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Abstract

Reaction wheel is one of the actuators for spacecraft attitude control, which generates
torque by changing an inertial rotor speed inside of the wheel. In order to generate
required torque accurately and estimate an accurate angular momentum, wheel speed
should be measured as close to the actual speed as possible. In this study, two
conventional speed detection methods for high speed motor with digital tacho pulse
(Elapsed-time method and Pulse-count method) and their resolutions are analyzed.
For satellite attitude maneuvering and control, reaction wheel shall be operated in bi-
directional and low speed operation is sometimes needed for emergency case. Thus the
bias error at low speed with constant acceleration (or deceleration) is also analysed.
As a result, the speed detection error of elapsed-time method is largely influenced
upon the high-speed clock frequency at high speed and largely effected on the number

of tacho pulses used in elapsed time calculation at low speed, respectively.

Keywords: reaction wheel, satellite attitude control, speed detection, tacho pulse, elapsed-time

method, pulse-count method, error analysis

tcorresponding author

481



482 Oh et al.

1. 5] 8

A8-048 YA olgeto] F4Y AME WA WAE L ABA4ol A2 UE
A9 57 29 Shioln) WAL B8 RIS 20 A B9 AL e o8
A(Rotor) 2] T o5& 2L A th(Stator) 2 TAT o] Yek. A4 U= S A WY
We HAAS Y $E2 HAHT Ao A4 AME Ak e AF AAA o) 27

of g3te] 3 AA JALE A ajuz ALY S5+ AFAAY FLT AA
Aol & S5 o) 7 A A 2 of okt Bk,

FRol et 2w YRHo s WAEYe I NAS AW Woik AL VAIA BA
100747} @& B2 (pulse) & TS E HA o 3 o] & o] §35to] IR L HY A KEE 5
A "ok 28480 3l A £5 8 S48 Y2 9urAEQd O A Y el 2 v]E)(Digital Tachometer) &
o] &5t REe £x 27 i gAY 2 P EaE B 4 2R (M method or Pulse-
count method), B2 7+ A} 7+ £ A ¥H(T method or Elapsed-time method), M/T method, CSDT-&
0|43} ", Double-Buffered method 5 ©] §)thH{Ohmae & Matsuda 1982, Kavanagh 2000, Fujita
& Sado 1992, Bonert 1989, Prokin 1991, Prokin 1994). o] & ¥ho] 3l B35, A4 52 on

mo ot

o] FAES 53t A9 vk A 2e 9 n]43 A (Non-linearity) @ 2484 (Non-ideality) -2
1 s BHE TRFA[AT o] =R E ol T PHES Ntez T AFHA ALY
£5 34 PHS 2Nty A" A7 AHE uigez o 74 Py Bl 2 AYEE Hw
H90 B8 SAGE 75 A9 dolola 24 W A%olN AL & Yt 2AF 4287 vz
dov RoAg g Bol 2 22 B4 AT gL AEsAc
2.2 &

21 PS8 ES SEAT Wi

Nt g g £ 2AMe 34 27122 s 2 9tk AR = Pulse-count A9 o] 1 = o}

£ 3lh= Elapsed-time & A o)t} Pulse-count 22 A3 2 A|7F otel] ka8 o A 9t
Aote 29 58 $A8 Y o]8 $ 52 F4et: W o] I Elapsed-time 3442 w288
of B2k vE] AL AFwF AL u7ix 9 Bale ABE 245 $58 A 4y
olth ol £ & Yele 29 17 29 20 ZHzk ey Qo

Pulse-count S A, Z45= N8P0 €58 o, 30k 3 A A LA B2 7
TE P, EAFINE T, EAF7) ¢ RS E B2 /4 E meoleh 51 912289 A S5+

&= S (cpm) o)
st 2o) WY % U B Elapsed-time S RAN 245 W88 S2E 4 (99} 2
ol AATH

&= DI pm) 2

o l, WYY NS Dozt Bt AES 295 fo D75 SHAA BT 2o
M%7 myol o,



RWA Speed Detection 483

Ise i
RWA Tacho Pulse Tram RWA Tacho Pulse Train

R ___ff1%*3:%???9.‘3}??5-junmnmmg__[gtmer|;uuﬂtg_I__

)
+
4

\
|
:—u—a—c’
'

1

1

1

'

1

1

1

|

V

L)

1

1

1

1
—
1

'

1

1

1

'

'

1
—
1

1

'

¥

\

1

1

)
———
]

]

1

|

)

¥

1

!

