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Fault Detection using Reliable Control Method with Equivalent Transfer Functions
in Multiple Feedback Loop System

Kaoru ISHIKAWA”", Taro NAKAMURA", Hisashi OSUMI"

A reliable control method using an equivalent transfer functions (ETF) is proposed for multiple loop control system. If a

feedback loop fails, such as case of the sensor break down, the control system becomes unstable and has a big fluctuation. To

cope with this problem, the proposed method uses as an active redundancy compensation after the loop failure. The ETF is

designed so that it does not change the transfer function of the whole system before and after the loop failure. In this paper, the

fault detection algorism that uses ETF is examined by the experiment that uses the DC servo motor for the current or speed

feedback loop failure in the position servo system. The threshold value is determined by the characteristics of frequency

response.
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Table 1. Parameters

Proportional gain of position control system Kpp | 100

Integral gain of position system  Kp, 500
Proportional gain of speed control system Ksgp 0.0277
Integral gain of speed control system Kg 1.39
Proportional gain of current control system Kp 825
Integral gain of current control system K 55000

Unit conversion for speed M 9.55 rpm-s/rad

Torque constant K, 0.119 Nm/A
Induced voltage constant  Kg 0.119 Vs/rad
Inertia J 0.0002 kgm?
Armature inductance L, 0.0038 H
Armature winding resistance Ry, 3.8 Q
Rated Torque 7, 0.637 Nm
Instantaneous Peak Torque 7 3.64 Nm
Time constant of LPF for current sensor  T; 0.00024 s
Time constant of LPF for tacho generator T, 0.00024 s
Sampling time of position control system  Temp , | 0.0064 s
Sampling time of speed control system  Teamp s 0.0016 s
Sampling time of current control system  Teamp ¢ 0.0002 s

56

0o o —ZOMI v IIZESZEREIR IPM (Intelligent
Power Module) Z /' L TE—ZICAENh5E. B P& LT
EfittoY, DCHaverL—F, moa—XZ2ERL,
ENENDLOERT 4 — RV IET iy, BET 4 — KX
v I E T MET — Ky GG, B Hsnsd. &
W+ e DC ZaPo Rl —F|ZlZu— AT 4 L&
(LPF) NHWBHN DA, ETF OFEICBO CTIERT 5.
F iz, EBRIEEIIIAELEUNAOER 7 L — % 0320 T
5. Fig.4lz~A 7 u0arya—F CRALZIT O HHS &7~
9. MERESEG &L, MERERG, EHVWD. 22T,
ELA TP —NITEE T L —F I L > TRET B AN bV
I \lZHIET 120D LD THD. £/37 A—4%13 Table 1
R

4.2 5 ELA TF—DERE
NELA T — RO 7 W HZ IR TRIND ZRIENSR
ZHW5.

K
s) = obs
Q( ) (TobslS + :I-)(TobszS +1) ............................ ©

TANBIZAE—NT A VEBRICL VR TS., 22—
TAVEBRLIY, QORXBEITFHDT, 7 4L ZIE(L0)RTHK
FCED. L, FIEAEBIANS)IAMEL b LY DIFEEFE
BRICE VKRB, ZZTiE, Topsy = 0.005, Topsp = 0.005, Koy
=1 &2+ 5 sz

QW) - A (W), <L ©)

QUIW) <L/ A (JW) oo (10)

43 EFRETF OEH

BT 4 — KXy 7 =TI S 1 BB DOL—TT
5. 2T, @BV T n=2 £ LTETF 28 HT+5.
2L, o7 o A FIEHENIRIZE A EREL RN
OGS, TN EEET 52 8T, ETF I3MERIT
2705, Tablel D/XF A—F%@HT 5 &, ETFG I TR



DEITD.

