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Abstract ; Rotor speed fluctuation causes non-stationary instantaneous phase, while key-phasor signal jitter leads to reference phase drift.
The superposition of these interferences significantly increases the error of synchronous phase measurement, severely restricting the
dynamic identification and balancing of rotor systems. To address this issue, a tracking regression method based on instantaneous phase
resampling is proposed for high-precision synchronous phase measurement under complex operating conditions. First, the instantaneous
phase of the vibration signal is calculated via zero-phase shift wideband bandpass filtering and the Hilbert transform to fully extract the
rotor’s speed fluctuation information. The instantaneous phase is then tracked and resampled using an interpolated and up-sampled key-
phasor sequence, leveraging the key-phasor signal to mitigate the phase non-stationarity caused by speed fluctuation. A first- and second-
order cyclostationary model is constructed to accurately describe the resampled phase, which quantifies the key-phasor jitter interference
as additive noise. Furthermore, linear regression is applied to the resampled phase to effectively suppress this noise, and an
asymptotically unbiased estimate of the intercept yields a precise measurement of the synchronous phase. Finally, the superior anti-
interference capability of the method is evaluated through simulations and experiments. Simulations show phase errors were reduced by

70. 4% and 40. 5% compared to conventional methods. Experiments demonstrate <2° phase fluctuation under strong noise, enabling a
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92.2% vibration reduction in a single balancing run. The method provides a robust solution for high-precision phase measurement under

complex interferences, supporting applications like rotor fault diagnosis and dynamic balancing.

Keywords : phase measurement ; rotor vibration; speed fluctuation; key-phasor signal; instantaneous phase; linear regression
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Fig.2 Implementation flowchart of computed order tracking
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Fig.3  Rotor vibration monitoring arrangement scheme

x(t) = ZAncos(nwt +d,) (9)

Hrpr, o, HEBHEE AL, T80 Al AE
T ISPl WA R 0 (T I 2 TG 12 3 OR J
F IR AH AL 22 o D3 — ol SR 2 A JK AT A I R 7,
TR /N RS RE =, 4 0l 3 T SR 3 S AR AL DU = 1Y
G ORI A R R IR A5 w(0) X R AT
5

z(t) = Z\:A”ej(wmb") =

j(wt+ l An i((n=1)wt+d -
A]ej( ¢1>(1 + 2 Iew Dot+d, ¢,>) (10)

L, =A/A Ab, =, — &, WLEFIH LA RIAFEBE
WARGIAS & (1) A
$(t) =arg[2(1)] =

N
j(wt+d)) i((n=Dawt+Ad )
arg[A,e : (1 + Y ee ) ]=
n=2

i((n=Dwr+Ad)
e ]

wt + ¢, +arg[l + ien
ot + ¢, + (1) (11)
Hr ) wr + &, FEARIBEISARNL 0 (¢) RS,
TF—BIEN T e, <1, TRA:
Y(t) = arg[l + z\: e"ej(("il)wﬁm")] =~
Z €, sin((n - 1wt +Ad,)
1+ Y ecos((n-1aot+Ad,)

iensin((n—])wt+A¢>") (12)

A1 (12) AT TR ¢ (0) Ry /0N e 2 o) 300 38 3 A
i, B sh R e T, T o) BEPLEZZ,
(L) FC12) H w0 288 B IE X, DI i 5 A £
& (1) WA Jok BRI &, 2(8)
ISR 2 S A TR o (1) BPFRMER, TH2A

f;m'w(t)dt =f§tw(t)dt + ifk w(t)dt =

8, +m x Ag o (13)
Holr, 6, AR Sl s p A AL 2R 22, IR 6, ~



178 f# £ ¥

a6t

N(0,02) ;A0 R ADLARE [HIB% , % FHEAHTE S A0 = 27,
2 (13) R BRI ASAFTE B 3N, 2 20 1B I AR AT 9K
AATRRNE, TR (13) MRAZ (1) 755 AR U5k I AR
LI T 2R BRI

