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PMSM Triaxial accelerometer Bit shaft Bit Toolface

Stabilized Bit axis Wellbore axis
platform

Outer housing

B 1 (M&EZE) DPRSDT %4
Figure 1 (Color online) The structure of DPRSDT

TN — S fn R e b LA R, BB RA IR A WO AN B 2 A5 5 ), — R it
T, WUNSER R R GRS IE, IS A R S R R R, Bk BFIR . RS AR 2
i ANIRED. F2E T & rh BERRACRTINIE B o A SRR B S KR SRR A S . BRI, R AR /T A
(B R B AT ML ol iR, SRR/ B mT i 2 7™ B A TR o Ay R I RS 2, b I A4S o T e
IARIETUE B br. SR MRS H TR0, BN SRSy 1) 475 R AR 7.

ARIT R0, SR 00 3 2 ey T T X7 A e g e 7R 22 A5 5 RS O~ 11 Sk B
T 5, H T3 K FR R P et I R e o, N o B 2 RS2 T RESze /I T s | LYl = T g
VRG] DAL, e £ R B DRI O St 1, (15 T A BTG 280 o ¥ v A A D e B ) 3 22

TN SRR 00 170 A N TR ) R P HE R, L 55 (181 Sl A 22 X 2% TS0 S AT 9L 1 TSR 3 45 )
RGAAT A AN AT I, Guo S5 (100 $1 HJE T3 7 5 o A0 28 00 228 FOUL DI 2 A DDA R 2 8 24 )
BRGSO ONEAT 35« BESRACRI 2T AL 18 RN A 2R AN, Chen 45 (200 52 HH 9 R
JTAR AL 22 Kalman Y8371, 8 HER b T R GUIRES TN S HOIAAE I BE SR A 0 TS o i e 4%
T B FR) 3 A R )l i e 00 75 2308 5 ke 22 0 e m S I P ) s S 5 B A, R, A X
Tl R R AR R AT S BT, ToVE DRI R AR B VF V.

LR LR, ARSCUL RSDT 24 i 7O G, A U Aol IN e B 00 1) . AR SCH) 1 ZEoTmkAT: (1) B
FUR I R ) T LT A AR G BN A D0 R (2) DRS00, & TR s nBCT a8 U7 ik, 1R
ZEN N R R RBURRAE; (3) E BT AR AR AR L R IRIRR A E ORISR R, (4) /N
BRAEGTTHRSCT BRI TE, PRER 1 IR AR R AL BV .

2 [o)RRiEd

AR A FRAH TRERGNEWIE 1 i, FEAFEEEAN . e 5 KshEl
(— W Nk BE RS HAML (permanent-magnet synchronous motor, PMSM))« F& g P& &3k iEFef . &4k
LJLE Sy “FIE OAB £ H TR M HIKE, Hr O IR SHREIAS A, A fdt
IR B B i, BN SR ZE SR R A2 &, T RIEAZ OA 5 OB 2 [Al B £ £, n] AAE
it HE — b 7l S X R Al S )i 7 1)
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WRAE SR [22], FTEESL d-g 445 R T DPRSDT LH MM G RGAPIRES R W

Ug — Ryiq + ppwmLyig

1d = Ld + wy,
- _Rs. n mL ]
Z-q:“q iq + Pntwm ( dld+7p)+w2’
Lq (1)

w _Te_TL_pwm+w
m = - 7 3

J
(p:Wm"_Whv

Forr, iq M i 2390009 d, q BHETRIR, wn AHENEE, o NTHEEA. va M ug 7290059 d, ¢ HHETRE,
ALEVERESA . B T A Ry, UKL p,, d #IHE Ly, g BHEUR L, AKWAARREEE o, #3015 &
J FEEHE REL p AR N O RN E. MR T, = 1.5p,[vi, + (La — Ly)iaiy). Tr NREEESE,
w NARFARIBEEE I FE L . w, wo M ws TR R G I HIBEHLIER 5.

