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Adaptive Disturbance Compénsation Control for Heavy Load Target
Aiming Systems to Improve Stabilization Performances

AR A QA D H G F A BB g
Min Sig Kang, Jae Keun Lim, Young Jun Choi, Joon Lyou, Ho Dong Seok and
Byung Un Kim

(20059 99 209 H<+ ;2005 109 179 HAIEE)

Key Words : Target Aiming System(ZEZA¥A2"), Disturbance Compensation Control(&]&E A o}),
Adaptive Control(T$A#101), Filtered_x Least Mean Square Algorithm(Fxlms 23X &%)
Stabilization(3+4 3})

ABSTRACT

Stabilization error of target aiming systems mounted on moving vehicles is an important
performance because the error directly affects hit probability. In a heavy load target aiming system,
the disturbance torque comes from mass unbalance and linear acceleration is a main source of
stabilization error. This study suggests an experimental design method of disturbance feedforward
compensation control to improve the stabilization performance of heavy load target aiming systems.
The filtered_x least square(FxLMS) algorithm is used to estimate the compensator coefficients
adaptively. The proposed control is applied to a simple experimental set-up which simulates dynamic
characteristics of a real target aiming system. The feasibility of the proposed technique is illustrated,
along with results of experiments.

g D EYHIER
JE Mo Ge(g™"), Gu(g™") : BAY T4, G.(¢ ™)
] 9,] iz%
B, B : 28, A% BAvEASF G.(q™"), Gi(g™") : N2Y Agds
¢,k  B2IFY S ANAS A I D EE} 7)o AAAHRHE F
do(k), dy (k), ... 1 B AF 284 L. J, 0 EE gAY dgrdE
K © EAb A
toOAIAR A, AL Ve Kr, K. K0 ZEIE3NS QZo0)S, Back
E-mail : mskang@kyungwon.ac.kr .
Tel : (031) 750-5524, Fax : (031) 750-5273 emf A5
v (3 mEse } D EAAEH BAIFET] A
o Adusty 7)A 28 : 3k Z
A M, L : AgAAZE NFA 2L2HE A
*kkk q.uo)-;v,}ii}-%_’ﬁ)l\_ ]\5 : 7]°1H]

O}

SRSt ESSEE =28/ 154 Xﬂ 11 &, 20059/1303

r



D B2aF 9

DEas] G Qi

D B, AgA Y A7

P RE FEEAL

(k),u(k),n(k): 29, 994, 9
D A EEA) BAZ A TEE

2 AZ ol

Y

<@

LN 2

EAA Y Axdo] 79 Folx 3 BHS
S 7l5e) dAslH, o HHH HFS EHAG
Azdel WEE 4PH0R 8L UALE
Zosit 1 B ddE A8 45 94
Jal B A7t s At
@ v Qo GRS A5 U A
9y} @

HEs £44% Axye Ay
MAE £2 222E A% HULE
29 A ARREYF A A
SE9 Foz BENE oY E3 2 AL 5
glq_(Z)

N1ES AYRE A% AorlE HHY A V)
Boz on, Aoz A HVLES 4l
ARAAEE S A8E sl AE 489

T ot we AAel s 4 A
AN AAAE R FL g
% HUeEd o gl 4%
AT WY AT A3 FAEES
o, 99 9@ E3E BARE Aol
A s A% M Y 4 Atk 713

x] 13

e Alojel 9% iﬂxﬂoig FrHgo 2N Mok A
o Ao & F7t flo] AuEHe L 7 W A

Fol} 3
Aoz A ANLge 4 2d
olgste] HAY & YAW WY A2We ¥
1 Azl met WaAY A8d SHREL T3
olgg 7% 2 7N Aojy] ANt A8
g AEse Ao B a31d 5 Aok
Ry AR o] AANYORE $EASA
L AEAE 59 RopolN I HEHI
4 Ak FxLMS ¢72)

KR
=
}‘6] o

]

