 . 

[ 0045 ] As shown in FIG . 2 , in this example embodiment , 
the rotor assembly 28 includes a first rotor portion 14 and a 
second rotor portion 16 and the stator 18 can be disposed 
between the first rotor portion 14 and the second rotor 
portion 16 . For example , the stator 18 can be disposed 
substantially centered between the first rotor portion 14 and 
the second rotor portion 16 . The rotor assembly 28 also 
includes at least one magnet 30 . In some embodiments , as 
shown in FIG . 2 , the rotor assembly 28 can include a first 
magnet 30 coupled to or supported by the first rotor portion 
14 and a second magnet 31 having an opposite polarity 
coupled to the second rotor portion 16 . The magnets 30 and 
31 can each include , for example , a magnet assembly or an 
array of magnets coupled to or supported by the rotor 
assembly 28 . The magnets 30 and 31 can direct flux in an 
axial direction from the magnet poles on magnet 30 sup 
ported on the first rotor portion 14 to the magnet poles of 
magnet 31 supported on the second rotor portion 16 . 

[ 0046 ] A portion of the air gap control system 10 can be 
disposed between the first rotor portion 14 and the stator 18 
or a portion of the stator support structure 52 , such as for 
example , the stator support clamp or a stator support mem 
ber . A portion of the air gap control system 10 can also be 
disposed between the second rotor portion 16 and the stator 
18 or a portion of the stator support structure 52 . In some 
embodiments , more than one air gap control system 10 can 
be utilized . For example , in some embodiments , the air gap 
control system 10 can be disposed as shown in FIG . 2 , and 
a second air gap control system ( not shown ) can be disposed 
to control an air gap at another location , such as , for 
example , at locations 33 , 35 and 37 shown in FIG . 2 . 
10047 ) During operation of the rotor / stator assembly 12 , if 
the stator 18 is deflected by movement of the rotor assembly 
28 , such as , for example , deflection of either first rotor 
portion 14 or second rotor portion 16 , the air gap control 
assembly 10 can induce a centering force that acts to move 
or return the stator 18 to a nominally centered location 
between the first rotor portion 14 and the second rotor 
portion 16 . For example , if first rotor portion 14 and / or 
second rotor portion 16 are deflected by external loading or 
inertial acceleration , air gap control assembly 10 can exert 
a force on stator 18 to cause stator 18 to maintain a nominal 
location , for example , centered within the rotor assembly 28 
between first rotor portion 14 and second rotor portion 16 . 
In another example , if stator 18 undergoes an axial transla 
tion relative to the rotor assembly 28 ( e . g . because of an 
external force , whether temporary or constant , applied to 
first rotor portion 14 and / or second rotor portion 16 that 
deflects first rotor portion 14 and / or second rotor portion 16 
in an axial direction ) , the gap distance on one side of stator 
18 can increase and the gap distance on the other side of 
stator 18 can decrease . In response , air gap control system 10 
can exert a force on stator 18 to re - center stator 18 between 
first rotor portion 14 and second rotor portion 16 . In another 
example , if stator 18 undergoes an angular deflection rela 
tive to the rotor assembly 28 ( such that in any given section 
of stator 18 , the gap distance at the inner diameter of stator 
18 is different than the gap distance at the outer diameter of 
stator 18 ) , then air gap control system 10 can exert a moment 
on stator 18 that restores a uniform gap distance at some or 
all points between stator 18 and each of the first rotor portion 
14 and the second rotor portion 16 . 
[ 0048 ] The above described embodiment describes the 
stator 18 as being compliant , but in alternative embodiments 
one or more rotors can be compliant relative to one or more 
stators . Regardless of the particular embodiment , an air gap 
control system 10 can be used to transmit a force from the 
relatively stiff member ( e . g . , the rotor assembly 28 in this 
example ) to the relatively compliant member ( e . g . , the stator 
18 in this example ) so as to maintain a desired air gap 
between the stator 18 and the rotor assembly 28 . 
[ 0049 ] In some embodiments , the air gap control system 
10 is an active system that includes a controllable force 
generating device ( e . g . , an electromagnet , an air bearing , 
auxiliary windings ) and a system controller 87 ( shown in 
FIG . 2 ) that can vary the applied force to the stator 18 based 
on input from a sensor 82 , such as , for example , a proximity 
sensor or a back - emf detecting winding . Examples of such 
embodiments are described in detail below . 
[ 0050 ] The air gap control system 10 can be implemented 
in many applications where maintaining a constant or sub 
stantially constant gap is desired for machine performance 
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and / or safe operation of the machine . For example , the air 
gap control system 10 can be used with any machine with 
arrays of magnets , including radial , axial , and transverse 
flux motors and generators that operate in a rotating or a 
linear manner . 
[ 0051 ] In some embodiments , the air gap control system 
10 can include magnets to produce the force to move the 
stator 18 and maintain the air gap between the stator 18 and 
the rotor assembly 28 ( e . g . , the first rotor portion 14 and the 
second rotor portion 16 ) . The magnets can be , for example , 
permanent magnets . The magnets can include one or more 
magnets and can be , for example , an array of magnets or a 
magnet assembly . In other embodiments , the magnets can be 
electromagnets as described below for an alternative 
embodiment . In some embodiments , a first magnet ( not 
shown ) having a polarity in a first direction can be disposed 
on the first rotor portion 14 and a second magnet ( not shown ) 
having a second polarity opposite the first polarity can be 
coupled to the stator 18 ( or stator support structure 52 ) 
facing the first magnet . When the gap between the first 
magnet and the second magnet is decreased , for example , 
due to a deflection of the first rotor portion 14 as described 
above , a repulsive force between the first magnet and the 
second magnet will be increased . This increase in repulsive 
force will exert a force on the stator 18 to return the stator 
18 to an equilibrium position ( e . g . , centered between the first 
rotor portion 14 and the second rotor portion 16 after the 
force causing the deflection is removed , or at a new , 
deflected position where the force causing the deflection and 
the repulsive force from the magnets described above arrive 
at a new equilibrium position . Similarly , the air gap control 
system 10 can include a third magnet ( not shown ) having a 
polarity in a third direction disposed on the second rotor 
portion 16 and a fourth magnet ( not shown ) having a fourth 
polarity opposite the third polarity coupled to the stator 18 
( or the stator support structure 52 ) facing the third magnet . 
The third magnet and the fourth magnet can function in the 
same manner as the first magnet and the second magnet to 
exert a force on the stator 18 to control the air gap between 
the stator 18 and the first rotor portion 14 and the second 
rotor portion 16 . An example of such an embodiment is 
described in more detail below . 
[ 0052 ] In an alternative embodiment , the air gap control 
system 10 can include one or more guide rails ( not shown ) 
coupled to the first rotor portion 14 and the second rotor 
portion 16 . In such an embodiment the guide rails are also 
coupled to a relatively stiff stationary outrigger ( not shown ) 
coupled to the stator support structure 52 . In operation , when 
an external force causes an axial deflection of first rotor 
portion 14 or second rotor portion 16 , that rotor portion ( 14 
or 16 ) contacts the guide rail coupled to that rotor and 
applies a force to that guide rail . The force applied to the 
guide rail is then transmitted from the guide rail , through the 
stationary outrigger and to the stator support structure 52 
where it causes the stator support member of the stator 
support structure 52 to limit or prevent further movement of 
the rotor portions 14 , 16 and / or stator 18 and / or prevent 
contact between the rotor portions 14 , 16 and stator 18 , and 
can act to re - center the stator 18 between first rotor portion 
14 and second rotor portion 16 , thereby maintaining the 
necessary air gap clearance . An example of such an embodi 
ment is described in more detail below . 
[ 0053 ] In some such embodiments , in addition to the guide 
rails , the air gap control system 10 can include a pneumatic 