KH filed-oriented control (FOC) Mg, R4 (1) #E 1A F R

N R D Ug
g = quq I, wm—i—Lq + wa,
1
L 5pnwi — =Ty, W, + W3, (2)

B R Ty, A2 AAR T, Wie T =

Ty, = wa, (3)
;H\:[:P7 Wy y‘jﬂ:\‘iu gcll%ﬁg-
THEL T A5 ) R G il e T RN
Y1 = Z‘q + v1,

Yo = Wm + V2,
Yz = gsin(p) + ay, (4)
Ya = gCOS Y + a,

Yya =@ +vg+ f,

ot g (6= 1,2,4) 4 BIFRRRERLBL . ek 25 i B RUR 5 T 25 cP I RS FE R, 5ok o7 e 7
vi (i = 1,2,4) JBEHLMERS. gy B g, Forbase F iR T o A = B RO, § /2 5 7 ik
FEAMRE, TVERR IR A TR T R 14U, R o, A o, WRIEECK. £ OMBRIRIX |
P

& a(t) = [e1(t), 2a(t), 23(0), 24(O)]T = [ig,wm, 0. Te)T, WAL (2) ARG

&(t) = Aca(t) + Bou(t) + Dod(t) + Wow(t), (5)
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>N I:P7
B pa¥ F 1T
I, L, " I 0 100
Lopnt Py L 0 0 010
Ac=| T J J|, Be= ; De= ; We= :
. % 0 0 0 1 000
0 0 001
0 0 0 0 L~
u(t) = ug, d(t) =wp, w(t) = [we wz wy]*.
PURAEERS h S HAL RS (5), MEHULE RGN
z(k +1) = Az (k) + Bu(k) + Dd(k) + Ww(k), (6)

o, A= expieh, B = ([ exphdt)Be, D = ([I expA<h) Do, W = ([ expAeh dt)W...
B (4) FIAR, I S THAIBE RS AN R B R T R . DRI, e g SRR A5 TR T A F
BT P

Y3 = arctan 343 = ¢ + vg, (7)
Ya

Ferh, vy RS BRI B
ZR EPnd, RO EIRINT

z(k +1) = Az(k) + Bu(k) + Dd(k) + Ww(k), ®
y(k) = Ca(k) + v(k),
Hrp,
(k) = [z1(k) 22(k) w3(k) za(k)]"s y(k) = [y1(k) y2(k) ys(K)]Y, v(k) = [v1(k) va(k) vs(k)]",
A0K) = () — S (h) — )+ Salh) = F(8) = ya () — GyR) — k) + Golk) — 1K),
1000
1
C=10100|,G= [0 3 O}-
0010

BRi%1 SRR w(k) FIPEMEFS o(k), vy(k) A B P EBME Gaussian R HX BN
W7 ZHERE AN R = E{w(k)w™ (k)}, Q = E{v(k)v™ (k)}, Qs = E{va(k)v] (k)}.
X RS (8), Wi RESA A8 T

#(k+1) = Az(k) + Bu(k) + D(ya(k) — Gy(k)) + K(k)(y(k) — Ci(k)), 9)

Hob, K (k) AFBCERATE RS £ e(k) = 2(k) — 2(k) NtTHRZE, P(k) = E{e(k)e" (k)} Mfliit
IR IT ZAERE. BRAME P(0) = E{e(0)e™(0)} A E. .
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Pt S5 N S S A THE AR S B B T (k) = e(u(k),y(k), &(k)), BEEBIEN Ju, K
R AT IR £ (K):

{ J(k) > Ja,  flk) KA, (10)

J(k) < T, f(k) BARE.
5 R FIREALME 75 AOAAAE, FESRAT TN, W) RE S A AR DR ARl 231, 58 SO AR AR 3y )

p') (k) = Prob{J(k) > Jun|f (k) = 0}, (11)
p'"™ (k) = Prob{J (k) < Ju|f (k) # 0}. (12)