~9.31x10

=

7524+9.31x10*s+1.41x107?
9.31x107s? +1.52x10°s + 4.08x10™*

4.4 FFEETF OHFH

WET 4 — RNy 7 =T IS 2 FBONL—T 72
DT, n=3 L LCETFA#EM9 5. 72721, FigldLHI
Ho L B HMRETETF 2832 &, (12)RD & 51T ETF
DFFN s TILKVERDLLIITRD. ZOWHHE ETF
R EFRAEZE LS R E 2D . 22T, &
fEt o HigbE A o ETF 13 Fig. 2 @ X 9 12 AH % ETF &

B OB OIMNCEE L= b DA ERT 5. £, i
BHIEZRZ PRI L T2 & 2 OMORN R R ERVDT,
PI IR A LT\ 5. Table l D X5 A—Z 2 AT %
L, ETFGLIF)XD L H iz 5.
G - (7.46x107s? +1.22x10 s +3.30x 10" s? - (12)
2 7.46x107s* +1.22x107%s?
+4.06 x107s? +5.44 x10's + 2.54 x10°
2.01x107%s* +3.50x107%s®
+1.10s? +5.13x10's +2.30x10%  ..(13)

2T 7 46x10 7s* +1.22x10°s°
+4.06x107"s? +5.44 x10"s + 2.54 x 102

728, ETF O AHE 2T LT ETF N7 v 3—(27
LRWEAIZONWTE, SROBRFHRETH 5.

4.5 HERHBORE
(7R 0 R o > B A e

-13

%. Fig. 4 285

x 10
5
o
5, 4
v 3
i)
>
=2 2
[y
(@)
S 1
= 0
10° 10' 10° 10°
Frequency [rad/sec]
Fig. 5. Determination of threshold value about Switchl

Magnitude [dB]

0 L L
10 10° 10°
Frequency [rad/sec]

Fig. 6. Determination of threshold value about Switch2

57

Switchl DORE y, & Switch2 DBE y, 1%, #HEN T TH

Zbhd.
A
Yy >0, 10% (14)
b
Yo >[0,-10% (15)

FBMEERD D120, O)REVEKRT A VEL, B &K
O5H. FETDEEHEBIL, 10~400[rad/sec] & T 5.
10[rad/sec] LA FL R AL (& TR FIN 24T 5 BRISHRE R T v
THRAICK L THIETE 2 RIKROEE TH 5. 400[rad/sec]
WEE—X ORKEHGEE CTHD. DL, TXTOHE
ﬁﬁm%wf@ﬁ%%ﬁéﬁéwfi&<,L%Té
@%@%ﬁﬂ%ﬁﬁ%@i#é:&f,ﬁ%%&mﬁﬁ
5.

Fig. 5 £ Fig. 6 2 I =L —3T 3 14Z iéSwnchlza)
[20109|Gror / Gei| D7 A U #EHTH L. 72721, SMELIC &
%%%Eéﬁétw42%@%&%7%—A%%%Kﬁ%
L 7= BB SN AL () 2 N L 72 i 2T T L &2 H L.

Fig.5 & W K7 A 7413 4.9%x10™[dB] , Fig. 6 & v %
RIAVE{BPL0[AB]THSD. Lo, (14), (15)XLY,

MEIZ T TcEZbNS.
Y1 >[6,] 10 (16)
Yo >[0,] 3.2 e 17)

BRI FEEZ R T 2720121, BEIXTE 57200/0&
Wﬁ%ﬁmT&%T%é UL, kL=
CITHER L EOREBEBRE L TRV H, Tk
Dk%wﬁ%ﬁ%?é%ﬁﬁ%b
SEN, RHIEBGIET LT Y X BTSN T % . Switchl
LB 4 — RNy I =T DRBEDOLI)ET 5. £
Swich2 X WL - BT 4 — Ny 7 —T DHFEDM 5T
Fi&$ 5. 2T, Table 2 0 912 Switchl A3 ieheE &
L7z &3 2 &4, Switch2 258 & Hlr L7- & i
1 2HASED b0 ETD. LT, EBOUHRES
Detection Signal 1ZIZili# % & L7-fEEHEH L, GIHES
Detection Signal 73 0 ® & XIEH, 1 D& S ITHE T 4 — K
Ny 7 —TOE, 2 L LD & EIXEBRT 4 — R 70
— 7 OHRE L WSS,

Ta2lb—¥

Table 2. Fault detection algorism
Detection Result Detection
Mode
Switch2 | Swtichl Signal
0 0 0 Normal
1 0 1 Speed Feedback Loop Failure
0 2 2
Current Feedback Loop Failure
1 2 3




4.6 REBR#ER

XU, BETDHHEHEFIENIEL L 712K - T
FAEIE LRV 2 & DD B, Fig. 7T IXIEF IR BI04
ZRLTWS. MERSIE—HlE LT 5ad DRAT v 7 AT
W, BT L—%IZ X o THNEL B L2 0.5Nm 28 0.05
WRRICEINENS. (16), (ANXNEDv, BEy 137, BEy,
X217 ZHVWS.

