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Prognosis of Machine Health Condition using ARMA & GARCH Model
and Grey Model

Do-Woon Kwon

Department of Mechanical Engineering, The Graduate School,
Pukyong National University

Abstract

Appropriate strategy of /machinery maintenance is one of significant factors
to enable companies’ owners to improve. their product quality and to reduce
manufacturing = cost. Vibration is considered to be the best operating
parameter to judge dynamic conditions such as imbalance (overall vibration),
bearing defects'and stress applied to components. However, a real severity of
vibration may not be .correctly recognized due to.mechanical and electrical
noises from the measuring equipments.

This research presents “twoprognostic methods for methane compressor
and speed reducer. The first is a new method based on Grey model and
survival probability for machine degradation prediction, and the second is a
novel application of autoregressive moving average (ARMA) and generalized
autoregressive conditional heteroscedasticity (GARCH) to evaluate and predict
the actual severity of vibration collecting from machines to aid in making
more accurate conclusions about their health condition. In this work, ARMA
and GARCH models are respectively utilized to specify conditional mean and
conditional variance of vibration data. The mutual combination of ARMA and
GARCH models will be able to give and accurate or real severity of
machinery vibration. The forecasts of combined model, So-called ARMA/



GARCH model, play and important role in making decisions on machine
repair or possible improvements in order to reach its maximum run-ability,
before any unplanned breakdown.

In the Grey model prediction result, a modification of GM(1,1) has been
made to improve the accuracy of prediction, since the model is built by
using only four input data. It is able to track closely the sudden change in
machine degradation condition. Real trending data of low methane
compressor and speed reducer acquired from condition monitoring routine
are employed for evaluating the proposed method.

In the ARMA/GARCH prediction model result, it shows more than 90%
accuracy. This provides a systematic-—study of using the ARMA/GARCH
prediction model to identify the occurrence and-growth of machine fault
based on the signal of acceleration peak recorded from™a real system of low
methane machine in a petrochemical plant and speed reducer in the wind
turbine. The gquite accuratesresults indicate the adequacy of the proposed
model used /in the machine condition monitoring system as well as its
application in the CBM system.
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Table 2.1 List of prognosis methods,

their advantages and disadvantages.

ta-driven approaches

Approaches Advantages Disadvantages
* Do not require condition
monitoring * Onl rovide general, overall
Statistical * Population characteristic in- .y P 8 .
. estimates for the entire pop-
approaches formation enable . . ) ]
. . ulation of identical units
* Can be trained to recognize
the types of faults
* Real=life system physics is
often too stochastic and
Model-based * Can pe highly accurate cgmp}ex. to model. .
* Require less data than da- | ° Simplifying assumptions need
approaches

to be examined.
* Various physics parameters
need to be determined.

* Do ‘not require assumption

. or empirical “estimation of
Data-driven

physics: parameters

approaches . ..
bp * Do not require a priori

knowledge

* Generally required a large
amount of data to be accu-
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X0 = 40 (1),x(0) (2),...,x(0) (i),...,x(o) (n) (2.1)

XU =z01),292),....20 ()maV (n) (2.9)

3714, 2 (k) = Xk}x@) (#) (2.3)

1=1
Step.3 : Grey model GM(1,1)¢] 12 & WA AL 53 2
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dt
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z(t—1) x(t) z(t+1) z(t+2)
z(t—2) z(t—1) z(t) z(t+1)

AAD BlolE {z(t)}l QoA vheel ARAFE 271 Woln A FuA S
E 239 A7 GRAS peha Bk,

z(t—1) x(t) z(t+1) z(t+2)
z(t—3) z(t—1) z(t—1) x(t)
AAE ®HolH {z@t)}tell QoA T FHATE k7] BoAX A7) dHAF
T k2o A7 AAA T p Bkl Fok

x(t=1) z(t) z(t+1) z(t+2)
zt—k=1) zlt—k) |wlt—k+1) 2(t—k+2)

Y (@6) = 2)lulidt k)= 2]
B AT ERAT p = g (2.19)
Zl[ﬂc(Z)—E]z
AuA 02 mAe FRANGBALE p,md o EAINFBATE pm)o]
2 7] @k
A7) A 5

o
2.4.2 AR73BA S

AR} 7) A A A 5= (partial autocorrelation coefficient)e] A 9x= 13 A 7haks}
= R ppeps e ZHZE 1AF, 2%F, 33 A7 dE Al G ek AL S,
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|p1|