"

|

)

h *
I

|

(

1

1

I

1

!
—
FR—
|

1

|

1
o

‘Sample Instants Sample Instants

1¥ 1. Pulse-count & % 9H (M method). 1% 2. Elapsed-time &4 ¥H(T method).
35 T
—— M Method

3t J
_ 25
E
&
e
£ 2 1
=
2
Q
¢4
€15 J
p 3
£
&
2 i

05
o . . . ,
0 500 1000 1500 2000 2500
Speed (rpm)

2% 3. Pulse-count &3] Bals.

N

2 SEEXY o

&

Pulse-count &% 9}

Elapsed-time 274 9] £35 A 499 oM 273t 29 ieE ARG & A
Ao RS E S5 5 A gomg
2
R= Eb?%i*—*)w—;,(rpm) 4)
9} o] EHY £ gt F =244 BalsS v 2 Pulse-count 2L AR 3] A
5o Adglol Bl A3 Elapsed-time 4% H 2 AL AASFE 5ol Yuh
Ak ey 9ubA © 2, Elapsed-time &AW ol AL s = 135t 289 Fabg fe AR A
HE ¢ glong T3 A AHA UG M T -‘?—Sﬂ%% oMo 2 BAAY 4 9t o] E 5
W e Bl g vindtr) ke g wo nhe Fall e HE T E AT



484 Oh et al

12

B Measuned with 1 pulse
i Meaguréd with 8-pulses

-------- d with 16 pulses /
10F .

Rasalution (rprii)
N o

P
T
I

23 4. ABEF ) AEE e B0 W Elapsed-time 33489 $8)%(f=1MHz, N=1, §, 16).

120 : T '
e Masured with 100k
............. Méasured with 1M
= Measured with 5M
100H ‘====+ Measured with 10M 1
Measured with 20M

Resolution {rpm)
g 8

&

0 500 1000 1500 2000 2500
Speed (rpm)

29 5. ABEAN AES = n3u 8o slel & Elapsed-time &8 e $8l5(N=1, f=01, 1, 5,
10, 20MHz).

W Eol ©hg 235l 1Y 3o UEh ok o W, T. = 0.25%,
= 1082 7};14-5}93\;} AL TAY o] Balsol A8 e AAL B 4 9t uld Flapsed-

time 249H L AL AF westel Falsol AT [ N A5 Rofsol v =z
chobeh £ Nol oSt Ral5S 23 49 29 50 Bk
27t A4S, VB AT WAEE Bao] S No| 4&4%, ALE3E A3



RWA Speed Detection 485

10k

Accuracy
-
=)
T

=
o,
&
T

&
A

smanee M Method
- o T Method with Q1M
N =T Method with 1M
o'y . T Methad with 5M
—— T Method with 10M
] - - ==T Method with 20M
10 ; : :

10° 10 10 10° 1o

Speed (rpm)

Py
Q,
T
A
¥

1% 6. Pulse-count 37344 3} Elapsed-time & 3uby o] A,

A= F8 Fak R e
EHllsol AHgA7L Bt 272
Srof o B BlEE B3
A= 11 Elapsed-time &A1y .o
13 69 YEl ot
23 571 SR Al2 SE5T O
WA ] 3 A% 7

}.
w AUse] g 1 4o
9e vz %Xﬂfﬁt}ﬂd ol

47} EA Gk o] upo o)
bR A S

WMo N7je wRg

R
N
o,
o
)
s
" —v—’
i J
> ¢
24
u
oXd
ofi
it
lo
il
2
A
)
I
30
i)
g’T
=
%
Q.
f
o
oxt
O#E

o
(2
>.
v
(-
ox
e
2
=)

w B oo
B
oo
(ru

o v
oX,
31_.1
st
b
I
i
N
rl
oY,
3 o
2
Ir
>
o)
tlo
A
oX,

delolx 2 $UT 5 9t

@ Tm - ®)

By pethod = 5

4714 ats 27HE R o)} B¢ mpm/secolth. 1 B AASES B5E, FHFI} 25 F 6



486 Oh et al.

o, = -a-At o = o @ #
N=4 N=4
t I ——
Estimation
Time Delay
—-n_J__ L _1_ -t
T 1, t T
— A ] > w0 A 1 ml
o A 1 L.