[REF, e SO Py g o v s 42

EX1 T RS J(k) = e(uk), y(k), &(k) FIBIE Jo, £ ETLHEER, pO (k) < ) BKAL,
e RS, FAE— D HEREE 0 < e < oo M k> Ky + e B, p0™) (k) <™ RRROL, MIFR MR
F(k) FEGE R SCT 2RI, Forb, ) F1 50 BRI R AR IR B by s R i %,

TR S RS MRS . iR A ESEEA I, RSDT KA S KRR, FEIECHT
BEAG D IR TR SR A HH 45 8 BT N T ARk 3R ) R A S T T P SR P R R AP BE A R
WA AE S0 1 R ST AT AN 1A P e B A N 7

1 ARCHEM RGN R SRR SIS . G SR R, o R R S R
SRR 4y W A T B S AR B T OB AT AL B AE AR A R O R b R B R B TN B A
2% (9) th. Bk, FET TS (9) Fridit Mk Z(E S, W LLA ROk I e A2

3 HPERNEEETT

AATK LG RSDT 2545 o BRI A b I 5032 i e v i A2, FR o iz s e e vk & R ]
AR .
AR e(k) = (k) — 2(k), WA

e(k + 1) = Ae(k) + DGv(k) — Duy(k) + Ww(k) — K(k)Ce(k) — K(k)v(k) — Df(k). (13)
B, BIE f(k) =0 BIHOL, ATHRZED T ZEN

P(k+1)=E{e(k + 1)eT(k+ 1)}
=(A - K(k)O)P(k)(A - K(k)C)T + (DG — K(k))Q(DG — K(k)T + DQ,D™ + WRW™. (14)
y QR — o AR K (k) A
K(k) = (AP(k)CT + DGQ)(CP(k)CT + Q)7 (15)
Hdr tr{P(k+ 1)} &/ P(k+1) B0ZE. B0 (8) Ak E T2

r(k) = y(k) — Ca(k) = Ce(k) + v(k). (16)
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MR STk [25] A0, (k) R IEACHERER, BIXTFAER &£ >0 H s # 0, E{r(k)rT(k — s)} = 0 B K
S8 X (k) KRR T ZE RN

P.(k) = E{r(k)rT(k)} = CP(k)C" + Q. (17)
3l (15) 1 (17) AR (14), 15
P(k+1) = AP(k)AT + DGQGT DT + DQ4DT + WRW™ — K(k)P,.(k)K™ (k). (18)

N T BT R R R, BT RSB I Bk, R B R R
(k) = i)\qr(k—q—i— 1), (19)
g=1
Horb - NEOKEE, A, IR 0 < N, < 1 BIRRRREBUE. SR P 7 Z 0 N
Pr(k) = E{7#(k)7T (k)} = ZA2 k—q+1). (20)

511 XF n MHEMOLIBENAER 7 ~ N(7,0%) (i=1,...,n), P J =30 72 HBUA
H N n BRI 2 i, & T RS ARECN P ,s(J) = Prob{J < J}, Hr p =" | 72
AR SEL AN, B o ~ N(0,1) (i=1,...,n), W J RMEHEAN n B0 2 2045 126],

& P BRI R
J(k) = 7L (k)P (B)F(K). (21)

7

EIEE 1 AT 7 F(k) = 0 B, J(k) BRANE BN ny BOFL X2 4076, Hot n, SR O4ERT. B
(RN Jo = Pty (1 — ), MAHERE p0) (k) < P BRSTHARZ A, A1 7 M0, Hoop
Pilon () T Pay 01 (1) HIRBRSL, TTLUBIS A 2 43RS,

Hk, HIE F(k) 40 BRI HORRAERZIN by, W8 (13) TS

e(k) = &(k) + &5 (k), (22)
Horr,
e(k) = Aé(k — 1) + DGu(k — 1) — Dug(k — 1) + Ww(k — 1) — K(k — 1)Cé(k — 1) — K(k — 1)v(k — 1),
er(k) = (A—K(k—1)C)ép(k —1) = Df(k —1).
FEL, 3 (16) AT LAE R

r(k) = (k) +7¢(k), (23)