12+ AN A BAF By, = e A (2.20)
1p

27 AR A BASF by, — - ’11 Z (2.21)
ol
1 pip;m
Pl ps

P9 BASLBAS By = 12 2 2 (2.22)
Pl
Py P11

oA71ell A | |2 FHEAS oujdit},
L28d, k2o AR ZEATE UIRH k—171742]9 9E%E AAT g=
o] AAASFTE o u| sk},

"AAZ)dHA s adE 2l AAV|ZR SXolHu 3k AVdR F
%3} vpRHA 2 A A D R4

AutA o 72 Hz7|AT 222 2174

2.5 ARMA & GARCH
251 A713A-olEH T F A (autoregressive-moving average; ARMA)
1) ARMA(p,q) =8

A AL H ol
) x(t_p)a ) LU(t—Q), $(t— 1)3 (E(t), (E(t, 1)3 '%(ta 2)
| l | l | l

p71 A 271 171" @A d=5% A5/
o 3ol A]
A& to] Z 2()7F WA S (white noise) wu(t)E o] &34
z(t)=axt—1)+ax(t—2)+ - +azlt—p)+ul)—bult—2)— - —bu(t—q)
2 5989 1), o] 4& A/1FH el EFF ARMA( Edolzkn k.
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AAZE
ARMA(,1) =3
ARMA(2,1) 53
ARMA(1,2) 523

53} ol
p=0,1,2 ¢=0,1,2
o A5 AFSE 497 B

= AR(p) 2@yt MA(q) 29|

Hol 5o +#2 F(autoregressive moving average model)o]2tal

NY B2 wolARUA oA ot

FAMA 2ol ARMA(p,q) 2Folct.

gt

= ARMA(p.q) 29| p4 q9 2 A1 S5(correlogram)olit

1719l

H A}

2) ARMA(1,1) 239 A&
A7 1. ARMA(L,D) =23 <] 2

xz(t) = alx(t— 1)+u(t)—b1u(t— 1)

B 2. 171 ke Sk 2(4,1)

2t 1) =az@t)—blzt)—z(t—1,1)}

A 3 1Ake A7) EBAT p

_’]7_

(2.45)

(2.46)




1—ab —b
py = A ab)la, 21) (2.47)
1—2a,b, +b7

B 4 mAre] AV)FBAT p,

o =al p(1) (2.48)

ACF PACF
Fig. 2.5 ACF and PACF of ARMA(1,1) model

Table 2.1 The theoretical characters of ACE and PACF of ARMA (p,q) process

& INA ACF PACF
N AgAow asiAY s | A polFol 0omel Ad
RO g gy 3y

AR qolFele 0oze] A | ArHom FadAL 2dWs

MA@y = AQHRE I
AMAFp-q) olFolE AFAHS® | AlZHp-q) °lFelE AFAHow
ARMA(p,q) | #F&stAd 2dss A g | Fasiry 2dshes AJdeds
2 Kl

_']8_



2.5.2 GARCH (generalized autoregressive conditional heteroskedasticity)

1) ARCH(q) &%

I #Zo]l AR(p)EF 9]

o
1=

ol o},

P = e =

(2.49)

2
2+---+apet7p+a)t

2
+—

161 T oye

=(t+a

€

O 2 A

1o
i=]

e
=
e
ia
—
fite)

B
B

~ AR(p)} o]

=
LN

e
i)
pile

N

N
o
™

)

(2.51)

2
top Tw

y Tt ae

2 2
b TogE

¢+ ogs

E(6t2|6t271’6372"“)

el

St e, Al

(2.49)° ¢

e
.

o]

ol

Fa, (2493 25DE2FH v %

=z =]
= °

0% W
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AN s

€

(2.52)

w, =2=C((>0), a; =0, j=1,p

B
w
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fite)

M
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l—apz—a2*— - —a2’ =0 (2.53)

o a7k aeg v EAselok snl o =00lgh 2W SlA (253)%E

(13-6)3% w43 Bd 5 3

atay+ - o, <1 (2.54)
= AFEY Fo] 15T Fow <= AN xS wEsa wjx2AR
AEIPA

o’ = E(ef) =¢/(1—ay—a, —---—ozp) (2.55)