1" 7. 57H% 3 A Al Elapsed-time &34 ol A] 29 8. S714 33 Al Buffere] A39 ge 9ol
W8tz Hpojo]x 2 2% AZAte] o3 BAsHE Elapsed-time &3
g e whololx 24 ‘

ooz i AR AU St ARHhE BA S TR QWY violol2 2B

Elapsed-time 34 dl4 2 vpojojx @3 342 Pulse-count &340l
Elapsed-time &AW o)A 71<; £ 744 Ao nlolo] A @ A7l WA= Yol
o 2% A WA o4& 28 7o) vheht ek

N7iS) 288 Bk S U4 ABE S5 SEF ANstEe] 3 Atolols vz
299 455 A% S/t e FasEs 53 AV AR SE9 AL S5 Ao]o Hlolo]
2 227 EA %) 5, Elapsed-time 3L N719] wha 88 P27 dAgste S99 7S
= 28 5 917] wlE el Pulse-count AW HAA 2= AAT} FAT o] FE Hlolo]a 2
A7 EAFY N9 A2zt B Bele AZE Ay, NS B2 5 AL S22 24T o
o HEE wo, PHAY NAR 271 2R wlo] $5F w02t 3t 4 (6)o] AP Tch

2 1 2 2rN
w1 = wo + alt;, Af = (wol) Aty + 3 (a%) A = WT (6)

o
L2l
H
ks

A (6) 22 RE At1 S AAE Z o] & o] 8319 Elapsed-time A9 o A A= N A7) v}
ololx 2k AwaE FE3H AL ()7 Zo] AdATHola A 5 2007).

AwA—wl—UJl——W1—ML
P ma
_w_GONL
T¥T TP Ay
_w _w_f_30Na
=2 -2 -2 (o) (7)

Elapsed-time &7 v Nvit} 3| A4 = £ 2| 232 2 Pulse-count 2 AW 3= g 11
59 A%e a7t gol RS A3 5 ARE AFHL ALY W AP £=& A2}
Al Aok dutg oz AF Y On-board AFE & ZE AMA 2 257 tlo]6E F1 ke BEE
F3pE DA A AHS-BH=d Pulse-count ZAH L o] £ 5 AP 27 T2
AFE 7 ALt WEY Fo59 57 Al A AL 4 Q12| Elapsed-time =44y L
Asdes F717F A 8A 43 5o weh A B2 Onboard AFE S MEY F3p5

o

o

n-board



RWA Speed Detection 487

I
— M Method

o T Method with 1 pulse
------- T Method with. 8 putses ||
----- T Method with 16 pulses

Maximum bias offset (rpm)

1000 1500 2000 2500
Speed (rpm)

39 9. 5714 A A A4 W3e] e Elapsed-time & %483 Pulse-count &7 9] who]oj2

Flapsod-time 497& #7429 solol2 2718 A Aek AR 2AE 33 ST v
Aol A= vk AFE 2 A SAA @A Bek ol 39 8ol veht girk
A2 ALY SE4 o) AR T o8 AFETE Poi2 WA Aele ALE At T W

F7h2 BAY 5 9t vhelol A8 Ause) AURE A (8)7 2ol RBD & Yk

AwB = aAtg S aAt1 (8)
o237 747 2908 WAPSHE uholo} A A Br_method = Awa + AwpE EFE £ 910
+2

o ol WEE Y AL T A EFE AR Ao] A7) ol AR AAERTTF
A A o] Zo]E7] B AR Folx|A HLh N =191 799 Elapsed-time &394 9] nfo] o
22} o}F-2l A% Pulse-count Z73H 9 vlolojx e xR AAA ot N > 27 A A%
o 519] "lolol A © at: Pulsecount =R B ARAth S71 A9 Pulse-count &4 445}
Elapsed-time &334 o Hof @A 7b% vlojolx A5 18 9o Ve ich o o, vb2-8-d 9
ZA 744 5 = 33rpm/sec o 2 A SITHY RS S

FgAoz, ZAzte HESANYAA AT £ Yt 23 s LA Hiolox 229
TR+ B)olng 5714 31 e T w g9 oA #AsE A 28 189 23 1034 2
oh. Pulse-count 578442 3| A4 2o 4agle] Hh LAY 227t 5 A3 Elapsed-time 578
o AT wet Ao e A7t A ALl A= AR Aol -4 3 vholojx @ 27, 1K
= 14 29 Foke o 988 B Bl Ao 93 237t 8 o] &4 Aot Elapsed-time
Y Qg T AAE 28 Fa4E 7t %‘;‘711, N=1=2 47333 "k

>

4

J

(s}

i = r}
S



488 Oh et al.

40 . i . _
M method
s T Mgthod with 1 pulse
* == T Method with 8 pulses
""" T Methiod with 16 pulses
w -
g% |
S20
é |
% B
3 15
10 4
5 =
g ‘\ ot
Ny —
P N e . : ;
¢ 500 1000 1500 2000 2500

Speed (rpm)

2% 10. 5744 27 Al W4 Mol W Elapsed-time %7333} Pulse-count 3733+ el #3153}
solola 2 3] $H(f=1MHz).