&(t, +6,)=d(mAl +45,) =

ke

® 5«9
d(mAd) + ;qa“‘)(mAe) 0T

mAf + ¢, +y(mAf) + £(mAH) (14)
Horpr  ZEBNRIT RN £(mAG) , NEEME 5% 8h 1

BIAHRLDR2E . T 8 BB, AR — kI, T A
E(mAG) =

[1+ ze (n = 1)cos((n - 1)mAO + Ad,) |8, (15)

Ehﬁ:ﬁ IESFEHLAE R T € AR5 m AHCHY)
TR B FLI O O, B o,

7 (mAg) =
[1+ Zze"(n ~ Deos((n - 1)mA0 + Ad) ] o, (16)

PRI SEAR AR 5 BE ML 20 77 A2 1R 25T £(mAl) ,
FAEE) Z I G IR RN PR MR 5 BEAh ¢ (mAe) Rk
A% 1) TR I8 i B AR B B, L

t,b(mAG)—Zesm((n—l)mA6+Ad)) (17)

L5 LTk, %ﬁ*ﬁ SBEAEOL & (m) N5 m RS —
R REL A A, HL

d(m) ~ N(u(m),o*(m)) (18)
Hrp S pw(m) H:
pu(m)=A0 xm + ¢, +y(mA) (19)

Hr, )52 o*(m) = o;(mAb) .
2.2 tEACEREREIA

3 A P SE A A5 0 X iR SN 15 5 BRI AR 7 1547 F R
FERTLLREAE AR (1) F A RIEI TR d(m) , %
AR SCHARALIRER o IFH. ¢ (m) BUMEAL S SRR L
b, , LB IT AG x m MR o (mAG) . K
T d(m) BIRFEESE TSI &, , 2 M oh 8K
kxm + b 0(19) LT MR, AR 44t w1
B kb BRI A0h

Z(m—m><¢ - ¢)

k= (20)
Z,O(m—ﬁ)2
o B Z:O(d)m—mAﬁ)
R R e
b, + 2 22651n((n—1)mA0+Ad)) (21)

*E%}ﬁ( 17) , IS0 o (mAG) YT Lk AG x m +

&, XFR, LY MR R ME LR R E et T
A0, A0 AT BR B B R AR A B RIE . 2 LRl R G
EA S R HN AT AR IR, DA A0 = 2@, RN (21)
H.

bh=d¢, + 2 €,sin(Ad,) (22)

s b HAEVER &, BOA Al Tt o A fEAR A BR R A
ST AT (EL_ESRAE ) A0 548/ N2 m/2 /4
S MG TR 2 B A«

1 &
:ﬁz 2 € sin((n - 1)mAd + Ad,) =
m=0 n=2
N 1 M
Zen X MZ sin((n - 1)mA8 + Ad,) =
n=2 m=0

ienXE{sin((n—l)wt+Ad>n)f =0 (23)

R, AG BN M TR 25 B #EIE T 0, Ik
ik b AT LIVE R b, BOHTE TCAmAS T, PR s b SRR e e
FLET 50 % 4R 2 15 5 SR AT A A7 R EEAS 3 p(m) , 4%
$(21) AT T R 5K b, BV AR B D 42 5 1 Ot
PRBNHNL o VA LI BEARN O BRERBIH 28 FPTid,
AT FE & H 10 5 -2 AR Sl A 0 2 19 St 2 T
E 4 fis,

z(nAt;) kp(nAt,)
TR T IR B
v £, ‘ y
z¢(nAty) t(k- 2m)
l l
BRI S BRER(A
v L2
d(nAty) 0(t)
[ |
Ekaﬁ%?ﬁt&{E 4{%%3‘61‘33
41t HmAo)
| HRHE I
v
B(mAb)
i
A EIVE|
)
$1

P4 AROZERER 181U 75 3k St i
Fig.4 Implementation flowchart of the phase tracking

regression method



8 1

REBLSC 45 B S0 Sl RN SEAR B 8y T 0 e e A 2 P BR B [ ) 179

3 (hEWIE

SHISTIE PTR 7 & H5URH A 7 T 1 A8 Rk, iz
IR MR K SRR R E E R E T T
MR, HeMEGERS «(0) B,

x(1) = iAncos(Z’nn]?rt ) +et) (24)

b, A TR n BHigE o mniEE; ¢, R n B
WA EIMIL; £ (o) RSN MR £ WEIR o T 4,
PN, A f N

fo=(1+Asin(2qf.0)) X f (25)

BSNS54 1 B T - 1 B S 11 4 A o A
x(t) A 090 BB 5, JE s A MR 5 B3N
-1 ~ BB, FHESERENER IR, H#OZBUE
BE B EAE S BRI E 5 B .