Fig. 71O\ TEET A, Fig. 72 R5 L, AELELI A
TEBHEREIX 0 OEFITh->TWND., 2D Enb,
0.5NmM OARFINZIB W TITRHIE LW Z &b d.

|—> Disturbance Torque
15—
el i
E 10 ! 1
o 1
=] |
= 50, B ———
[%2] [}
<} i
o o 1 I I L L
0 . 0.2 04 06 08 1
1
20
:
1
1
1

Current [A]
o

1

|

]

0 02 04 06 08 1
lrmd |
e
c 1
2 2t E
n 1
c 1r ' 7
S '
k] Or b
2 1
<5 _‘I 1 1 1 L
8 o 02 04 06 08 1
Time [s]
Fig. 7. Step response without Failure
Disturbance Torque
— Failure of Current Feedback Loo
15 ———— ‘ ‘ : P

k=) V!
E 10 i ]
= '
g [}
g : !
a o

[}

[

[

(I}

[
— [}
LS C
£ L
o N
=] '
O o

1 1

[

[
- [
= Vo
T O3
2 2 o
n N
s T i
— [
k3 0 [ 7
k] b
(<5 _1 L L L L 1
8 o 02 04 06 08 1

Time [s]

Fig. 8. Step response with current feedback loop failure

58

OX, AMELDOATICE > TEVIBEEI D L)
BHENRRREREL, Fig.8 DEIICERT 4 — Ky
N—T DWHRHIED 0.1 FITRAE LT L X OEIZHOWT
Wistd 5. =720, 4L F b2 0.5Nm 13 0.05 B A AT 5.
2T, WML L, BREITEEDO T — KNy
JEDN 0 1o T REEA R Y. ETF IXME L HlE S|
®BIZEI 5. 72751, FIE(E S Detection Signal 73 1 @
EXITHE T 4 — Ry 7 —TFHER ETF G, 12, HIERE
TR 2L LD L EITERT 4 — NNy 7 V—TERH ETF
G IZEIV#ib 5.

Fig. 8 IO\ TEELY 5. Fig. 8 DEMMIEZ A5 L, i

Disturbance Torque
> Failure of Speed Feedback Loop

15 ——
=1 D
= b
[
[ [
K= ()
= |
g
I
o
[
L]
o
— [
< v
§ opt
E b
S : !
(&) I
1 1
[
o
- [
o L
= [
c [
(=] [
[ o
1
§ |
|53 [
2 Lo
[<7} _1 L L L L 1
8 o 02 04 06 08 1
Time [s]
Fig. 9. Step response with speed feedback loop failure
— 15
8
=107
§=l
Z 5
o
o
0 L
0 1 2 3 4 5
.20 ‘ ‘ ‘ ‘
<
e
2 of f
=}
O
_20 L L L L
— 0 1 2 3 4 5
s 3
(=]
» 27
S "J
80
j<5
D _1 L L L L

o
—_

3
Time [s]

Fig. 10. Performance of ETF G,, after switching



W B 70 B B & HE SNARTE TIZR W T, RS IRE)
BICZ>TWVW5. ZOE % ETF ICUz Fick< &, ME
IS B EORENRE S, Fig. 8 OHIE(E 5 Detection Signal
MW 2\ ZleofeZ &, BT 14— KNy 7 b —T Wik
EEELSHEL TS Z ENb2 5. 723, Switch2 23
LoD, REBRFIFITE W TERGIE RO
TV TEMNEERER LD bRV, Switchl @
FinkEE R Lo bhs. £, EBEL
T/D ETFIZYI Y #ib 2 F TOMEENFERIT 0.044 BT
bB. F£7z, Fig. 8 OALEISE LV ETF UK IXEFImA%
ETRNWZ ERN5.