system coupled to the stationary outrigger , which can be 
used to form an air bearing at the guide rails to apply the 
force needed to re - position ( e . g . re - center ) the stator 18 
without contact for most of the anticipated deflection loads . 
In some such embodiments , the air gap control system is a 
passive system . In such embodiments , the air bearings can 
balance the stiffness . In some such embodiments , the air gap 
control system is an active system . For example , the air gap 
control system can include a system controller 87 that can be 
used to control the flow rate of compressed air supplied to 
the air bearings based on input from a proximity sensor 82 
or a mechanical lever , or in response to differential pressure 
changes caused by changes in the proximity between the air 
bearing and the mating surface , that are incorporated into the 
guide rail to control an air supply throttle valve to increase 
or decrease the air admitted to the air bearing based on the 
amount of force needed to resist further deflection . 
Examples of such alternative embodiments are described in 
more detail below . 
10054 ] . In another alternative embodiment , in addition to , 
or as an alternative to , the guide rails , the air gap control 
system 10 can include an alternative embodiment of an 
active system to maintain the requisite air gap between the 
rotor assembly 28 and the stator 18 . In such an embodiment , 
proximity sensors 82 can detect a decrease in the air gap 
distance between the rotor assembly 28 and the stator 18 and 
a system controller 87 can activate an electromagnet to 
create or increase a magnetic repulsion force between a rotor 
extension of the rotor assembly 28 having magnets or 
magnetic poles mounted thereto and the stationary outrigger . 
In an alternative embodiment , the system controller can be 
configured to activate an electromagnet to create a magnetic 
attractive force between the rotor extension and the station 
ary outrigger . In either instance , the force is transmitted 
through the intermediate components to the stator support 
structure 52 , which can limit or prevent further movement of 
the rotor assembly 28 and / or stator 18 to prevent contact 
between the rotor assembly 28 and stator 18 , and can act to 
re - center stator 18 within the rotor assembly 28 ( e . g . , 
between first rotor portion 14 and second rotor portion 16 ) 
and minimize variation of the air gap . After the controller 
determines that the air gap as measured by the proximity 
sensor has been restored to the desired distance , it deacti 
vates or reduces the current through the electromagnet . The 
guide rails described above can optionally provide a 
mechanical backup in case of failure of the electromagnet . 
An example of such an embodiment of an air gap control 
system is described in more detail below . 
[ 0055 ] In yet another alternative embodiment , the air gap 
control system 10 can utilize repulsive forces of one or more 
magnets to re - center or re - position the stator 18 in a similar 
manner as previously described . For example , an array of 
two or more magnets can be coupled to the stationary 
outrigger and an array of two or more magnets can be 
coupled to a rotor extension of the rotor assembly 28 . The 
arrays of magnets can include a variety of different types , 
combinations and quantities of magnets . For example , the 
array of magnets on the stationary outrigger and / or the rotor 
extension can be permanent magnets , electromagnets and / or 
a combination thereof . In such an embodiment , the guide 
rails described above can optionally be included to provide 
a mechanical backup in case of failure of the magnet system . 
An example of such an embodiment of an air gap control 
system is described in more detail below . 
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[ 0056 ] In yet another embodiment , the air gap control 
system 10 can include the use of non - ferromagnetic brackets 
coupled to the rotor assembly 28 and non - ferromagnetic 
brackets coupled to the stator 18 , together with annular rows 
of magnets coupled to the stator 18 to create a null flux 
ladder circuit . In such an embodiment , if the rotor assembly 
28 is deflected by an external force , such that the annular 
rows of magnets are no longer centered over the null flux 
ladder circuit , the magnetic flux from the annular rows of 
magnets will cause current to flow through null flux ladder 
circuit , which in turn will generate a repulsive magnetic field 
that pushes annular rows of magnets and the stator to which 
they are coupled . As with the previous embodiments , guide 
rails can be used to provide a backup air gap control system . 
An example of such an embodiment is described in more 
detail below . 
[ 0057 ] In another alternative embodiment , the air gap 
control system 10 can include auxiliary windings on or near 
the outer surfaces of the stator 18 . In such an embodiment , 
a system controller 87 can measure and compare the back 
emf of the auxiliary windings to determine if the stator has 
moved off - center . The auxiliary windings can be , for 
example , on a different flux path than the primary windings 
of the stator 18 . The system controller 87 can then send 
alternating current to the auxiliary winding ( and not the 
primary winding of the stator 18 ) to generate an attractive 
force to be exerted on the stator 18 . As with the previous 
embodiments , guide rails can optionally be used to provide 
a backup air gap control system . An example of such an 
embodiment is described in more detail below . 
[ 0058 ] In another alternative embodiment , the air gap 
control system 10 can include wheels , rollers , or other 
mechanical force - applying members that are coupled to a 
portion of the stator support structure 52 in a relatively stiff 
manner . When an external force causes a deflection of a rotor 
portion of the rotor assembly 28 , the rotor portion contacts 
one or more of the wheels or rollers and applies a force 
thereto that is transferred to the stator 18 via the stator 
support structure 52 . 
[ 0059 ] FIG . 3 is a schematic illustration of a portion of 
another embodiment of a rotor / stator assembly . The rotor / 
stator assembly 112 includes a rotor assembly 128 , a stator 
118 , a rotor support structure 162 and a stator support 
structure 152 . In this embodiment , the rotor assembly 128 is 
disposed for rotational movement relative to the stator 118 . 
For example , the rotor assembly 128 can rotate about an axis 
A - A shown in FIG . 3 . Thus , the rotor / stator assembly 112 is 
an example of an axial flux machine system . 
[ 0060 ] The stator 118 can include the same features and 
perform the same functions as described above for stator 18 . 
For example , the stator 118 can support a conductive wind 
ing ( not shown in FIG . 3 ) . The stator support structure 152 
includes a stator support clamp 132 , which is coupled to the 
stator 118 and a stator support member 124 . The stator 
support member 124 couples the stator 118 to a stationary 
stator hub 121 . The rotor / stator assembly 112 is an example 
of a system in which the stator 118 is supported on an 
inboard side of the system . In other words , the stator 118 is 
coupled to the stator support clamp 132 radially inboard of 
a portion of the rotor assembly 128 . 
[ 0061 ] The rotor assembly 128 includes a first rotor por 
tion 114 and a second rotor portion 116 , and an end support 
portion 153 . The first rotor portion 114 supports a first 
magnet 130 and the second rotor portion 116 supports a 

second magnet 131 . The magnets 130 and 131 can each be 
the same as or similar to and function the same as or similar 
to the magnets 30 and 31 described above . The stator 118 is 
disposed between the first rotor portion 114 and the second 
rotor portion 116 . For example , the stator 118 can be 
centered or substantially centered between the first rotor 
portion 114 and the second rotor portion 116 as shown in 
FIG . 3 . The rotor assembly 128 is coupled to rotor support 
structure 162 that includes rotor support members 122 and 
bearings 120 . The bearings 120 provide for rotational move 
ment of the rotor assembly 128 relative to the stator 118 . 
[ 0062 ] An air gap is defined at various locations between 
the first rotor portion 114 and the stator 118 and the second 
rotor portion 116 and the stator 118 , and between the magnet 
130 and the stator 118 and the magnet 131 and the stator 118 . 
Thus , any of the embodiments of an air gap control system 
( not shown in FIG . 3 ) as described above with respect to 
FIGS . 1 and 2 and as described herein can be implemented 
at , for example , any of the air gap locations G indicated in 
FIG . 3 , to maintain a desired air gap at that location . 
[ 0063 ] As described above , the stator support clamp 132 
and / or the stator support member 124 can be flexible or 
compliant such that when a force is exerted on the stator 
support clamp 132 and / or the stator support member 124 by 
the air gap control system , the stator 118 is moved to a 
position in which the stator 118 is centered or substantially 
centered between the first rotor portion 114 and the second 
rotor portion 116 . 
[ 0064 ] FIG . 4 is a schematic illustration of a portion of 
another embodiment of a rotor / stator assembly . The rotor / 
stator assembly 212 includes a rotor assembly 228 , a stator 
218 , a rotor support structure 262 and a stator support 
structure 252 . In this embodiment , the rotor assembly 228 is 
disposed for rotational movement relative to the stator 218 . 
For example , the rotor assembly 228 can rotate about an axis 
A - A shown in FIG . 4 . Thus , the rotor / stator assembly 212 is 
an example of an axial flux machine system . 
[ 0065 ] The stator 218 can include the same features and 
perform the same functions as described above for stator 18 . 
For example , the stator 218 can support a conductive wind 
ing ( not shown in FIG . 4 ) . The stator support structure 252 
includes a stator support clamp 232 , which is coupled to the 
stator 218 and a stator support member 224 . The stator 
support member 224 couples the stator 218 to a stationary 
stator hub 221 . The rotor / stator assembly 212 is an example 
of a system in which the stator 218 is supported on a radially 
outboard side of the system . In other words , the stator 218 
is coupled to the stator support clamp 232 exterior or 
outboard of the rotor assembly 228 . 
10066 ] . The rotor assembly 228 includes a first rotor por 
tion 214 and a second rotor portion 216 , and an end support 
portion 253 . The first rotor portion 214 supports a first 
magnet 230 and the second rotor portion 216 supports a 
second magnet 231 . The magnets 230 and 231 can each be 
the same as or similar to and function the same as or similar 
to the magnets 30 and 31 described above . The stator 218 is 
disposed between the first rotor portion 214 and the second 
rotor portion 216 . For example , the stator 218 can be 
centered or substantially centered between the first rotor 
portion 214 and the second rotor portion 216 as shown in 
FIG . 4 . The rotor assembly 228 is coupled to rotor support 
structure 262 that includes a rotor support member 222 and 
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a bearing 220 . The bearing 220 provides for rotational 
movement of the rotor assembly 228 relative to the stator 
218 . 
10067 ] An air gap is defined at various locations between 
the first rotor portion 214 and the stator 218 and the second 
rotor portion 216 and the stator 218 , and between the magnet 
230 and the stator 218 and the magnet 231 and the stator 
218 . Thus , any of the embodiments of an air gap control 
system ( not shown in FIG . 4 ) as described above with 
respect to FIGS . 1 and 2 and as described herein can be 
implemented at , for example , any of the air gap locations G 
indicated in FIG . 4 , to maintain a desired air gap at that 
location . 
[ 0068 ] As described above , the stator support clamp 232 
and / or the stator support member 224 can be relatively 
flexible or compliant such that when a force is exerted on the 
stator support clamp 232 and / or the stator support member 
224 by the air gap control system , the stator 218 is moved 
to a position in which the stator 218 is centered or substan 
tially centered between the first rotor portion 214 and the 
second rotor portion 216 . 
100691 As described above , the rotor / stator assembly 112 
is an example of a system in which the stator 118 is 
supported on an inboard side of the system or inboard of a 
portion of the rotor assembly 128 , and rotor / stator assembly 
212 is an example of a system in which the stator is 
supported on an outboard side of the system or outboard of 
the rotor assembly 228 . In alternative embodiments , a stator 
of a rotor / stator assembly can be supported both on an 
inboard side and an outboard side . 
[ 0070 ] FIG . 5 is a schematic illustration of a portion of 
another embodiment of a rotor / stator assembly . The rotor / 
stator assembly 312 includes a rotor assembly 328 , a stator 
318 , a rotor support structure ( not shown ) and a stator 
support structure 352 . In this embodiment , the rotor assem 
bly 328 can be disposed for rotational movement relative to 
the stator 318 or for linear movement relative to the stator 
318 . For example , if the axis of rotation of rotor assembly 
328 is axis B - B in FIG . 5 , the rotor / stator assembly 312 is 
an axial flux machine system , similar to the embodiments 
shown in FIG . 3 . If the axis of rotation of rotor assembly 328 
is axis A - A in FIG . 5 , the rotor / stator assembly 312 is a radial 
flux machine system . Alternatively , if the rotor assembly 328 
moves linearly , rather than rotationally , with respect to stator 
318 , such as reciprocal movement into and out of the plane 
of FIG . 5 , perpendicular to axes A - A and B - B , the rotor / 
stator assembly 312 has a linear machine architecture . 
[ 0071 ] The stator 318 can include the same features and 
perform the same functions as described above for stator 18 . 
For example , the stator 318 can support a conductive wind - 
ing ( not shown in FIG . 5 ) . The stator support structure 352 
includes a stator support clamp 332 , which is coupled to the 
stator 318 and a stator support member 324 . The stator 
support member 324 can couple the stator 318 to a stationary 
stator hub ( not shown ) as described above for previous 
embodiments . The rotor / stator assembly 312 is another 
example of an inboard mounted stator system ( similar to 
embodiment of FIG . 3 ) in which the stator 318 is supported 
on an inboard side of the system . 
10072 ] The rotor assembly 328 includes a first rotor por 
tion 314 and a second rotor portion 316 , and an optional end 
support portion 353 . The first rotor portion 314 supports a 
first magnet 330 and the second rotor portion 316 supports 
a second magnet 331 . The magnets 330 and 331 can each be 