/\I:P,

230 (22) 1 (23), R (19) ATLAE{E
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(k) = 3 Ak — g + 1),
g=1

T

rr(k) = Ak —q+1),

k—ky 1—1
. - Y [[A-K(k-=m)C)Df(k—1), k> ks,
Ti(k) = 1=1 m=1

0, k< ky,

0
[[A-K(E-m)C)=1.
HIGIEE 1 ATRAHER, 2 f(k) # 0 I, J(k) W2 H BN ny, BFAEFG x2 2040, HhdRhin 2 &
BN u(k) =77 (k)P (k)7 s (k).
512 HERE ny € ZY, Jy > 0,6 20, TR p > p >0, W F AR L 27

—

Pny,u,é(Jth) < ,Pny,ﬁ,S(Jth)- (25)
HIGIEE 2 %0, 45 (k) =, W P, ey 1 (Jen) < Py g (Jon ). BEBE, BT Ay A1 7 A4 p(k) > p AR
S, RUATRf AR B SRR RN 45 8 Fabr plm).
B2 f(k) N M.
L fk) =g, W

rf(k) = &(k)g, (26)
o g(k) = O M T2 (A= K(k—m)C)D. Fit, JEts x2 S50 u(k) 7TUAKE Bl FIER:
(k) = g*n(k), (27)
Hr,
- (Z Aé(k —q+ 1)) Pl (k) (Z A€k —q+ 1)) .

qg=1
HIZC (27) ATRAE (k) ZAFEIE(E g FSH n(k) F0, 24075 K, n(k) 7T
i p(k) > po BT EBGHE S E DR 7 MBUE Ay, KA n(k) BITR w(k) >

31383 gk —HLAATIE MR R IERE Poq) R B(g) (¢ = 1,. ) 4 FA%E
R 28

iﬁuJ\ X& LA AL 2

T T T -1 T T
(Z Pr(q)ﬁ(q)> <Z Pr(q)> <Z Pr(Q)ﬁ(Q)) <Y 8%@)Pe(a)B(a), (28)
Y HANHFTE R B(q) (¢ =1,...,7) BIAHEER, 255 KT,
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H120 (20) A1 3 AT
:<§T:>\q5(k—q+1)> (iAﬁPr(k—qul)) (iAqg(k_qun)

< ZB pAePr(k — g+ 1)Bgk

=7(k), (29)
Horp,
ﬁq’k:)‘tz_lpr_l(k_Q+1)§(k_q+l)v (30)
= " k—q+ )P (k—q+ 1ék—q+1). (31)
q=1

Hr Bok = Bsks TE q,8 =1,...,7 BIUGZEGTL, W) n(k) = (k) AL
T30 (18) A& Ricatti 72, P(k) WSLT P+, #E AT %1 P.(k) WS T P, H K (k) W8T K*. #
Bk e FURS 2 JG, TE f(k) = 0 B, Al TR Z P ST 0. BB R KRG AR e Mg AxEHE

k—m

Jim ];[0 (A—K(k—5)C) =0, Y0<m< oo. (32)
2 f(k) # 0 W, ASHEEH
k—kf 1—1
Jim £(k) = lim —C Y J[A-EE-m)C)D=ClA-K*C-1"'D=¢" (33)
el =1 m=1

B (30) 1, limpooo Bgn = limpsoo A\;L(P) IS 5 Ay = A, MM TAER ¢,5 = 1,...,7,
iMoo By k = My oo B YIOL. BN, = L, F limyo0 n(k) = limyoo (k) = 7(€)T(PF) 1€

A2 WHKESHUERBINIMBCF S EE R ST S8, RIELL L, v LSS HAE i
PBUE N, p(k) B T DR, w2 B 2 ek /N, DRIkt 7% 22 %o i 110 R e o o 7 11 3886 K
T3 5. T 7E A% G BRSP4 B DK IR O 1, SRR TR SRR i K. TR, A% 4 1 W A
W7 VEANE F TR DA /)N B