I{E\l

=
M\_
=

=

HEE AYe

N
fob

£ 1 327}
3 AAL zh3
4 A7) dA A
ﬂq_(lon

ool =g uhg
299 54 4 %‘3
k] A3H JAEA
g3 1 444 2

2RI £l Fok 4S5 ¥
LA WelgA el sl
F3el 1 §840) 438 ol

[}

OTO

AFNE BHAGA
APRAE AR
jgom, AP

=5 ‘?}

o2
=
A o)

qee F9

3}
g

8.3
©

o ﬁioﬁ.
o

2. ot¥5 73 AlAH
EHAG A2 FFALEE A7|IEEHSG
HZo| A" slofuts, 7o FAFE FA
o2 HIsE B-23F WrvE 183z 23
o AALEA Y3 FAste AAEZ FAE
. BEH| A o] X A9 o] @A EHE
ot} Fig. 1 F5A2HdY METE YeRH,
2€ olE TEEHCZ FUiEE Aot A
Aol ZEE B-23FY e FAE & W
: UJrF/W B-2379 F3 EAE Fig.2% 7o
o AavE REE 5718 st AFA = &
o2 zby oy, FEAY tgZd vla) Ah
Z Eol I |2 FAY F Joug FAER

I E‘]

U o e
of

LN

UN

_“‘,_izir&o:i_tlrlr’ﬂ

o |o i o?{.

rok
au

Ag AW e 2,
anﬁf;m"f‘ Cllém + kud o+ 012¢g+ k12¢g =T,
(1-1)

Jgég"" 021¢m+ k21¢m + 022(259'*_ k22¢y =D
(1-2)

Trunnion

Fig.1 Schematic diagram of gun driving system

=28/4115¥ A 11 &, 20054



e 24 AP s A5RS AT dBRY

D=—m,ny +(B,+ c)d + Lk,
m, ggcos¢>g— Tt

(1-3)

714
¢y = cSpZ/Ng?‘, Clo =— cslgp/Ng
ky = kp®/NZ2 ko =—kJlp/N,
Cyp =— cslgp/Ng,
by =— kJ,p/N,. ky = kI

Cop = B+ cslg2

3
2
3,9,
__>r..‘
e
.
odt
r\o
_);1_4‘
of
1o
o
2,
Fo
oftt
=2
lo
o
iy
=

a—],y]] 3o x]ﬁl:zﬂ_J 9o 93 3 mxEe A
9] upa] 93t o) PPk BHAFE Al=H
oA BAH AFE A% Aoje 7142
ole} x}Fe| IHAPLGEKE 4,F ACJRE o83t F
Aeto] 2o A LFAA BAHE JdTE B
x]]OJE L3ty gk wE FERF AN A
238e ﬂ/\:‘;}o}ﬂ %6}1 AT GAT, AF
94 dHFEE
2730l XHKH:} R 4,
A As o] A% EFFH A% %ﬁ}%'& kbl
&5 9 _J_og Yehte B3Vt $8 SRI0E 4
%4_ gl wheba o] AFoiME o
& kA3t 92 LAAF7] Y Ao HHS
T Ao R stk o AdA AstE Aols
HEYolBE HY FHAF AZH ALt

oﬁ. uly

A

i o
01“;"

Ip

L

_EL
2N

Trunnion Gun

o4

Fig. 2 Dynamic model of experimental set-up

,,
)

Aol
719] AA egA 2 Aeg ASsor HAT oAHE
o] o] FHAE Alxde 75 dyEY F4H &
A5 BAE APAANE A ZEte) A4 AT
Ay APAAE Fig 35} Zth Fig 39 43¥%
= ”a‘ = Hi TEe E-2379 4

i A

A a8y F¥ 23¥E e
& ]ﬁkﬂl-iﬁﬂ}-‘jﬁ ARAE A
g9 FolM ‘?2“33—‘2 Z]S*iﬂ 3HFe) s
7 = gyo] BH ZHoA
Fig. 4= Q@%}ZH Mo}, «7]
A oy- o"%‘ﬁi 238Y YYoRE ZHAY &F
< X Hrgk 5o sgdct RE 9 A%
Ao AL zZH Bals 0.000900/pulse], 0.045
lo/pulse]Z ZE AFHE ZFAsH, YYoIREY
ANMETE HEEAE o4&ty
2 doly 52
dspace DS1102) REE X}Z}ﬂ 7
A9, AP AEY F3
AL LEWANE F '5}
T fF Aee A2