the same as or similar to and function the same as or similar 
to the magnets 30 and 31 described above . The stator 318 is 
disposed between the first rotor portion 314 and the second 
rotor portion 316 . For example , the stator 318 can be 
centered or substantially centered between the first rotor 
portion 314 and the second rotor portion 316 . The rotor 
assembly 328 can be coupled to a rotor support structure ( not 
shown ) that can include , for example , a rotor support 
member and a bearing that can provide for rotational move 
ment of the rotor assembly 328 relative to the stator 318 . 
[ 0073 ] An air gap is defined at various locations between 
the first rotor portion 314 and the stator 318 and the second 
rotor portion 316 and the stator 318 , and between the magnet 
330 and the stator 318 and the magnet 331 and the stator 
318 . Thus , any of the embodiments of an air gap control 
system ( not shown in FIG . 5 ) as described above with 
respect to FIGS . 1 and 2 and as described herein can be 
implemented at , for example , any of the air gap locations G 
indicated in FIG . 5 , to maintain a desired air gap at that 
location . 
[ 0074 ] As described above , the stator support clamp 332 
and / or the stator support member 324 can be relatively 
flexible or compliant such that when a force is exerted on the 
stator support clamp 332 and / or the stator support member 
324 by the air gap control system , the stator 318 is moved 
to a position in which the stator 318 is centered or substan 
tially centered between the first rotor portion 314 and the 
second rotor portion 316 . 
10075 ] FIG . 6 is a schematic illustration of a portion of 
another embodiment of a rotor / stator assembly . The rotor / 
stator assembly 412 includes a rotor assembly 428 and a 
stator 418 . In this embodiment , the rotor assembly 428 
includes a single rotor portion 414 that can support a magnet 
430 . The stator 418 includes conductive windings 455 , 
which are wound around a core portion 457 . In some 
embodiments , the core portion 457 can be , for example , 
ferromagnetic . The pole face of the magnet 430 is separated 
from windings 455 by an air gap such that the magnetic flux 
generally flows into , and changes direction in , the stator 418 
and the rotor 428 . 
[ 0076 ] The stator 418 can be coupled to a stator support 
structure ( not shown in FIG . 6 ) and can be coupled to a 
stationary hub ( not shown in FIG . 6 ) , as described above for 
previous embodiments . The rotor assembly 428 can be 
coupled to a rotor support structure ( not shown in FIG . 6 ) 
that couples the rotor assembly 428 to a bearing ( not shown 
in FIG . 6 ) that provides for movement of the rotor assembly 
428 relative to the stator 418 and also bears the primary load 
of the rotor / stator assembly 412 . 
[ 0077 ) If the axis of rotation of rotor assembly 428 is axis 
B - B in FIG . 6 , the rotor / stator assembly 412 is an axial flux 
machine system . If the axis of rotation of rotor assembly 428 
is axis A - A in FIG . 6 , the rotor / stator assembly 412 is a radial 
flux machine system . Alternatively , if the rotor assembly 428 
moves linearly , rather than rotationally , with respect to stator 
418 , such as reciprocal movement into and out of the plane 
of FIG . 6 , perpendicular to axes A - A and B - B , the rotor / 
stator assembly 412 has a linear machine architecture . 
[ 0078 ] An air gap is defined at various locations between 
the rotor portion 414 and the stator 418 at which an 
embodiment of an air gap control system ( not shown in FIG . 
6 as described herein can be implemented . For example , an 
air gap control system can be used to control the air gap at 
locations G indicated in FIG . 6 , to maintain a desired air gap 
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between the rotor assembly 428 and the stator 418 . In this 
embodiment , the air gap control system can , for example , 
maintain a minimum gap or distance or a nominal distance 
between the stator 418 and the rotor portion 414 , rather than 
centering the stator 418 within the rotor assembly 428 , for 
example , as described for rotor portion 328 and stator 318 
shown in FIG . 5 . 
[ 0079 ] FIGS . 7 - 10 illustrate an embodiment of an axial 
rotor / stator assembly . The rotor / stator assembly 512 
includes a rotor assembly 528 , a stator assembly 518 ( see , 
e . g . , FIGS . 8 and 9 ) , a rotor support structure 562 and a 
stator support structure 552 . In this embodiment , the rotor 
assembly 528 is disposed for rotational movement relative to 
the stator assembly 518 . The stator assembly 518 can 
include the same features and perform the same functions as 
described above for previous embodiments . For example , 
the stator assembly 518 can support a conductive winding 
555 ( see , e . g . , the schematic illustration of FIG . 10 ) . The 
stator support structure 552 includes multiple stator support 
members 524 and a stator support clamp 532 ( see FIG . 10 ) , 
which is coupled to the stator assembly 518 . The stator 
support members 524 couple the stator assembly 518 to a 
stationary stator hub 521 ( see FIG . 7 ) . The rotor support 
structure 562 includes multiple rotor support members 522 
coupled to a bearing 520 . The bearing 520 is attached to a 
hub 577 extending through a central opening of the stator 
hub 521 and can function similar to an axle to provide for 
rotational movement of the rotor assembly 528 relative to 
the stator assembly 518 . 
[ 0080 ] The rotor assembly 528 includes a first rotor por 
tion 514 , a second rotor portion 516 , and an end support 
portion 553 ( see FIG . 10 ) . The first rotor portion 514 
supports a first magnet 530 and the second rotor portion 516 
supports a second magnet 531 . The magnets 530 and 531 can 
each be the same as or similar to and function the same as 
or similar to the magnets 30 and 31 described above with 
respect to FIG . 1 . The magnets 530 and 531 can be , for 
example , magnet pole assemblies or an array of magnets , 
which direct flux in an axial direction from the magnet poles 
on one rotor portion ( e . g . , rotor portion 514 ) to the magnet 
poles of opposite polarity on the other rotor portion ( e . g . , 
rotor portion 516 ) . As shown , for example , in FIG . 9 , magnet 
530 is mounted or supported on a rotor back iron 534 of rotor 
portion 514 with a pole magnet retainer 536 . Magnet 531 
can be mounted on second rotor portion 516 in a similar 
manner . The first rotor portion 514 is coupled to the multiple 
rotor support members 522 , which is coupled to the bearing 
520 . The second rotor portion 516 can be coupled to the first 
rotor portion 514 with spacer blocks 526 at an outer diameter 
portion of rotor / stator assembly 512 , such that the first and 
second rotor portions 514 and 516 can rotate together , and 
deflect primarily in an axial direction as a single , structurally 
rigid subassembly . For example , in some embodiments , the 
spacer blocks 526 can be coupled to mounting pads 525 with 
a bolt , screw or other coupling mechanism . In some embodi 
ments , the end support portion 553 can be integrally or 
monolithically formed with the spacer blocks 526 ( in other 
words , spacer blocks 526 and end support portion 553 are a 
single component ) . 
[ 0081 ] The stator assembly 518 is disposed between the 
first segmented rotor portion 514 and the second segmented 
rotor portion 516 . For example , the stator assembly 518 can 
be centered or substantially centered between the first seg 
mented rotor portion 514 and the second segmented rotor 