®1 HEMNKSHE

Table 1 Simulation test parameters

EIIARNL ¢, o A T7 A LI 1 DR 25 7 2 fE A B A5 X

[l anE 6 frs
2001
17 5| BN PTREE
| A R IE
15.0 - B2 WA I 22k
= 125F
oK 10.0
&
Z 750 ]
50 ‘
251 £y o 5 1% RE
30 15 10 5 2
{5 H/dB

K16 ANIF] SNR R ARALI i i 22

Fig. 6 Phase measurement error under different

signal-to-noise ratios

£ 30 dB (1) SNR iz, 3 oy vk il 15 22 B 05 X ]
oy E A FRREHERR IR SRAR AL . 1524 SNR 3 #1080/
M AE 2 dB B, B YR A 1E 3 T A A A
L, TR 2% B3 FEL R 2 L TF P a8 ) Aok B AR e MR
%, PTR 755 WA 2275 th T A0 R AR & I Fn 22 J8) )
T B AR AR BT RE 7, JF H PTR % TG
P T T AR AR T A 1) - 0 R 256 1 2 (R bR o 22
A3 2. 41081 1. 77°, P WA T 04 B 22 1 19 2. 75°

F12.05°,

FEUB BRI L) A 2 WG R 1) 2 2L, 2%
DRSS T R

s P FHUE X
f. 50 Hz 227l
A, 10 pm HEATR D W A
Ay/A /A, 3/2/1 pm R BT I e
SNR 15 dB (G 3
T 25 KA
/. 4 096 Hz RAESFR
Fon 2 Hz AT IR AT
A 0.2 B IR A LA
7 4 HEAHEL S0
— GRS
20 e 2
i e meel
g 0 I (AT ATTAN ANV A I
-10
0 011 01.2 OI.3 01.4 OIS
B 18)/s

5 EfESEHEIE

Fig.5 Time domain waveform of simulated signal

3.1 BERERZMOH

TG E SNR B REAIT, HoAh 2 8O A8 1 22 41
K, A EE 100 W EEHLAE ARG ¢, B05 BLA5 5,
Sy 50 PTR 35 B U AL 1E 25 R (i i 22 55

20.01
|75 NN PTR¥E
| RS IE
15.0( B2 WA I 23k
—~
3
<12.5¢
XX
5K 10.0F &K
KK
=
KX
- e ¥l
B 7.5 %9 o
o o2
5.0F 5 oo
: K 26%
9.9, 9.9,
P XX
2.5k S K K]
s R 5 b o X
KX 3 %08 00 908
o o X KX X

0.01 0.10 0.20 0.50 0.80
e SR A

Bl 7 AT e i s R N AR I A R 2

Fig.7 Phase measurement error under different

fluctuation levels of rotation speed

P T FSF 25 0 75 B A U D0 L I A7 2 AR g
WAL, R MRS 3 A0 1 I8 5 R I = A AR 1R 25, 40
A EL B 0. 8, FEAR AT =ik 100 Hz H 5 =B ik
W H S, IR B P 20 25 B ol U s B ™ B, ARV %
ZERURIIE K, T PTR 2 (8 4 (8 LSRR (1 S AR A7 51
XoF W s AR AT 3SR A, T 0 I FH G o I sh (5 8L iR 25



