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Fault Detection of Batch Processes Using Time Warp Information of Dynamic Time Warping

Masayuki Tamura*

Abstract: A new monitoring method of batch processes using dynamic time warping (DTW) is proposed. The
method utilizes relationships between time warp information of DTW and external variables. DTW has been used
as a preprocessing tool for batch process monitoring based on multiway principal component analysis (MPCA) in
order to align batch data from various batch lengths by expanding and/or shrinking time axis of data trajectories
flexibly. Although MPCA has experienced many successes, the fault detection ability is limited if a fault affects
only the progress speed of the process and doesn't change the correlation structure between variables. In this study,
another usage of DTW is proposed to overcome this difficulty. If the time warped information of DTW is correlated
with external variables of the process such as temperature, initial concentration of materials and so on, changes of
input-output relations between external variables and time warped information become good indicator of fault
occurrences. The proposed method is applied to a fed-batch penicillin fermentation process simulator to show its

effectiveness.
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Fig.1 Warping path of dynamic time warping.
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Table 1 Variables used in monitoring of the process
Aeration rate (/h)
Agitator power (W)

Substrate feed temperature (K)

Dissolved oxygen concentration (g/l)

Carbon dioxide concentration (g/l)
pH *

Fermentor temperature (K

Biomass concentration (g/1) *

Penicillin concentration (g/l) *
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Table2 Explanations of faults

Symbol Explanations of faults

Fault A | Step change of substrate feed rate. (+2%
after 10 h.)  (One of the disturbances

prepared in PenSim.)
Fault B Degradation of agitator. (True power:
30W —29.5W)
Fault C Offset of fermentor temperature sensor.
(-0.5K)

Table 3 Variations of initial conditions

Variable Mean Range
Substrate conc. (g/1) 15.25 +0.25
Biomass conc. (g/1) 0.1025 +0.0025
Culture volume (1) 152.5 +£2.5
Temperature (K) 298.5 +0.5
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Batch Batch Batch
No. 1~50 No. 5185 No. 86~100
J
Training Test Test
(Normal) (Normal) (Fault)

Aeration rate (I/h)

Agitator power (W)

Substrate feed temperature (K)
Dissolved oxygen concentration (g/l) -
Carbon dioxide concentration (gfl)
pH*

Fermentor temperature (K)
Biomass concentration (g/l) *
Penicillin concentration (g) *
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> Time Warp Information |
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Temperature (K)
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| Variables > Warping Profile Errore )

Fig. 3 Schematic of calculations.
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Fig. 4 Example data from normal (green) and fault C (red) batches. Randomly chosen five batches for each are plotted.
Upper and lower plots are before and after DTW, respectively.
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Fig. 5 Close-up of Fig. 4.

DEZ DTW 2 Ko THEIBOMfE 1T o Tl & x4
\Z, TERIETH D MPCA T L 2 SR 2787 7-. Fig. 6
2, By FITKT D Q #iitiE (PCA TR LD HE
AR 29, /Sy F Nob0~85 M IEH, 86~
100 NEFETH D, Fault A IZERFE THAHRREMERH S &
I TEZITHIN, o=V L LI-MELHF-> A
WEYWT o Z LT LZE S THhD. —, Fault BCIZ
DWTIHIEFE ANy F L OETIAHETHY, Zhbizo
W THIRERIETIRIER, &8 S5 ATREMEA RV .

ST, DFVHREFEZMET 5. DTWIZL > TH v
SN T AOEITHE DR, KNy F O
IS X o TR ATEE e [RIBED e\ 28 e D2,
HEDIANC L D b DIRONEFHDH T2, WifHdE
7u 7 7 A D SWPER &l T 5. Fig. 7 (SHERA R
T —HORE Ny FITRETHDL LHE LS50 H D

104

HLdH DD, Fig. 6 OUEKIEORTHER LB LT, K%
KONy FIZOWTIELSZHT 2 Z ENRAIRETH D &
uvié

ZT, IREFEOMFIZOW TR R TS Fig.
Gi, 1IE# /3y (No.81~85, fkTFoR) EHFE NvTF
(Fault C ™ No. 96~100, 7R CZFoR) 1Z2UV\C, DTWIZ
K DR EMREIR L, 2Dy FOINBELOE
ZRBF Ry NU—ZICANTHZ &Ik o THllEn
BB, A5 DFEE SR 2 &_E%ﬁ®ﬁﬁﬁﬁfﬁ
¥ALL7-WPE 2R LTI-bDTH D, i FEREOS T 71X
méhtﬁﬁﬁﬁﬁwmglKﬁ%#é%®r6%éﬁ
IEH S FORKEAL S FOREIZONT, AN
FRYVA->TBY, TNUhDEFHERFEZRITHZ &
XTE V. T7ebb, KRERHEOREE ORI BILIE
HEREPNHBITERN EBND0D. —H T2 BEHD

400



7' F TV IINEROAED b T S AT R HEUS < &
L. ThaeRDE, BEANyFOBRFTIER Ny F LI
i U C—RRICEBS RIS 7 R LTWD. $72bb,
Ny FOZRHETENTE, BEA Y FIZOoNTEWTN
HIEITINED & TRISNTWA Z Ebnd. 3 BRHD
WPE ZR25EZDZENREDITHoED LIRENTNS.
%) 100 FRERHLARE, Sha /N I3 7232 <, WPE 231E
DHF BN TND, —H T, KL 30~50 FEIZIC
I TPIREGEN TS L 22> TR Y, ZORIZRE Y F
DOEEAFTBTRSND LD RN Lnbind. 2o
13X Fig. 5 1BV CHB TR SN L L<xhGL
TUW5.

1.4 T T : T
‘Fault:Fault: Fault
A B C
LT e Fee o]
Normal
R T RIS FETHS TP RN
é . .
filel o
R TR e [ L e
5 Rl (1T S 7117 18 | |1 | |5 |57
‘(E 1 1 *
& 0 H AT R
O L
&0 0 50 20 100

Batch number

Fig. 6 Q-statistics of MPCA (conventional method).

= _x10
S 12 ; 0 ; T
g ) Fault | Fault | Fault
£ AL B C
= 1 1
R L pooeees I
o 1 ]
2 ] ] o
@ 1 1
1 1

g
@ I ]
= i i @
=} ] 1
2 6_ L . 1
= 1 1
5O i ]
= 1 1
&, LI
=1 RIS SRS
B P
=3 1 1
2 ol
s 1
o 1
: Lt 2 B
2 0 QQQTC@?WQ?HQ ?Cl) Jrce ) ?m?ﬁm g L

60 70 20 Q0 100

Batch number

Fig. 7 Squared warping profile error |e?| of the proposed
method.
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Fig.8 Calculated and predicted c(k) plotted with warping profile
error vector e. Normal (green) and fault C (red) bathes are
plotted.
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