portion 516 . As shown in FIG . 9 , stator assembly 518 can 
include an annular array of stator segments 559 . Each 
segment 559 can include a printed circuit board sub - assem 
bly as described above for stator 18 . 
[ 0082 ] As described above , the stator assembly 518 is 
coupled to the stator support clamp 532 , which is coupled to 
a rim of stationary stator hub 521 via the structural support 
members 524 . Stator hub 521 can be coupled to a support 
structure and / or housing arrangement ( not shown ) , which 
can further maintain the stator assembly 518 in a fixed or 
stationary position . As described above , the stator support 
clamp 532 and / or the stator support member 524 can be 
relatively flexible or compliant such that when a force is 
exerted on the stator support clamp 532 and / or the stator 
support member 524 by the air gap control system 510 
( described below ) , the stator assembly 518 can be moved . 
10083 ] Referring now to the schematic illustration of FIG . 
10 , an air gap can be defined at various locations between the 
first rotor portion 514 and the stator assembly 518 and 
between the second rotor portion 516 and the stator assem 
bly 518 . As described above , during operation of the rotor / 
stator assembly 512 , it is desirable to maintain the air gap or 
distance between the first and second rotor portions 514 and 
516 and the stator assembly 518 . An air gap control system 
510 can be coupled to the rotor assembly 528 and / or the 
stator assembly 518 and used to control or maintain a desired 
gap distance between the rotor portions 514 and 516 and the 
stator assembly 518 . FIGS . 8 and 9 illustrate a portion of the 
air gap control system 510 coupled to an inner circumfer 
ence portion 515 of the rotor portion 514 , which is not to 
preclude having the air gap control system 510 coupled to an 
outer circumference feature 517 instead of , or in addition to 
the inner circumference . For example , in alternative embodi 
ments , a second air gap control system ( not shown ) can 
optionally be disposed at a radially outer portion 517 of the 
rotor portion 514 . In another alternative embodiment , an air 
gap control system 510 can be disposed only at the radially 
outer portion 517 of rotor portion 514 rather than at the 
radially inner portion 515 of the rotor portion 514 . 
[ 0084 ] As shown in FIG . 9 , the air gap control system 510 
can be mounted to the first rotor back iron of the first rotor 
portion 514 with one or more air gap control magnet 
retainers 538 . The air gap control assembly 510 can be 
coupled to the second rotor portion 516 in a similar manner . 
In this embodiment , the air gap control system 510 is also 
coupled to the stator assembly 518 as shown for example , in 
the schematic illustration of FIG . 10 . 
100851 . During operation of the rotor / stator assembly 512 , 
if there is relative movement or deflection of the stator 
assembly 518 with respect to either of the first and second 
rotor portions 514 or 516 , the air gap control system 510 can 
induce a centering force that acts to move the stator assem 
bly 518 to a centered or substantially centered location 
between the first rotor portion 514 and the second rotor 
portion 516 . For example , if first rotor portion 514 or second 
rotor portion 516 are moved or deflected by an external 
loading or inertial acceleration , air gap control assembly 510 
can exert a force on stator assembly 518 , causing stator 
assembly 518 to maintain a nominal location , for example , 
centered between first rotor portion 514 and second rotor 
portion 516 . 
[ 0086 ] More specifically , when stator assembly 518 under 
goes an axial translation relative to first rotor portion 514 
and second rotor portion 516 because of an external force 



US 2019 / 0245421 A1 Aug . 8 , 2019 

( whether temporary or constant ) applied to rotor portions 
514 and 516 and that moves or deflects rotor portions 514 
and 516 in an axial direction , the gap distance on one side 
of stator assembly 518 increases and the gap distance on the 
other side of stator assembly 518 decreases . In response , air 
gap control system 510 exerts a force on annular stator 
assembly 518 to re - center annular stator assembly 518 
between annular rotor portions 514 and 516 . Similarly , if 
stator assembly 518 undergoes an angular deflection relative 
to rotor portions 514 and 516 ( such that in any given section 
of stator assembly 518 , a gap distance at an inner diameter 
of stator assembly 518 is different than a gap distance at an 
outer diameter of stator assembly 518 ) then air gap control 
system 510 will exert a moment on stator assembly 518 that 
restores a uniform gap distance between stator assembly 518 
and each of first and second rotor portions 514 and 516 . 
[ 0087 ] As shown in FIG . 10 , in this embodiment , the air 
gap control system 510 includes a first magnet assembly 541 
coupled to the first rotor portion 514 , a second magnet 
assembly 543 coupled to the second rotor portion 516 , a 
third magnet assembly 545 coupled to the stator assembly 
518 and a fourth magnet assembly 547 coupled to the stator 
assembly 518 . More specifically , as shown in the schematic 
illustrations of FIGS . 11 - 16 , the first magnet assembly 541 
can include a magnet 540 mounted with its south facing 
magnet pole against rotor back iron 534 of rotor portion 514 
and a magnet 542 mounted with its north facing magnet pole 
against the rotor back iron 534 . The magnet assembly 543 
can include a magnet 544 mounted with its south facing 
magnet pole against the stator support clamp 532 ( also 
referred to as a " stator back iron ” ) , and a magnet 546 
mounted with its north facing magnet pole against stator 
back iron 532 . Similarly , the third magnet assembly 545 can 
include a magnet 540 mounted with its south facing magnet 
pole against a rotor back iron 535 of rotor portion 516 and 
a magnet 542 mounted with its north facing magnet pole 
against the rotor back iron 535 . The magnet assembly 547 
can include a magnet 544 mounted with its south facing 
magnet pole against the stator back iron 532 and a magnet 
546 mounted with its north facing magnet pole against stator 
back iron 532 . Magnets 540 , 542 , 544 and 546 can each be 
held in place with magnet retainers 538 . The magnet assem 
blies 541 , 543 , 545 , and 547 are mounted in a circumfer 
ential pattern around the entire inner diameter of the inner 
face of first and second rotor portions 514 and 516 and 
circumferentially around the entire inner diameter of both 
faces of stator assembly 518 . 
[ 0088 ] The rotor back irons 534 and 535 can be formed , 
for example , with a magnetically permeable material , such 
as iron or steel , and can provide both a return path for flux 
to pass from one row of magnets 542 to an adjacent row of 
magnets 540 as well as providing structural rigidity to react 
the attractive force between rotor portions 514 and 516 as 
shown by the flux arrows in FIG . 12 , which illustrate the 
predominant direction of flux . For example , the polarity of 
one row of magnets ( e . g . , 542 ) opposes the polarity of the 
row of magnets ( e . g . , 546 ) it faces across the air gap . Stator 
clamp ring 532 can also be made from a magnetically 
permeable material , which in the vicinity of magnets 544 
and 546 provides a return path for flux to travel from one 
row of magnets 546 to the adjacent row of magnets 544 as 
illustrated in FIG . 12 . In alternative embodiments , a flux 
return path can be created , for example , with a Halbach array 
or a horseshoe magnet . In addition , although this embodi 