FE1 CRRNREMRREN LR 0 < p™ < 1,0 < p¥) < 1, PHIERECH J(k), BIE
Jin =Pyl (1 =p), BIBBUE Ay = L (¢=1,...,7), FAIRTEOKE 7 #IAER L

T>T, (34)

S, 7 = —emyrlrer ARG (8) HHOHLBE F(k) 240V R SUT R TR,
SERR s (20) S, B Ju, = Pyt (1— pU0) I, 2RI T AR AR AN T3 L
P, TEAT MBI R, BN, = L B (34), A
lim p(k) = g*re" (k) (PY)'6(k) > . (35)

MR 0 < e < oo WIRTEAEAEAT u(k) = p 16 k = Ky + e BT, 518 p™) (k) < p0™) L. S E X
1, APEAkRE £ (k) RS E SO alAil.
FERLF Hh, AErty X2 oA 1) BB A R BOG R A, MELAIRAS 1, BRBR4S A T HER,
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L1 SRR ABRERN LA 0 < 50 < 1, 0 < U < 1, WEINEECH J(k), BIfE
Jon =Py to (1= pD), BEHBUE A\, = L (q=1,...,7), FHIXRTEAKE r (A% R

T>T, (36)
>~ EP,

\/ 011_P(f +\/7D 011_P(m)))
gHE)T(Py) e ’
ARG (8) HAIHEE f(k) AEGTTHESCT 2w R
HERR U (21) A0, ?’f%ﬁﬁd‘ﬁﬁ’]fa%?lﬁi‘&z‘ﬁ /J\ﬂ:ﬁtﬁ pd). e 1 L 45K (36) K
LI, R0 < € < oo IR, AE1F u(k) > (\/Poloa(1— P Pty (1—p0m)* FE k> kyte
I RAL. EA RIS oL, B2l (21) A (23 ) H

I:

Prob {J(k) > Jin} = Prob { < Jen + \/P;y{m (1—pm) — \/%T(k)Pf—l(k)f(k)) > Jth}

= prob /P2 (1 p0) > PR B 070

=1 713(7”)_

WY k> kg + e B, Prob {J(k) > Ju} = 1 — Prob {J(k) > Ju,} < p'™ BOL. ZHGE L 150 f(k) £S5
THE SO AT

Zi ERTIR, Tl SR I SE D IR A 2 s,

A3 5O ST RN ORI R B8~20) Xf b, AR R /iHE'/%ﬁTlﬁi‘E’LZ?FWﬁT&
AN T AR E DR R, SRR T RN BTN T 4 B

E4 FEARSCH, Jy VAR, AR Dy AR . SR, AR (27) %n%lfﬂ 2 AR, X T2
A H R IRAE R T g AR, MRAR AT DADRAIE po(k) > p J8OZ, #ETTAEARAR RIS T4 e fabe. R, A
ST T IRAANE F T AR R, 3 i T A 2 7R g s

4 SKIGISIE

FEAT Y, 3@ A& 3 Bt DPRSDT JR BAENLIGE Fr 2 fuk N i A 75 V5 i 25k, 7E 3(a)
o SRERRENL AN IR S AL A L R T & IR LA E S 6 5 LA EEE A k. AMEIKE)
U T L SEAMA G, o F G IS il shia e P 635, fae & L m e R,
B0 FEHE KB BRI TR P AR S AL RS SR B AL R AR B A ] 3(b) P, A e
B BV B 4L By 6 2 (Bl /5 # CAN (controller area network) & 28i%EHz, JHit CAN B8 X
£ R SN I L 2R 2. B T S RS NS EN R 1 Bk,

ESLG R SRFEEIFE A h = 0.005 s, BHUGR R4t (8) MIBHUN

—0.2056 —1.6130 x 107 0 7.9986 0.1150
| 117.2137 —0.0434 0 —9.0177 x 103 B 687.4313
0.1837 2.8507 x 1074 1 —4.0551 0.2229
0 0 0 1 0
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Online part