25 i I T " T T
~——=— Actual Measured Speed with M Method
----- Estimated Maximum Error Bound
20+ i
15F i
€
£ 10t g
8
°
i sl i I i ‘ A T ym ) ]
g
53
0F 4
5t h
10 L 1 L 1 L L I
(o} 10 20 30 40 50 60 70 80

Time (seconds)

2311 24P A3 571 A Al ARl A= Pulse-count 34 LA A)9 2.3 A 459
AR A)el =,

24 2o MBS Sttt A3
55 E 3 500rpm7HA] & 713tk 7}

2
P 235 2 AA SE99 2
AE ZAdEE T3] A E 22~23804 Ad Al o A vlws) Hokh o]



RWA Speed Detection 489

25

T s T :
— Actual Measured Speed with T Method
----- Estimated Maximum Efror Bound

20+ B

Speed error (rpmy

A . L L . L L L
00 10 20 30 40 50 60 70 80

Time (seconds)

2% 12, RoARAT: N=1< @ w7}+ 31" A AA A S Elapsed-time &383bH2] © 2H(A M)}
2.38 A C%l 4 A (F@A)e v

o, £=&A4 W49 P=108, T.=025%, f=1MHz, N =1,82 77} 71335tk
g 1104 *é/ﬂ% Pulse-count —’17@&1340111\1 AR 2 AL 9Zege 2oy BA

rlo

8 2 24 B dolH A 2 EATE FAT 5 20 Pubsecount AL A5
DAY AP, 04 S AVl YA LA TATES FAsG oM W ASEI o S
o 5

W 2als 2 QA uolola e xA AR AAl @A AT} AXA Aok

I¢ 129 A A A& Elapsed-time —’l,izgﬂg- S o]t 174 B Aol ARAL EAHNS
W AR BASHE Aol BAL o] A% W AHsT A 2 XS A5 Aholch G4 AA
HALAT A 2AEG Dol TATE AAT 4 Ao, 1he] B Aole] ADAAL 249

B2 ALoA vt s wholo]2 @ 2k Pulse-count 248 238 WX oy mLo e

2R s A0l AR FOMA Balsel Aarl ol 23 247 AL Bl

o o] o) RF3 FYS IMHZTHH S7HA71R 2% 59 2ol 2&eI M 2347t A FolEA

Hw o] 2499 A% dizk 5MHz o) 4e] 8¢ AHEEHE 2500rpm M) 2E I H S5 o)A

Pulse-count & 7 HHH EC} G4 2o o 22 ARt
opxjgto 7 73 13L& Elapsed-time £ A4 &

2 A WA oA A 2 A28 Arolch. 871 A AolS) AR

2 DKM Halls 27 178 B Abole] A AL &

o1} 252l A&eHE wlelola A7l ARLE FAW 5 AT F, A% AL 8

G g9 AANE SEE ANY £ Qons TuUF 1 A Ade] Tl 2147 43

AAA At o2& BAIE A7) AN nHo M ANDE SAe E

71930 Aol e Sole W, 1L A= Elapsed-time ZA WML 2o A= Pulse-coun

o,
oo
’()YL
f
oo
=
lo
e,
>
°,
L
1o
>
)
()
tlo M



490 Oh-etal -

25

T

—g T T v
— Actial Mesured Spéed with T Method
----- Estimated Maximum Eror Bound

20

15

Speed error (Tom)
=

80

40
Time {seconds}

19 13, RAg sk N=8Y ul $74& A A 4A BY5E Elapsed-time 333U 2 x(A4)
232004 958 Aol (A .

L
B9 24 23] AHYE FARGT 018 EUE, I S22 P50 BE RIS, FUE
% 248 vlel A5 5 Utk AU ol F ASZL HEYolAA EAS WAL DY 22E
Aoldel ZWAHY Bojolnz Sl A FReIMS R4 o] G o] FolAoF Tt

x

]
MO
re

=
g, LA, ol HE, dzx¥, AEZ, £719 2007, ALY F9HE3 A LR =EF (A
& A2PReote), p.1758
Bonert, R. 1989, IEEE Trans. Instrum. Meas., 38, 1104
Fujita, K. & Sado, K. 1992, IEEE Trans. Ind. Appl. 28, 864
Kavanagh, R. 2000, IEEE Trans. Ind. Electr., 47, 890
Ohmae, T. & Matsuda, T. 1982, IEEE Trans. Ind. Electr., 29, 207
Prokin, M. 1991, IEEE Trans. Instrum. Meas., 40, 606
Prokin, M. 1994, IEEE Trans. Ind. Electr., 41, 550