ment shows north facing magnets disposed above south 
facing magnets , in alternative embodiments , the south facing 
magnets can be disposed above the north facing magnets . 
[ 0089 ] The magnets 540 , 542 , 544 and 546 can be , for 
example , neodymium - iron - boron ( NdFeB ) permanent mag 
nets . It should be understood , however , that this is just an 
example of the type of magnet that can be used . With the 
magnet arrangement shown in FIG . 12 , the air gap control 
system 510 can function similar to a two - sided , passive 
permanent magnet bearing . Because the opposing magnets 
are placed in a nearly continuous ring around both the rotor 
portions 514 , 516 and the stator assembly 518 , the effect of 
eddy current drag , which would be induced by an alternating 
magnetic field at a given location due to the relative motion , 
can be thereby minimized . Although a continuous ring of 
arc - shaped magnets would further reduce this effect , the 
spacing implemented in this embodiment is such that the 
discontinuities present can be smoothed out across the air 
gap control system ' s rotor - to - stator spacing . Thus , rectan 
gular shaped magnets can be used . In applications where this 
axial magnet - to - magnet dimension is significantly smaller , 
arc segments or a continuous ring of magnets may be 
desirable to further reduce drag . 
[ 0090 ] Magnets 540 and 544 are oriented in such a manner 
that the polarity of axially opposing magnets is in opposite 
directions . Magnets 542 and 546 are also oriented in such a 
manner that the polarity of axially opposing magnets is in 
opposite directions . As a result , north pole faces of magnet 
pairs 540 and 544 face each other and south pole faces of 
magnet pairs 542 and 546 face each other . Through this 
arrangement , there is a repulsive force between magnet pairs 
540 and 544 as well as 542 and 546 ( on both sides of stator 
assembly 518 ) , and this force can increase as magnet pairs 
are brought closer together by reducing the physical gap 
between them . In a nominal , equilibrium position shown in 
FIG . 12 ( i . e . with stator assembly 518 substantially centered 
between rotor portion 514 and rotor portion 516 ) , the 
repulsive forces on either side of the stator assembly 518 are 
equal and opposite , resulting in no net force on stator 
assembly 518 . 
[ 0091 ] FIG . 13 shows the rotor / stator assembly 512 after 
there has been a deflection or movement of either the rotor 
portion 514 or the rotor portion 516 caused by , for example , 
fluctuations in torque , speed , or as a result of other inertial 
dynamics , inherent to or externally applied to the rotor / stator 
assembly 512 . As shown in FIG . 13 , the physical gap or 
distance between magnets 540 and 542 of rotor portion 516 
and magnets 544 and 546 on the right side of stator assembly 
518 is reduced , resulting in an increase in repulsive force 
between those magnets . The physical gap or distance 
between magnets 540 and 542 of rotor portion 514 and 
magnets 544 and 546 on the left side of stator assembly 518 
is increased , resulting in a reduction in repulsive force 
between those magnets . The net result of force exerted on 
the stator assembly 518 is a net force to the left , acting to 
move or center stator assembly 518 between rotor portion 
514 and rotor portion 516 . This re - centering and balance of 
forces on the left and right sides of stator assembly 518 is 
shown in FIG . 14 . FIG . 14 illustrates the stator assembly 518 
after the stator assembly 518 has returned to an equilibrium 
position due to removal of the external force causing the 
initial displacement . It should be noted that this " at rest ” 
equilibrium position can be biased one way or the other . In 
other words , it does not have to be equal . For example , in the 
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case of an installation with a vertical axis where there is a 
constant force of gravity , the “ at rest ” position may be 
displaced one way or the other , or conversely , the force 
generating features can be sized differently on each side of 
the rotor assembly 514 to achieve a desired “ at rest " posi 
tion . 
10092 ] Additionally , the repulsive forces between axial 
pairs of magnets 540 and 544 and of magnets 542 and 546 
counteract angular deflection of stator assembly 518 relative 
to rotor portions 514 and 516 by reacting against bending 
moments as shown in FIG . 15 . These bending moments can 
be , for example , a result of deflection in stator support 
members 524 or of inertial loading of the rotor / stator assem 
bly 512 . The reactive moment applied to stator assembly 518 
by air gap control system 510 can restore a uniform gap 
distance between stator assembly 518 and each of the rotor 
portions 514 and 516 , as shown in FIG . 16 . FIG . 16 
illustrates the stator assembly 518 when the stator assembly 
518 has returned to an equilibrium position due to removal 
of the applied moment causing the initial displacement . 
[ 0093 ] The angular stiffness of an air gap control system 
510 , i . e . its resistance to angular deflection of stator assem 
bly 518 , can vary with the strength of its magnets , the 
distance between the magnets in the direction of the air gap , 
the radial distance of the magnets from the radially inner end 
of the stator assembly 518 , and the radial separation of the 
individual magnets of magnet assemblies 541 , 543 , 545 and 
547 established by retainers 538 . Thus the air gap control 
system 510 can be designed with a desired " track width ” or 
radial location along the rotor portions 514 and 516 and / or 
stator assembly 518 to achieve the desired angular stiffness 
relative to its axial stiffness ( which does not necessarily 
depend on radial location ) . 
[ 0094 ] As described previously , the air gap control system 
510 can maintain the desired gap or distance between two 
members ( e . g . , the rotor and the stator ) by transmitting a 
force from the stiffer first member to the compliant second 
member , where the second member is relatively compliant 
in the direction of the gap . Thus , in the axial rotor / stator 
assembly 512 described above , which has an axial gap , the 
second member i . e . stator assembly 518 ) is relatively 
compliant in the axial direction , while in a machine having 
a radial gap , the second member would be relatively com 
pliant in the radial direction . 
[ 0095 ] An alternative air gap control system is shown in 
FIG . 17 . In this embodiment , an air gap control system 510 
is coupled to the rotor / stator assembly 512 described above . 
The air gap control system 510 ' can be configured the same 
as the air gap control system 510 except in this embodiment , 
the flux return function for magnets 544 and 546 and the flux 
return function for magnets 542 and 540 can be enabled by 
inserting a small magnetically permeable material segment 
548 directly behind magnets 544 and 546 and retainers 538 , 
and behind magnets 542 and 540 and retainers 538 to 
provide an independent flux return path . Segments 548 may 
be separately installed in a stator clamp ring 532 and rotor 
back irons 534 and 535 , which in the vicinity of the air gap 
control magnets ( 540 , 542 , 544 , 546 ) , may be composed of 
a relatively impermeable material , such as , for example , 
aluminum , austenitic stainless steel , or plastic . 
[ 0096 ] FIG . 18 is a schematic illustration of an axial 
rotor / stator assembly 612 according to another embodiment . 
The rotor / stator assembly 612 includes a stator support 
structure 652 that can support one or more stator support 

members 624 to which a stator clamp ring 632 is coupled . 
Stator clamp ring 632 can support an outer circumference of 
a segmented annular stator 618 along its own inner circum 
ference . The segmented stator 618 can be configured the 
same as described for previous embodiments and can sup 
port a conductive winding ( not shown ) . Rotor / stator assem 
bly 612 also includes a rotor support structure 662 , which 
supports an inner circumference of a first segmented annular 
rotor portion 614 and an opposing second segmented annu 
lar rotor portion 616 . Annular rotor portions 614 and 616 are 
positioned on opposite sides of the segmented annular stator 
618 and can rotate about an axis A - A relative to the annular 
stator 618 . The first rotor portion 614 supports a first magnet 
630 and the second rotor portion supports a second magnet 
631 . The magnets 630 and 631 can be configured the same 
as described for previous embodiments . The axial rotor / 
stator assembly 612 further includes one or more stationary 
outriggers 668 coupled to both sides of the stator clamp ring 
632 at spaced locations . 
[ 0097 ] As described above for previous embodiments , 
stator support members 624 can be relatively compliant in 
an axial direction compared to rotor support structure 662 , 
which is axially rigid or stiff . The stiffness of stator support 
members 624 and rotor support structure 662 in non - axial 
directions can be relatively or substantially equal , or at least 
sufficient to satisfy any structural requirements of the par 
ticular application in which axial rotor / stator assembly 612 
is used . 
[ 0098 ] In this embodiment , an air gap control system 610 
includes guide rails 670 coupled to the stationary outrigger 
668 and disposed between the stationary outrigger 668 and 
the first rotor portion 614 , and between the stationary 
outrigger 668 and the second rotor portion 616 . The guide 
rails 670 can be formed with , for example , a material with 
a low coefficient of friction and robust wear properties . In 
operation , when an external force causes movement ( e . g . , an 
axial deflection ) of either annular rotor portion 614 or 
annular rotor portion 616 , that rotor portion contacts one of 
the guide rails 670 and thus applies a force to that guide rail 
670 . The force is transmitted from guide rail 670 , through 
stationary outrigger 668 , stator clamp ring 632 , and to stator 
support members 624 where it causes stator support mem 
bers 624 to deflect in the axial direction . The stator support 
members 624 can then prevent or limit further movement of , 
or contact between , the annular rotor portions 614 or 616 
and the annular stator 618 and can act to re - center annular 
stator 618 between first annular rotor portion 614 and second 
annular rotor portion 616 , thereby maintaining a desired air 
gap clearance or distance between the stator 618 and the 
rotor portions 614 and 616 . 
10099 ] FIG . 19 illustrates embodiment of an alternative air 
gap control system coupled to the rotor / stator assembly 612 . 
In this embodiment an air gap control system 710 is an 
active system that includes a controllable force generating 
device ( in this embodiment , an air bearing ) and a controller 
that varies the applied force to the stator 618 based on input 
from proximity sensors or mechanical levers that are actu 
ated by contact with the guide rail to position the air bearing 
air supply throttle valve . In this embodiment , an air gap 
control system 710 includes a compressed air supply source 
754 coupled to the rotor / stator assembly 612 that provides 
compressed air to an air supply manifold 772 , which feeds 
the compressed air into channels 774 defined within station 
ary outrigger 668 . The compressed air is then released 
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through an orifice 776 integrated into guide rail 770 , thus 
forming an air bearing . The air supply manifold 772 can 
include one or more orifices ( not shown ) , and can also 
include a pressure regulating system ( not shown ) . A system 
controller 787 is coupled to and / or in communication with 
the air supply manifold 772 and can control the volume of 
air released into the channels 774 based on input from a 
proximity sensor ( not shown ) or mechanical lever ( not 
shown ) that can be used to position the air supply throttle 
valve ( not shown ) , or respond to pressure changes as the air 
bearing changes its clearance from 614 or 616 as described 
below , and increase or decrease flow as needed to position 
the rotor portion 614 or 616 relative to the stator 618 . In the 
latter case , where the smaller clearance causes an increased 
air pressure inside the air bearing chamber formed by guide 
rail 770 , that increased pressure can be used to actuate the 
air supply throttle valve to increase air flow to increase the 
restoring force , and thus , maintain the air gap desired 
dimension 
[ 0100 ] During operation , when annular stator 618 is cen 
tered between rotors 614 and 616 , the forces applied by the 
air bearings to each side of annular stator 618 are equal and 
opposite . When an external force causes annular rotor por 
tions 614 and 616 to move or deflect , the proximity sensor 
can detect a change corresponding to a change in distance 
between the rotor portion and the stator , and can commu 
nicate the detected change to the system controller 787 that 
can change the forces exerted by the air bearings . For 
example , the system controller 787 can release a higher flow 
rate of compressed air to the air bearing on the side with the 
decreased gap or distance between the stator 618 and the 
rotor portion 614 or 616 such that an increased force is 
exerted on the adjacent rotor portion , and can release less 
compressed air to the air bearing on the side with the 
increased gap or distance between the stator 618 and the 
rotor portion 614 or 616 such that a decreased force is 
exerted on the adjacent rotor . The net resultant force is 
transmitted through the stationary outrigger 668 and to the 
stator support member 624 , which can prevent or limit 
further movement of , or contact between , the annular rotor 
portions 614 or 616 and the annular stator 618 , thus re 
centering annular stator 618 between annular rotor portions 
614 and 616 and minimizing variation of the air gap . Guide 
rails 770 can provide a backup , mechanical means for 
maintaining the desired air gap clearance . For example , if 
the air bearings fail , guide rails 770 function as shown and 
described for FIG . 18 . 
[ 0101 ] In an alternative embodiment , the air gap control 
system 710 functions as a passive system rather than an 
active system . In such an embodiment , the air gap control 
system 710 may not include a system controller 787 and a 
proximity sensor . During operation of such a system , when 
annular stator 618 is centered between rotors 614 and 616 , 
the forces applied by the air bearings to each side of annular 
stator 618 are equal and opposite . When an external force 
causes annular rotor portions 614 and 616 to move or 
deflect , the forces exerted by the air bearings change as the 
air flow out of the bearing pocket formed by guide rail 770 
is restricted . This restriction will increase the air pressure , 
which will increase the load capacity of the air bearing and 
enable it to exert a higher force . For example , the air bearing 
on the side with the decreased gap exerts an increased force 
on the adjacent annular rotor portion ( 614 or 616 ) , while the 
air bearing on the side with the increased gap exerts a 