BRIC, HET 4 — KXy 7 )V —T7 OWgEREIZ oW T
REtd 5. Fig. 91, #ET ¢ — Ky 7 b— 7 DMk
0L RICHAE LIZGAEDOKIGE TH D, Fig. 91X 1M ET
DISE LD L TWRNA, Fig. 10 IZFEREO SO ERIC
ONWTCEBETOREERLELDTHS.

Fig. 912 DWW TELT 5. Fig. 9&Hb &, #HET 4 —FK
Ry 7 —T OWIHRHFAE U T-%, HIE(F % Detection Signal
ML= D, ELKHETEDLZ ERNbND.
RN R 0071 B TH D, Fig. 10 22D &, EHFE
PWINEL o TWDZ ERbng.

bz s, BETLHHAEN EFEEZAVDL L
T, HE - BROWT DI — FEREIZHOWNT, ShE L
T —T % % L, ETF ~iz 5 Z & T %
HEATEDENZ D, o, RERIISrad A7 v 7HRS
DHDOFERTH DN, HHEEEZTHRBEOBEmAR S
no.

5 #8

T4 — KRy I N—THEORIKTH D ETF ZHNT,
gL — 7 AR T D FEICOWTHRE L. ALEHIE %
WZRBWTHER - ED T — KNy 7 )V—7IZ ETF &
WEMMUESREICONT, EREITo-. HRIZLLTO
LBV THA.

(1) ETF @E#FET 27 4 — Ry 7 L—T7ORIZICH
LB EREAETINONERAENRD D Z LN TE
5.

(2) ETF Z#HWIZEREHEFEIL, Z0ETF B%tg L
THNL—TFET TR, ZENLOAMICHE T 1 — Ky
I N—T OB ST B, D, HBERE T2 M E
T OITEEOHES P LI L 12D

(3) MrEHERICBNTEREITEED T ¢ — KA
v 7 N— T INWRSE T S5 G OWT, LR HERIEY
WHL7. BEF-IXEROT 4 — RNy 7 b— TR
THE, HESIEL DAL —T BRI LRI TE 5
TLEEERICEVIENDT-. £, ETF ~HEIMICYH
HTZEIZEY, IWEDNLENT DL & bR L.

L%IE, AT v ——T Ok Y iEE~D ETF BHIZO
WCRETT D, F£72, OB OREECRIERNM, ETF ©

59

HEEIZ DWW TOARERERFHEEICOWTH L MMNITT .

HEE

K LT DICHT=0, TEIZT AL A &Z LT
To TN TR RS R - (et 2 Se A0 K 0 Rk
Wi LET.

RE, REIRICHT=> Tk, FRKZFETZAHFEHT 2009
MR T vy =7 MERFRE 2 FHOEIZ L0 S
NFELEZ 2B, #HEICRAET.

F7o, PRKZPERR - SRR EICBY e D HIEE &
HEZEZBY, BELEWEEEE L, A SITHER
B 72 2 IR ACTRERI 2 MFE R IE b & LY, AL LToAER
FICEDLET, ZLOHNE G 2TV EE L. T
EREZ TS, B EMOBEREL, KRXeiE
P& BunET.

(&% k]

1) Y. Murphey, M. Masrur, Z. Chen and B. Zhang : Model-Based Fault
Diagnosis in Electric Drives Using Machine Learning, IEEE Trans.
Mechatronics, 11-3, 290/303 (2006)

2) T. Kowalska, M. Dybkowski and K. Szabat : Adaptive Neuro-Fuzzy
Control of the Sensorless Induction Motor Drive System,
EPE-PEMC2006, 1836/1841 (2006)

3) Y. Izumikawa and K. Yubai : Fault-Tolerant Control System of Flexible
Arm for Sensor Fault by Using Reaction Force Observer, IEEE Trans.
Mechatronics, 10-4, 391/396 (2005)

4) F. Tahami and A. Sjpjaei : A Novel Fault Tolerant Reconfigurable Concept
for Vector Control of Induction Motors, EPE-PEMC2006, 1199/1204
(2006)

5) P. Kabore and H. Wang : Design of Fault Diagnosis Filters and
Fault-Tolerant Control for a Class of Nonlinear Systems, IEEE, Trans.
automatic control, 46-11, 1805/1810 (2001)