& Az} ale g gl

2% PN RS £ duel dHe E nod 2o wAd: 2
o,

€ =0, * U, (2.56)

& {ytes A2 SFHola sdd

M
kel
il
=
il
i)
\‘;‘;
S|
“@
Il
e
s
w@m
Il
",
id

gkek o7 7}

0 =Ctae | taye , et (2.57)
& HEet

Ele]le, 16, pr)=Ctone  tage ,+Htae (2.58)
7b sol (25D9F TdeA " &, 256)3F (250E wEdE =

ARCH(p) =¥ & W&t
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2) ARCHE ¥ 9 4

2 A% ¢7b ARCHERS 2t 37ARYS A

y, = x,0+¢
duds g9 Y, e

=
L]

e, T (256)7 (257)& st (256)914 v,
Sgoln idd N0,1)& mErtil sk o,

1

Y, :<yt’yt71’ Y Yoo LerTpe 15 7779 Lgs L ""llpﬂ) (2.60)
E AN A BEE HMEHol 1 o tA A o] de #EH y, . (k>0)7F
AE 23 APASSe) WBeln g wH ) 8 w0t

st Y, H Folge u y,d 2ARPEE B3 2o

.1 \2
1 1Y —z.p
f(yt|xt,Yt71):726xp - - = )] (2.61)
\/ 270 0y
o,
Ut2 :g—i—al(ytfl_xtflﬁ)Q+a2(yt72_‘/Ethﬁ)Q+”'+ap<yt7p_xt—pﬁ)2
:zt(ﬁ)d
o E(Caapaga "'aap>
. (2.62)
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=(+ael +a16372+---+ap6§7p (2.65)

Te 7 Bt g wye medha s
=(+n(B) et, (B 27737 (2.66)
FAaoF & Bk W4T woldd ®uh web x(B)E tew el & 4 9
ol
B a, B+ a; B v+, BP
r(p)=-oB__ —— g (2.67)
1-6(B)  1-3,B'-6,B*~ - —§.B
ARMA 2389} 4$AHH
or =k+0,00_ 1+5at 2+ 8607, toge, THoBE ot -+ (2.68)
k=[1—6 — —8.1¢
S ol AL Arel wARE olgae Ayel sz folew wae
GARCH (rp)E¥olgta 3t} o] By 13-37 2] & Aws: JH =
tes o) 2 4 e
e=/<;+(51+a1)6371+(52+a2)6372+- ((5 +a )et .t w,
— 0w, = 0w, _y— 0w, (2.69)
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o 7|E o Ful4(fundamental train frequency, FTF), 7|o]A] Fy}4=:

FTF=f. = % [1— %COS 7] (3.3)

o 2 214 Fut=(ball spin frequency, BSF):
Pd Bd .,
o[ 1= (=5

BSF=1, = 2Bd Pd

)cos & ] (34)

o 9JF B3 F34(ball pass frequency of outer race, BPFO) :

BPFO=f, = N(FTF) = f—N[l ~ %cos 7] (35)

o YF 53 F9=(ball pass frequency of inner race, BPFI) :

BPFI=f, = N(f,— FTF)= f—N[l + %cos %) (36)

3.34 719 A% &A

Sl sl A = olu] 7]o] AlxEl
akAY g

A
o] &g Fulg= 7]0] o](teeth)d] F Z9Jr §];<4 &5 N9 HFo=zA E},j
23} o] EHT + vt
N
fm—%XZ (3.7)
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E N, =Sun gear rotational speed
[ ] N, =Planet gear otational speed
ITI N, =Out put shaft rotational speed
T, =Number of teeth on sun gear
T, =Number of teeth on planet gear
T, =Number of tecth on ring gear

NANSNNNAN

ARANSAANAAN

AN

F, =Number of planet gears
F, =Planctary fundamental gear mesh frequency

5 il F, = Sun gear sideband defects
— F, = Planet gear sideband defects
Bl Finion Gear F, = Ring gear sideband defects
Bl Pitch Gear

Fig. 3.7 Structure of 3 stage speed reducer

Np =Ns X% (3.8)
F,, =1, <Ny —N,)=1,. <IN, (3.9)
Prominent Gear Mesh Commponent = 77, < 7, (3.10)
F =N, <(Ng —N,,) (3.11)
F, =H2<NN,,) (312)
£y =3IV, <IN,) (3.13)
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m t; /.
@ Ha Ao =23 : MAE(mean absolute prediction error)
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Motor 943