decreased force on the adjacent annular rotor portion ( 614 or 
616 ) . The net resultant force is transmitted through the 
stationary outrigger 668 and to the stator support member 
624 , which can prevent or limit further movement of , or 
contact between , the annular rotor portions 614 or 616 and 
the annular stator 618 , thus re - centering annular stator 618 
between annular rotor portions 614 and 616 and minimizing 
variation of the air gap . As described above , guide rails 770 
can provide a backup , mechanical means for maintaining the 
necessary air gap clearance . For example , if the air bearings 
fail , guide rails 770 function as shown and described for 
FIG . 18 . 
[ 0102 ] FIG . 20 illustrates embodiment of an alternative air 
gap control system coupled to the rotor / stator assembly 612 . 
In this embodiment , an air gap control system 810 is another 
example of an active system that includes proximity sensors 
to determine the distance between the rotor portions 614 and 
616 and the stator 618 , a controllable force generating 
device ( in this embodiment , electromagnets ) and a controller 
that varies the applied force based on input from the prox 
imity sensors . Specifically , in this embodiment the rotor / 
stator assembly 612 includes rotor extensions 878 incorpo 
rated with or coupled to rotor portions 614 and 616 . In 
alternative embodiments that utilize proximity sensors , rotor 
extensions 878 may not be included . Rotor extensions 878 
can be formed , for example , of a ferromagnetic material , 
such as , for example , steel . Electromagnet assemblies 880 
are coupled to the stationary outrigger 668 on each side of 
the stator 618 . The electromagnet assemblies 880 can each 
include a proximity sensor 882 at least partially surrounded 
by two opposing pole pieces 884 , and a coil 886 for 
magnetizing pole pieces 884 , as shown in FIG . 21 . The 
electromagnet assemblies 880 are disposed on stationary 
outrigger 668 such that the proximity sensor 882 faces the 
rotor extensions 878 . A system controller 887 is coupled to 
and / or in communication with the electromagnet assemblies 
880 . 
[ 0103 ] In operation , when a proximity sensor 882 detects 
a decrease in the distance to the rotor extension 878 corre 
sponding to a distance between the rotor portion 614 or 616 
and the stator 618 and compare that distance to a stored 
threshold distance . If the detected distance is less than the 
stored threshold distance , the system controller 887 can 
increase the strength of magnetism of the electromagnet 
assembly 880 such that a magnetic force is exerted on either 
the stator 618 or the rotor portion 614 or 616 . Specifically , 
the system controller 887 can activate the coil 886 of the 
electromagnet assembly 880 , thus magnetizing opposing 
pole pieces 884 and creating a magnetic attractive force 
between rotor extension 878 and stationary outrigger 668 . 
The force is transmitted through the stator support structure 
652 , which can prevent or limit further movement of , or 
contact between , the annular rotor portions 614 or 616 and 
the annular stator 618 and act to re - center annular stator 618 
between annular rotor portions 614 and 616 and minimize 
variation of the air gap . After the proximity sensor 882 
detects that the desired air gap is restored , the system 
controller 887 deactivates coil 886 . As with other embodi 
ments , guide rails 870 can be included to provide a mechani 
cal backup in case of failure of electromagnet assemblies 
880 . Although this embodiment was described as using 
magnet assemblies 880 having two opposing pole pieces 
884 , in alternative embodiments other types of electromag 
nets can be utilized . 



US 2019 / 0245421 A1 Aug . 8 , 2019 

[ 0104 ] FIG . 22 illustrates embodiment of another alterna 
tive air gap control system coupled to the rotor / stator 
assembly 612 . In this embodiment , an air gap control system 
910 includes magnets coupled to the stationary outrigger and 
to rotor extensions in a similar manner as described above 
for air gap control system 810 . FIG . 22 illustrates the use of 
permanent magnets similar to those described with respect 
FIGS . 10 - 17 . In this embodiment , magnet arrays 988 are 
coupled to the stationary outrigger 668 on each side of the 
stator 618 . The magnet arrays 988 can include , for example , 
two permanent magnets 990 and 992 mounted on a ferro 
magnetic back iron 994 that are attached to an inward side 
of stationary outriggers 668 . For example , a magnet array 
988 can include a south pole permanent magnet 990 attached 
to the back iron 994 in a radial outside position , and a north 
pole permanent magnet 992 attached to the back iron 994 in 
a radial inside position . In addition , permanent magnets 996 
and 998 are mounted on rotor extensions 978 , directly 
opposite permanent magnets 990 and 992 , respectively 
[ 0105 ] Permanent magnets 990 , 992 , 996 , and 998 can be 
mounted such that there is a repulsive force between magnet 
pairs 990 and 996 and between magnet pairs 992 and 998 , 
and this force can increase as the magnet pairs are brought 
closer together . In a nominal position , for example , where 
the annular stator 618 is centered between annular rotor 
portions 614 and 616 , the repulsive forces between the 
magnet pairs on either side of the annular stator 618 are 
equal and opposite , resulting in no net force on the support 
members 624 . When annular rotor portions 614 and 616 are 
displaced from the equilibrium position , however , there is an 
increased repulsive force between the magnet pairs on the 
side with a decreased air gap ( i . e . , the distance between the 
stator 618 and the rotor portion 614 or 616 is decreased ) and 
a decreased repulsive force between the magnet pairs on the 
side with an increased air gap ( i . e . , the distance between the 
stator 618 and the rotor portion 614 or 616 is increased ) , 
with a net resultant force that deflects the support members 
624 in a direction to re - center annular stator 618 between 
annular rotor portions 614 and 616 . In an alternative 
embodiment , the magnet pairs can be disposed such that 
when there is increase in the distance between the rotor 
portions 614 or 616 and the stator 618 a magnetic attractive 
force is created between the magnet pairs on the side with an 
increased air gap . Here again , guide rails 970 can optionally 
be used to provide a backup air gap control system . 
[ 0106 ] In alternative embodiments , an air gap control 
system can use a combination of permanent magnets and 
electromagnets rather than only permanent magnets or only 
electromagnets ( as described for air gap control system 910 ) . 
For example , in some embodiments , one or more electro 
magnets can be used on one side of the stator and one or 
more permanent magnets can be used on the other side of the 
stator . The number of magnets included in magnet arrays 
988 can also vary . 
[ 0107 ] FIG . 23 illustrates yet another embodiment of an 
air gap control system coupled to the rotor / stator assembly 
612 . In this embodiment , an air gap control system 1010 
includes a non - ferromagnetic bracket 1091 attached to sta - 
tionary outriggers 668 on one axial side of annular stator 
618 . In this example , the bracket 1091 is coupled to the side 
of the stator 618 adjacent the rotor portion 614 . The non - 
ferromagnetic bracket 1091 can hold , for example , one two , 
or another quantity of annular rows of magnets 1093 . The 
annular rows of magnets can be , for example , a Halbach or 