180 e M & 2 a6tk
PRUEZEIIE 43 50 A 2. 33° (1.70° AR T By ¥ 335 A% IE 15 1Y . I
2.82° . 3.92°, > 40 \\ . Eé:}z,‘l&
SRIGUCE ARSI ST n 2271 R 22 40, 4% o 30 \‘1 \
ik S A 8 B Saf VN
2001 o N —
175 MMPTRE 0 : ‘ ‘
B2 Hrik iR IE 1 2 3 4 5
5.0 B eI 2R fESKEs
il (10 B PR R BE I A 02
& 1801 Fig.9 Phase measurement error under extreme
= 75 conditions with varying sample lengths
5.0
" : A RZE VIR B RS AS IE YRR 70. 4% |, BRWGEAE i
¢! * ersnen LR TIINEAT 40. 5% . I HLBERAEK L T+, PTR %A

K8 AN HEAREE SRR T ARG R 22
Fig. 8 Phase measurement error under different

levels of key-phasor jitter

A BL SRR BN (T 1), B RS IE R S
PTR YAH BEAH 24, (EH 1 T A0 T3 o U 45 A i
P Ra iR 2 B E LI, WER 227558 o ¥ 24 H
WA sk /N 22 . A2 R, PTR 3238 1 X 4% 0t
AR HEA T30 TCAR A T, B S5 R JE b1 o S A ) 3 1
FEM | FEREAI T BB P4 T RS R s R e v, Y
B FLEILE] 16 W, PTR iR 22348 K 6. 8°, i iK T K
YA IE Y 18, 0° FIE(E AT 223510 14. 5°,

LG 6~8 WM ZESZ M A A &5 Rl LA, S T
YR 2 B — H AL 58 07 vk BT o Im] LR ( B VR 3 A2 1 95
X R U B , W (L IS 25 3 Xk R 7S F AR ) 8 ) L PTR
DA LA T TR A R B I A A HAHE AT RE R A AR A
RS | AN SR 22 1 7 DB DL s 22 T 458
87k, SRS 1L 5 07 AR ST X 1R 25 TR i 4
T, AR 7 0 R B R R I PTR VA8 5 #7726
SERSAR LB B AL ST, 7EAS [R) Rl 28 F 30 1 28 R 4%
R AR AL R
3.2 ZAREZEEmMSH

T HAIE PTR 75 [R5 22 Fh T $ R 2 B R0R, B
SNR=10 dB, A = 0.5, = 8 Wik i AELi B I E M
T, RIRCRFEEA B T B A9 48 A7 00 2 45 B, &5 &l 9
Js

M9 AT LUF SRR o 45 1, SRR B 0 &
SSRGS LE 3 I 805 73 HE R B AIG, DRI AR A7 1% 22 2]
K, DFT (AR I 15 25 Bl R A B4 B T i ARG, (R
FE— s B 5 PR R A PR WA s 25 95 A W o R
TR s ARV 15 2 AR A /N (B R AR K B T, HA)
KGR B S T PTR YefE 4 KK T i AH A

LA B REAS A FR e

25 D TIR AT HE T 0 PTR Y5 0] LUR] AR 5 5
R AR IR AR AL AR RS, I X e 330 AR 5 R4 T ¥ 30 JC B i
T AR R S KRR E R B R A
878 T PTR IETEA TN T B mi AR e 1, 25 & D2
FEI R — A 52 T HAEZ R TR & 10 2 20 b 5t
MR GG AR I, PTR 12 R I L 55 19 A0
I A B AR E M

4  SLIGIEIE

5T Bl M5 RS BRI AN % i B Al
R EE T % 407 0 5 A4 Sl AR 7 A DG, 38 3 7E AR R
TS VA SE s L HEFT I 3 VA SE 5 R B8 IF PTR 75
FESE RS R A A RCR

S & A AL S R ML BRE RS A SEA R E
B R AL IRRES SR IR A R N B AL B RS
PHFEES SPAFIE 22 NI USB-4432 7138 18 5 R 45 R FfS
SR RGEALRL, I 10 PR,