[1E4]

RNNRN

NN

CH]

CH

Fig. 4.1 Speed reducer

Table 4.1 Measure information. of the speed reducer

dEds 2011 06€ 28 ~2011d 09€ 27
o L | 1200 rpm/-4- 5t
1200 ‘rpm/80Nm
Al d 7] 13]/4, 7¥& 2hr oI
Sampling rate| 20 kHz
=4 AIRE 3%
AR 3% 7}aE AlA
Table 4.2 Information of the sensors
9 %] P1 P2 P3
S/N 58608 58607 58609
X 10.12 mV/g 10.62 mV/g 9.928 mV/g
rAgry Y 10.05 mV/g 10.17 mV/g 9.937 mV/g
Z 10.26 mV/g 9.996 mV/g 10.50 mV/g
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Table 4.3 Information of Planetary gear

Gear Type 1" Stage 2" Stage 3 Stage
Ring Gear Teeth 62 78 68
Planet Gear Teeth 24 29 25
Sun Gear Teeth 13 18 16
Pinion Gear Teeth 14
No. of balls of Pitch Bearing 135

Table 4.4 The result of bearing fault frequency and the stage speeds

1 Stage 1200 [rpm] 214.93
Operating GMF
2 Stage 650 [rpm] 130.98
Speed [Hz]
3 Stage 403 [rpm] 58.50
Position Model 1X of fault type | Fault frequency [Hz]
BPFO 121.50
Ball Bearti
1 Stage alhpeariis BPFI 15850
#6012
BSE 74.36
FTF 8.68
Roller BPFO 65.81
2 Stage Bearing BPFI 85.85
#22217 BSF 40.28
FTF 4.70
Roller BPFO 39.02
3 Stage Bearing BPFI 53.29
#23122 BSF 2.92
FTF 2.92
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Fig. 4.2 Methane Compressor

Table4.4 Description of-System

Electric motor Compressor
Voltage 6600 V Type Wet screw
Power 440k W Lobe Male rotor(4 lobes)
Pole 2 Pole Female rotor (6 lobes)
Bearing NDE: #6216 DE: #6216 Beari Thrust: 7321 BDB
RPM 3565rpm earing Radial: Sleeve type
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Fig. 4.5 Degradation curve based on real data
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ARMA & GARCH
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Fig. 4.8 Prediction result using ARMA & GARCH
Table 4.5 Error value of the predictions
R RMSE MAE MAPE
Grey Prediction 09364 | 003778 | 21579 | 4.0614%
model
Totally 0
AR(Q/[ A conditional value 0.9761 0.02007 1.1607 1.6603%
GARCH | Conditional mean | 09813 | 0.02144 | 07068 | 1.255%
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ARMA & GARCH
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Fig. 4.13 Prediction result of ARMA & GARCH

Table.4.6 Error value of the predictions

R RMSE MAE | MAPE
Grey Prediction 094189 | 0.016708 | 1.3897 | 4.1698%
model
Totally 083699 | 0.053295 | 4.9677 | 18.276%
AR;Z/IA conditional value ’ ’ ’ ’ ©
GARCH | Conditional mean | 094785 | 0.018901 | 1.4867 5.33%
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A.1 A7]13AFA (autoregressive process; AR)
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A4 1. AR(1) 238 ¢ A

z(t)=ax(t—1)+u(t) (1.3)
Ad 2. 171 &9 ASFk x(t,1)
z(t, 1) = a,z(t) (1.4)
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Fig. 1.1 ACF & PACF of AR(1) model
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A3 AR(2) 239 A=
A4 1. AR(1) 238 ¢ A

r(t)=axt—1)+ax(t—2)+ult) (1.6)

AR 2171 o9 d =gk z(t,1)

z(t,1)=az(t)+ax(t—1) (1.7)

BA 3.27) & A= x(t,2)

z(t,2) = a,z(t, 1)+ ayx(t) (1.8)

A 4 13 A7188AT p

ay

L= (1.9)
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BA 5. 1A ATEEAST p,

+a, (1.10)
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B.1 °] %% # 3 (moving average process; MA)
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Fig. 2.1 ACF & PACF of MA(1) model
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