other array of magnets or magnets and pole pieces arranged 
to maximize the flux being passed through the null flux 
ladder circuit . 
f0108 ] A rim extension 1095 of annular rotor portion 614 
( or of annular rotor 616 if the non - ferromagnetic brackets 
1091 is attached to stationary outriggers 668 on the same 
side as annular rotor portion 616 ) , also made of non 
ferromagnetic material , can support a null flux ladder circuit 
1097 . Null flax ladder circuits are also known to persons of 
ordinary skill in the art . 
[ 0109 ] During operation , as annular rotor portion 614 , and 
hence null flux ladder circuit 1097 , rotates beneath annular 
rows of magnets 1093 , no current flows through null flux 
ladder circuit 1097 as long as annular stator 618 remains in 
a nominal position ( e . g . , centered between annular rotor 
portions 614 and 616 ) . If rotor portions 614 and 616 are 
moved or deflected by an external force , such that annular 
rows of magnets 1093 are no longer centered over null flux 
ladder circuit 1097 , the magnetic flux from annular rows of 
magnets 1093 will cause current to flow through null flux 
ladder circuit 1097 . This will in turn generate a repulsive 
magnetic field that pushes annular rows of magnets 1093 , 
and the structure to which they are attached , back toward the 
center of null flux ladder circuit 1097 . Because annular rows 
of magnets 1093 are fixed relative to annular stator 618 , the 
centering effect created by the interaction of annular rows of 
magnets 1093 and null flux ladder circuit 1097 serves to 
keep annular stator 618 centered between annular rotor 
portions 614 and 616 . Guide rails 1070 can optionally be 
used to provide a backup air gap control system in the event 
that the main system of this embodiment fails , and also to 
maintain the desired air gap when annular rotor portions 614 
and 616 are stopped . 
[ 0110 ] FIG . 24 illustrates an air gap control system 
according to another embodiment . In this embodiment an air 
gap control system 1110 includes auxiliary windings 1185 
on or near the outer surfaces of annular stator 618 . For 
example , if annular stator 618 is formed of printed circuit 
boards as disclosed , for example , in U . S . Pat . No . 7 , 109 , 625 
incorporated by reference above , then auiliary windings 
1185 can be included in the outer layers of annular stator 
618 , near annular rotor portions 614 and 616 . Auxiliary 
windings 1185 can be in a different winding configuration 
that the primary windings on the stator 618 , and can have a 
slightly different pole count than the primary windings in 
annular stator 618 . Further , auxiliary windings 1185 can 
employ the same electrical segmentation scheme as the 
primary windings , so as to reduce complexity , or alterna 
tively auxiliary windings 1185 on each printed circuit board 
may be electrically segmented . 
[ 0111 ] In operation , a system controller 1187 can measure 
and compare the back - emf of each pair of auxiliary windings 
1185 ( i . e . the two auxiliary windings 1185 on opposite sides 
of a single printed circuit board ) . The auxiliary windings 
1185 can be , for example , on a different flux path than the 
primary windings of the annular stator 618 . If the measured 
back - emfs are equal , then annular stator 618 is centered 
between annular rotor portions 614 and 616 . If the back 
emfs are not equal , then the annular stator 618 is off - center . 
When this happens , the system controller 1187 sends alter 
nating current to the auxiliary windings 1185 ( and not the 
primary winding of the annular stator 618 ) on the side of the 
stator 618 with the relatively lower back - emf ( the side of the 
stator 618 with a greater gap or distance between the rotor 
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portion and the stator 618 ) to generate an attractive force that 
pulls annular stator 618 toward the rotor on the same side as 
the auxiliary windings 1185 being energized ( i . e . , to reduce 
the gap on that side ) . After annular stator 618 is centered , 
application of alternating current to the auxiliary winding 
1185 is discontinued , such that it no longer generates a force 
between them . As with previous embodiments , guide rails 
1170 may be optionally be used , both as a backup air gap 
control system , and to control the air gap when annular 
rotors 614 and 616 are stopped . 
10112 ] FIG . 25 illustrates another embodiment of an air 
gap control system coupled to the rotor / stator assembly 612 . 
In this embodiment , an air gap control system 1210 includes 
wheels or rollers 1281 that are rotatably attached to the 
stationary outriggers 668 . Each wheel or roller 1281 can be 
aligned with its axis A - A in the radial direction relative to 
rotor / stator assembly 612 . During operation , when an exter 
nal force causes a deflection or movement of annular rotor 
portions 614 and 616 , one of rotor portions 614 and 616 
contacts one or more of the wheels or rollers 1281 and 
applies a force thereto . That force is transferred through the 
outriggers 668 and causes stator support members 624 to 
move or deflect to re - center annular stator 618 between 
annular rotor portions 614 and 616 , and thereby maintain the 
desired air gap clearance between the stator 618 and the 
rotor portions 614 and 616 . 
[ 0113 ] FIG . 26 is an illustration of a portion of a radial 
rotor / stator assembly 1312 . The radial rotor / stator assembly 
1312 includes a stator 1318 disposed between a first rotor 
portion 1314 and a second rotor portion ( not shown ) . The 
stator 1318 is coupled to a stator support clamp 1332 which 
coupled the stator 1318 to stator support members 1324 . The 
rotor portion 1314 can also be coupled to a rotor support 
structure ( not shown ) as described for previous embodi 
ments . An air gap control system 1310 is coupled to the 
stator support clamp 1332 and the first rotor portion 1314 
and includes an array of magnets , such as the magnet 
assemblies described with respect to FIGS . 10 - 17 . In alter 
native embodiments , a radial rotor / stator system can include 
any of the various configurations of an air gap control 
system described herein . 
[ 0114 ] FIGS . 27 and 28 are schematic illustrations of an 
embodiment of a cup - type radial flux rotor / stator assembly . 
A rotor / stator assembly 1412 includes a rotor assembly 
1428 , a stator 1418 , and a stator support structure 1473 . In 
this embodiment , the rotor assembly 1428 is disposed for 
rotational movement relative to the stator 1418 . The stator 
support structure 1473 supports the stator 1418 and includes 
a main bearing 1420 and a stator hub 1421 and can include 
other support components not shown in FIGS . 27 and 28 . 
[ 0115 ] The rotor assembly 1428 includes a cylindrical 
portion 1414 and an end support portion 1453 that collec 
tively form a cup shape . The cylindrical portion 1414 
supports a cylindrical array of magnets 1430 . The array of 
magnets 1430 can be coupled to a rotor back iron 1435 of the 
rotor assembly 1428 . The array of magnets 1430 can be the 
same as or similar to , and function the same as or similar to , 
for example , the magnets 30 and 31 described above with 
respect to FIG . 2 . End support portion 1453 is coupled to one 
end of a rotating axle 1475 , which is supported in a bearing 
1420 and extends through a central opening of the stator hub 
1421 . Bearing 1420 can be the same as or similar to , and 
function the same as or similar to , the main bearing 20 and 
other bearings described herein . For example , the bearing 

1420 can support axle 1475 for rotational movement of the 
rotor assembly 1428 relative to the stator 1418 . 
[ 0116 ] The end of the cylindrical portion 1414 opposite 
the end support portion 1453 is unsupported or open . A 
diameter and / or length of the rotor assembly 1428 can be 
configured with a desired mass to achieve a desired stiffness 
of the rotor assembly 1428 and support structure 1473 that 
will resist attractive ( radial in this depiction ) forces between 
the rotor magnets 1430 and the stator 1418 . 
[ 0117 ] The stator 1418 can include the same features and 
perform the same functions as described above for previous 
embodiments . For example , the stator 1418 includes a 
plurality of cores , e . g . ferromagnetic cores as described 
above with reference to FIG . 6 , distributed about the cylin 
drical outer surface of stator 1418 , around each of which is 
wound a conductive winding 1455 . The rotor / stator support 
structure 1473 can also include , for example , a stator support 
clamp ( not shown ) and stator support members ( not shown ) 
that can couple the stator 1418 to the stator hub 1421 . As 
shown in FIG . 27 , the stator 1418 is disposed within an 
interior of the cylindrical portion 1414 of rotor assembly 
1428 . For example , the stator 1418 can be centered or 
substantially centered concentrically within the cylindrical 
portion 1414 . 
[ 0118 ] In this embodiment , the unsupported end of the 
rotor assembly 1428 can respond to varying electromagnetic 
forces from the geometry of the rotor assembly 1428 and the 
stator 1418 by vibrating . For example , vibration modes of 
concern that can cause either “ breathing modes ” in which 
the cylindrical portion of the rotor assembly 1428 begins to 
deform and become lobed in a radial direction , and / or the 
rotor assembly 1428 deflects a support membrane at the 
connection to the main bearing 1420 and the open end of the 
rotor assembly 1428 becomes closer to the stator 1418 on 
one side than on the other side of the stator 1418 as the rotor 
assembly 1428 rotates . Adding a contacting or non - contact 
ing , active or passive , air gap control system as described 
herein at the open end of the cup - type rotor assembly 1428 
can eliminate or mitigate the effects of vibration to enable 
greater lengths and diameters for such machines , which is 
desirable to achieve higher torque and power ratings 
[ 0119 ] As shown in FIG . 28 , an air gap control system 
1410 can be coupled to the stator 1418 and / or the rotor 
assembly 1428 and used to control and / or maintain a desired 
air gap ( s ) defined between the stator 1418 and the rotor 
assembly 1428 . The air gap control system 1410 can be any 
of the various configurations for an air gap control system 
described herein and can be coupled to the rotor / stator 
assembly 1412 at various locations ( other than the location 
shown in FIG . 28 ) . As described above for previous embodi 
ments , during operation of the rotor / stator assembly 1412 if 
there is relative movement or deflection of the stator 1418 
with respect to the cylindrical rotor portion 1414 , the air gap 
control system 1410 can induce a centering force that acts to 
move the stator 1418 to a centered or substantially centered 
location within the cylindrical portion 1414 . For example , if 
cylindrical portion 1414 is moved or deflected by an external 
loading or inertial acceleration , air gap control assembly 
1410 can exert a force on stator 1418 , causing stator 1418 to 
maintain a nominal location , for example , centered within 
cylindrical portion 1414 . 
[ 0120 ] FIG . 29 is a flowchart illustrating a method of 
controlling an air gap according to an embodiment . The 
method includes at 1561 , detecting a distance between a first 
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member supporting a winding and a second member sup 
porting a magnet . The second member is disposed at a 
non - zero distance from the first member and configured to 
move relative to the first member . At 1563 the detected 
distance is compared to a threshold distance . At 1565 , if the 
detected distance is less than the threshold distance , an air 
gap control device coupled to one of the first member or the 
second member is activated such that a force is exerted on 
one of the first member and the second member and the 
distance between the first member and the second member 
is increased . The air gap control device can be , for example , 
a separate component from the first flux generating member 
and the second flux generating member . 
[ 0121 ] In some embodiments , activating the device 
includes increasing a strength of magnetism of an electro - 
magnet disposed at least partially between a portion of the 
first member and a portion of the second member is 
increased such that a magnetic force is exerted on one of the 
first member and the second member by the electromagnet 
and the distance between the first member and the second 
member is increased . In some embodiments , activating the 
device includes sending an alternating current to an auxiliary 
winding coupled to the first member such that an attractive 
force is generated that causes the first member to be moved 
toward the second member and the distance between the first 
member and the second member is increased . 
[ 0122 ] While the embodiments described above illustrate 
the use of various configurations for maintaining an air gap 
or distance between a rotor and a stator , at either the inner 
circumference or the outer circumference of the stator , other 
variations are possible . For example , an air gap control 
system can be implemented at both the inner circumference 
and the outer circumference of the stator . An air gap control 
system can be implemented at a variety of different locations 
as illustrated and described , for example , with respect to 
FIGS . 3 - 6 . In addition , an air gap control system can be 
implemented to control an air gap in both a two - sided rotor 
system and a one - sided rotor system ( see e . g . , FIG . 6 ) . For 
example , as described herein , for a two - sided rotor system , 
the air gap control system can control and maintain the stator 
in a centered position between the first rotor portion and the 
second rotor portion . In a one - sided system the air gap 
control system can control and maintain the stator at a 
minimum distance from the rotor . 
[ 0123 ] Air gap control systems as described herein can be 
used in electromagnetic machines of many varieties , includ 
ing axial , radial , and transverse flux electromagnetic 
machines , and in machines utilizing axial , radial , or linear 
motion . For example , an air gap control system may be used 
in electromagnetic machines having a stator with a freely 
suspended outer circumference , a freely suspended inner 
circumference , or a fixed inner and outer circumference . An 
air gap control system as described herein can be used in any 
machine in which a desired gap or distance between a 
stationary component and a component the moves relative to 
the stationary component is desired . 
10124 ] The system controllers 787 , 887 and 1187 
described herein can each include the use of a computer or 
computers . As used herein , the term computer is intended to 
be broadly interpreted to include a variety of systems and 
devices including personal computers , laptop computers , 
mainframe computers , set top boxes , digital versatile disc 
( DVD ) players , and the like . A computer can include for 
example , processors , memory components for storing data 