6) M. Polycarpou and A. Trunov : Learning Approach to Nonlinear Fault
Diagnosis: Delectability Analysis, IEEE Trans. automatic control, 45-4,
806/812 (2000)

7) M. Hajiaghajini, H. Toliyat and I. Panahi : Advanced Fault Diagnosis of a
DC Motor, IEEE Trans. energy conversion, 19-1, 60/65 (2004)

8) R.Ribeiro, C. Jacobina, E. Silva and A. Lima : A Fault Tolerant Induction
Motor Drive System by Using a Compensation Strategy on the PWM-VSI
Topology, IEEE Power Electronics Specialists Conference, 1191/1196
(2001)

9) R. Ribeiro, C. Jacobina, E. Silva and A. Lima : Fault-Tolerant Voltage-Fed
PWM Inverter AC Motor Drive Systems, IEEE Trans. industrial
electronics, 51-2, 439/446(2004)

10) Q. Zhao, Y. Weng and J. Jiang : Design of the Reliable Control System
with Multiple Snsors, IEEE Electrical and Computer Engineering
Conference, 225/228(1998)

11) D. Delgado, S. Martinez and K. Zhou : Integrated Fault-Tolerant Scheme
for a DC Speed Drive, IEEE Trans. Mechatronics, 10-4, 491/427 (2005)

12) X. Zhang, T. Parisini and M. Polycarpou : Adaptive Fault-Tolerant Control
of Nonlinear Uncertain Systems: An Information-Based Diagnostic
Approach, IEEE Trans, automatic control, 49-8, 1259/1274 (2004)

13) M. Polycarpou : Fault Accomodation of a Class of Multivarialve Nonlinear
Dynamical Systems Using a Learning Approach, IEEE Trans. automatic
control, 46-5, 736/742 (2001)

14) D. Siljak : Reliable control using multiple control systems, Int.J.Contr.,
31-2, 303/329 (1980)

15) T. Imaizumi and T. Ohmae : Reliable Control using Equivalent Transfer
Function for Control System with Multiple Minor-Loop, The 29th Annual
Conference of IEEE Industrial Electronics Society, 611/616 (2003)



16)

17)

18)

19)

20)

21)

i

N

T. Imaizumi and T. Ohmae : Experiment Evaluation of Reliable Control
Using Equivalent Transfer Function for Speed Feedback Loop Failure,
SICE Annual Conference, 955/959 (2004)

K. Ishikawa and T. Ohmae : Reliable Control using Equivalent Transfer
Function for Position Servo System, EPE-PEMC2006, 1184/1189 (2006)
FNF, PRRER, KBBA @ (LY —RRICBT DB T 1 — FA
v 7 —T R D FAMRER Sz 72 ) 74 7 7 K1, FHR
E B 2 E 2 am SC4E, 9/16 (2009)

FNF, PFRER, KBBA @ (LY —RRICBT DB T 4 — FA
v 7 —T R|REOINELA T P — R L iR O 5, &
3 C, 129-12 (2009)

B, I, KA - LB — R RIS T 5 HMsEEEE
AT R HHIE, Tk 19 B R PE RIS I K2, Y-65
(2007)

BIFRR - BB N2 M, 52/53, = v )tk (2009)

[(EHHEN]

H (FAERR)

1982 4= 5 H 28 H4. 2005 4FH s RS2 B T R A ik
TR, 2007 RIS R SR TR R 2 %
R LR AT IR R A T, BUE, RIRAH LR A
PRRERE. U T A T I ARIEOMRICHEE. BRER,
AABRRy %2, IEEE 02 A,

LA S N

1975 4FAEF . EHRFBRFPE LRI e RHE 0% R
FME T, BITE, Mou RSBl TS s i T or Rl e,
NAF AR ba=7 AOMWFICHEF. it (T%). AR
BEs, AATR Y MER, IEEES0RE.

(E2H)

1962 43 A5 AZE. 1988 FHGUKF KT THRIFTE
FHEERRR R, RE SRR TR, 1901 4
[FIFHAT. 1993 4E[FIBIEER, 1994 4 sy T2y RG
R TR IR, B, MR, nARy MO
1, HORIZEICIESE. ToAmt, B Trs, AAKK

¥%, IEEE HFO2A.

60