LE AL il R 2

K10 AR 73 P A5 &

Fig. 10  Bentley rotor dynamic balancing test rig




o5 8 RERC &5 FE

P SRS T DU A AR 8 1 BR B P13 vk 181

S AR AT BN 11 B, HEA 5 AN i R
PR AL IR , b — ARG B IR L T A 255
R, AL 11 (a) PR B 2% , WD g >4 imi
iéﬁﬂ&zﬁﬂﬁi,ﬁqﬂwmméﬁ%fi%ﬂn 11X, 1Y, 3k
XS AR AR TR 2X \2Y o A48 I 12 Sl £ 2 A B2
FE 11(b) 7R, B 45 A B 20 B R i i 4, 445 I XX
YERC 2 ORI, Y A& BRas X 270° , SR 4 o ot 1
225° , ICAF IR I 0% B 100 Ao O 25 BEEAE (B SRR 10°

AL AR 1Y m%tmrm FE X

SR fR R
L EEERZ o 15 %/{iﬁ%m%Y
U] b
# wmgm \U i’I N //
135
BHE aiemaix &@ﬁ_,ﬁg%&zx
(a) MR A (b) LA
(a) Top view (b) Right view
1T AR S 15 1 IR A A B 3R
Fig. 11  Sensor layout scheme for Bentley test rig

IR RSB B R RFESIR £ =8 192 Hz, R
BERTE T =10 s, 2B iE S 6 IR 4 F M IR 3 i B 51

I <o) b i T i SN DO e a8 e Bt N AN
1 500 rpm, H TLHEIIERENS T SNR K, IR
FHN T g7y 5 s e R 2= i ™ AR, DA s 43l
BRI = 05 A PR RE . N TS 4R 35 {5 %5 SNR
90 dB, BHS BB AN E 12 s,

F

. I [)/s .
K12 & FIRIES A

Fig. 12 Time domain waveform of rotor vibration

signal on the test rig

SR PTR % B UGS e 1 76 A B e 22 1 0
A 38 B IR B AF T X N A AR AL, IF B A AR R B
A5 B A5 AF 57 R XoF JE 14 A 0 Bl ok 2 e ) — S0k
gEIR A 13 s,

100 100 101
8 8 8F
g6 oK oK
2 2 =
| ] @ qz % L5
0 i = T =, , oL == =
1X 1Y 2X 2Y 1X 1Y 2X 2Y
(a) PTR¥ (b) I!fw\%’.‘&IE& (o) WEAEL I 2235
(a) PTR method (b) Order spectrum correction method (c) Peak time difference method
P13 AR S50 65 e 4% T T 0 AR gl s 25 R

Fig. 13 Bentley test rig rotor measurement phase fluctuation results for each channel

M 13 AT DU 2, PTR ¥ #9004 45 2R A X T %
G5 )5 B HARAE , EMAR SNR R (0 dB) |, 2% 38 1 AH 57 %

<20, B R AP AP RE 1, RAREERINK 2

B

x2 TRAFBERMCNERITER

Table 2 Statistical results of phase measurement for each channel of the test rig (°)
i ¥iE b2 ¥E brifii2: ¥iE brifi 2
(PTR %) (PTR #) (IMRIBALIETR) (I RIEEIE R ) W B 227 ) (WEMERT2£1%)
1X 166.92 1. 02 164. 96 3.24 155. 68 2.14
1Y 77.51 0.67 77.45 2.72 78.98 0.71
2X 163. 24 0. 60 163. 04 2.53 160. 52 2.36
2Y 75.54 0. 64 73.47 2.26 76. 40 0. 56

MR 2 R e 22 BB T LA, PTR VA7 3 il
A0 HP A IR AR 0 By /N T AESE T8 2Y PP R T (B

2k, TSR i D S A AT AT L B PR
JERN R G, PRI e I 22 oK HH BT S ARG R IR



182 & L £ ¥ W

a6t

ARG AL X FEA 3R BEIBOSCR e i (9 PTR 345350 e iy
g0 A AR (57 o 157 B AN P85 7 57, P e A3 23 B
TR IRSIRME , 15 2 7 A B ke sh 20k 3 Pos,

£3 ZWAALTEET 1500 rpm TEFIRZISH
Table 3 Rotational frequency vibration parameters of

the unbalanced rotor at 1 500 rpm
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frequency for each channel on the test rig
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