Start

4

_____________ q Collect input and output
Offline part | data
|
| !
i S 3m
Give P(0), p p | Calculate residuals and
| evaluation function
MATLAB I |
v | |
E Calculate P, P K', & ] | :
|
l | | Yes
I I No v
Choose the appropriate window | I
length and weight 4, | : Fault Normal
|
L ____ - |
|
| Yes
|
|
I No
|
|
| End

Driven motor for
the outer
housing

&l 3 (WM& E) DPRSDT [RIEHH SCHIE S8 SiEERE

2 /RN EERIZE

Figure 2 Flowchart of the incipient fault detection algorithm

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I=k+1 |
7y |
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Universal

Driven circuit board

Driven motor for the = g e
joint / stabilized platform

Data collection

Driven motor for . Stabilized

e

Master control

Sensor of stabilized

=
e -
the lSlafl?lllZed = platform _ circuit board platform
platform = ‘\ ‘k
Y Y Y

00 G 00 0

O

Figure 3 (Color online) DPRSDT prototype and electrical connection diagram. (a) DPRSDT prototype; (b) electrical

connection diagram

0 2.4597 x 104 —2.0228 x 10~ 0.0208
0 1.4699 0.0023 —392.4414
D - 5 W =
0.005 4.7668 x 1074 1.0255 x 1076 —0.0078
0 0 0 0.005

PR B )T 22N

R = diag[0.01 0.01/7 0.2]°, Q = diag[0.2 150 50]°, Q4 = 20
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*1 BIESH

Table 1 Motor parameter

Parameter Value
Rs 1.52 Q
Pn 4
P 0.02148 Wb
Ly 0.0021383 H
J 1.4490 x 10~° Kg-m?
p 0.00008 N-m-s
3800 T T 40

(b)

3700

3600

3500

3400

3300

3200

Measurements of gyro (°/s)

Measurements of resolver (°/s)

3100

3000 L L —40 L L
0 50 100 150 0 50 100 150

Time (s) Time (s)
3 : : 1.20
(c)

d
1.15 @

1.10
1.05 |

1.00
0.95

0.90
0.85
0.80

Measurements of y-axial accelerometer (m/s?)

0.75

-3 : : 0.70 : :
0 50 100 150 0 50 100 150

Time (s) Time (s)
B a4 (MERFE) (a) HEEZERVERE; (b) FERBIUNEE; (c) MEET vy HNEME; (d) MEET = HN
2
Figure 4 (Color online) (a) Measurements of the resolver; (b) measurements of the gyro; (c) measurements of the y-axial
accelerometer; (d) measurements of the z-axial accelerometer

Measurements of z-axial accelerometer (m/s?)

RS YIMELERN P(0) = diag[1 1800 360 1)°.
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Abstract Rotary steering drilling system is a high-end piece of equipment in oil and gas development. The
reliable operation of its core equipment, the dynamic point-the-bit rotary steerable drilling tool (DPRSDT), is
an important prerequisite for the normal operation of the drilling system. In this paper, the problem of incipient
fault detection is investigated for the DPRSDT equipment based on the model method, which is expected to
provide an important guarantee for the operation, maintenance, and health management of the system. First,
the mathematical model of the DPRSDT is derived using the mechanism modeling method. Then, the moving
weighted average approach is employed to improve the sensitivity of residuals to incipient faults. Based on the
characteristics of the noncentral x? distribution, the detectability of incipient faults is analyzed in a statistical
sense, and the window length and weight are derived, which ensures that the false alarm rate and missed detection
rate can be reduced below the tolerance level. Finally, an experiment is performed in the rotary steerable drilling
tool prototype to verify the effectiveness of the proposed method.

Keywords rotary steerable drilling tool equipment, incipient fault detection, fault detectability analysis, false
alarm rate, missed detection rate
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