( e . g . , read only memory ( ROM ) and / or random access 
memory ( RAM ) , other storage devices , various input / output 
communication devices and / or modules for network inter 
face capabilities , etc . Various functions of the rotor / stator 
assemblies and / or air gap control systems described herein 
can be performed by software and / or hardware . 
[ 0125 ] Some embodiments described herein relate to a 
computer storage product with a non - transitory computer 
readable medium ( also can be referred to as a non - transitory 
processor - readable medium ) having instructions or com 
puter code thereon for performing various computer - imple 
mented operations . The computer - readable medium ( or pro 
cessor - readable medium ) is non - transitory in the sense that 
it does not include transitory propagating signals per se ( e . g . , 
a propagating electromagnetic wave carrying information on 
a transmission medium such as space or a cable ) . The media 
and computer code ( also can be referred to as code ) may be 
those designed and constructed for the specific purpose or 
purposes . Examples of non - transitory computer - readable 
media include , but are not limited to : magnetic storage 
media such as hard disks , floppy disks , and magnetic tape ; 
optical storage media such as Compact Disc / Digital Video 
Discs ( CD / DVDs ) , Compact Disc - Read Only Memories 
( CD - ROMs ) , and holographic devices ; magneto - optical 
storage media such as optical disks ; carrier wave signal 
processing modules ; and hardware devices that are specially 
configured to store and execute program code , such as 
Application - Specific Integrated Circuits ( ASICs ) , Program 
mable Logic Devices ( PLDs ) , Read - Only Memory ( ROM ) 
and Random - Access Memory ( RAM ) devices . 
[ 0126 ] Examples of computer code include , but are not 
limited to , micro - code or micro - instructions , machine 
instructions , such as produced by a compiler , code used to 
produce a web service , and files containing higher - level 
instructions that are executed by a computer using an 
interpreter . For example , embodiments may be implemented 
using Java , C + + , or other programming languages ( e . g . , 
object - oriented programming languages ) and development 
tools . Additional examples of computer code include , but are 
not limited to , control signals , encrypted code , and com 
pressed code . 
[ 0127 ] While various embodiments have been described 
above , it should be understood that they have been presented 
by way of example only , not limitation , and various changes 
in form and details may be made . Any portion of the 
systems , apparatus and / or methods described herein may be 
combined in any combination , except mutually exclusive 
combinations . The embodiments described herein can 
include various combinations and / or sub - combinations of 
the functions , components and / or features of the different 
embodiments described . For example , although a system 
controller is described with reference to certain embodi 
ments , a system controller can be included in any of the 
embodiments of an air gap control system described herein . 
In another example , although specific types and quantities of 
magnets are described with reference to specific embodi 
ments , it should be understood that other types and quanti 
ties of magnets can alternatively be used . In addition , a 
machine ( e . g . , a rotor / stator assembly ) can utilize any com 
bination of applications of an air gap control system within 
the machine . 
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We claim : 
1 . An apparatus , comprising : 
a first member supporting a magnetic flux carrying mem 
ber ; 

a second member supporting a magnetic flux generating 
member , the second member disposed for movement 
relative to the first member ; and 

an air gap control device including a first magnet coupled 
to the first member and a second magnet coupled to the 
second member between the second member and the 
first magnet , the first magnet having a polarity in a first 
direction and the second magnet having a polarity in a 
second , opposite direction , a repulsive force between 
the first magnet and the second magnet increases when 
a distance between the first member and the second 
member is decreased to exert a force on one of the first 
member and the second member in response to relative 
movement of the first member and the second member 
in a direction that reduces a distance between the first 
member and the second member to maintain a mini 
mum distance between the first member and the second 
member , the first magnet and the second magnet of the 
air gap control device forming a magnetic flux circuit 
separate from a primary magnetic flux circuit formed 
between the first member and the second member . 

2 . The apparatus of claim 1 , wherein the first member is 
a stator and the magnetic flux carrying member is a winding 
and the second member is a rotor and the magnetic flux 
generating member includes a magnet . 

3 . The apparatus of claim 1 , wherein the second member 
is disposed for rotational movement relative to the first 
member . 

4 . The apparatus of claim 1 , wherein the second member 
is disposed for linear movement relative to the first member . 

5 . The apparatus of claim 1 , wherein each of the first 
magnet and the second magnet is a permanent magnet . 

6 . The apparatus of claim 1 , wherein the second member 
is disposed for rotational movement relative to the first 
member about an axis of rotation parallel to the direction of 
the distance between the first magnet and the second magnet . 

7 . An apparatus , comprising : 
a stator coupled to a stator support structure , the stator 

supporting a magnetic flux carrying member ; 
a rotor disposed for rotational movement relative to the 

stator , the rotor having a first rotor portion and a second 
rotor portion , the second rotor portion being disposed 
parallel to the first rotor portion and supporting a 
magnetic flux generating member , the stator being 
disposed between the first rotor portion and the second 
rotor portion ; 

a first magnet coupled to the stator ; and 

a second magnet coupled to the first rotor portion and 
disposed between the first rotor portion and the first 
magnet such that a gap is defined between the second 
magnet and the first magnet in a direction parallel to an 
axis of rotation of the rotor relative to the stator , the first 
magnet having a polarity in a first direction and the 
second magnet having a polarity in a second opposite 
direction such that a repulsive force is exerted on the 
stator between the first magnet and the second magnet 
in a direction that increases when a distance between 
the stator and the first rotor portion in a direction 
parallel to the axis of rotation of the rotor is decreased . 

8 . The apparatus of claim 7 , wherein the force exerted on 
the stator is configured to maintain the stator substantially 
centered between the first rotor portion and the second rotor 
portion . 

9 . The apparatus of claim 7 , wherein each of the first 
magnet and the second magnet is a permanent magnet . 

10 . The apparatus of claim 7 , wherein the first magnet and 
the second magnet form a magnetic flux circuit separate 
from a primary magnetic flux circuit formed between the 
magnetic flux carrying member and the magnetic flux gen 
erating member . 

11 . The apparatus of claim 7 , further comprising : 
a third magnet coupled to the stator on an opposite side of 

the stator than the first magnet ; and 
a fourth magnet couple to the second rotor portion and 

disposed between the second rotor portion and the third 
magnet such that a gap is defined between the fourth 
magnet and the third magnet in a direction parallel to an 
axis of rotation of the rotor relative to the stator , the 
third magnet having a polarity in a first direction and 
the fourth magnet having a polarity in a second oppo 
site direction such that a repulsive force is exerted on 
the stator between the third magnet and the fourth 
magnet in a direction that increases when a distance 
between the stator and the second rotor portion in a 
direction parallel to the axis of rotation of the rotor is 
decreased . 

12 . The apparatus of claim 11 , wherein the force exerted 
on the stator is configured to maintain the stator substantially 
centered between the first rotor portion and the second rotor 
portion . 

13 . The apparatus of claim 11 , wherein each of the third 
magnet and the fourth magnet is a permanent magnet . 

14 . The apparatus of claim 11 , wherein the third magnet 
and the fourth magnet form a magnetic flux circuit separate 
from a primary magnetic flux circuit formed between the 
magnetic flux carrying member and the magnetic flux gen 
erating member . 