A% Ao

DSP(digital signal processor,
el s}
= 1kHzolth

2 (2)% Zth o714
RAOE 7%

ol 0]

Lingar Matar

Fig. 3 Experimental set-up

Fig.4 Schematic of experimental set-up

=2&/4 1598 A 11 3, 20059/1305



ol

ﬂ
_12'.
119.
2
rH
Jﬁ,
of

Jm¢m+Bm¢m+ K0(¢m_¢g) = Tm (2'1)
I b, +Bb,+K,($,—¢,) =ML y—MLg
(2-2)

2Ag A%
29 o= gy@ATt
Tm: Ilg: (Kampu_ Kbqsm) (2-3>
AYFA #Q BElv)EE Table 13 2t
2.1 5™l Hol
FEAANE HYAAAE 7NEOE dir} 2 (2)¢
FEWYE 1§35 4Y Iy AIE I8
o, I F&Z& v 7] PI-D Aoy #2E %
s ARE A a A eash A
Fyol o A 98 AAN 8 A8A
olg Hgadc
u=Kl¢39+K2(R—¢g)+K3/ (R—¢,)dt
+ Kb, + Kb, (3)
A714 RE AEAoln, Aol7] olE K, ,

5E
Aol thd g4y oapg Frggo] glo
o, 45A7k0) 032 oWt HES Faldrt

2.2 2=t A of

AAAANA LolE HHY Alojo] s e}
e 2d 7 ‘Rlxl‘ﬂ ALolSAolE Fe] EA st
A=EE 2D

3 AG A5 AN + USHE, GEE FeE

Table 1 System parameters

Symbol Value Symbol Value
Jo | 0077 (Kem? | Jm | 0.043[Kem®]
M, 0578 [Kg] L, 0.27 [m]
K, |248[Nm/rad] | Kr | 491[Nm/A]
Komp 0.2 K, | 478[V/rpm]
R, 479

=, 0
o Aar

gatAl stAY, Fe UIEES FIH

RSk

HN
Ho

i BATE QT el FF SHsd AS AP 9
A BAAelE UMY Mool s EzHoln 4
(2214 ML= A50EE 4T y & S45)0
BERE] Mgi/g,ﬁ% & 5 9t} YTFHARAE E

Hoz AAsE, A7 YR 2Ae DEIRE

MASA BT A% BAAE 2D 58
BAERE AR & o A5e mdel B8y
of WAT F4e Btk mdol FHA AU A
WAe A 488 Ao AAE 4 ek

43 4 ( 2—3)011 EH‘?J"& AE oAl 4 (2-1)
of e Astet 4 ( A3 29 LFWEHo
B, °o|E °] “17‘741011*1 L‘rE}LH”i1 o 2ol gt
AJ s FHE yegd + U

¢, (k) = G, (¢ )u(k) + G,(¢7")a, (k) (4)

A7 a, (k)& y(kT)E JERIS, G,(¢7t)
a,(k)E MRt ZA Ao mAE 9% o
et y(kT) & /HEEAS ol gsld 249 T
= MEY 7Hgolth 4 (2)dA FEo g3t
EN9 TF HS7E FeH, o] T ofF %
22 HEZNE Ze HAgAoldl o FE3I) Z
2N F enz FAEZ 4 (4)& FHs

@A o) 71= IR (infinite impulse response)
T+ FIR(finite impulse response) ¥HZ AA T 4
o, Heyos wﬂ‘ AT IR THE A 43
g &g Alelre) S o HE ol

o] otk whabx A °Fé§ o] HAH = FIR-UH

z9 Aej7)7t Az

r°“
O_\. ["E

‘?l‘?—i @R AA 71§ g3 o] N—39 FIR
FEE AAE A%
u(k) = Gy(k, ¢7")a, (k) (5-1)
Gyk,q7') = do (k) +dy (k)g "+ ...
+dy(k)g™" (5-2)
44 (5-2)¢ o+ AF dy(k), d, (k), .., dy (k)
£ FxLMS 23e%¢ o3 #4¥ & gt
FYLMS 22052 o 42 £2 E[6 (&) 7}

HAx7t HEE AFE ANET 47N Bk
9]  opAEWF(ensemble average)S UERITH

1306/8 =20 S385=23/4 157 A 11 &, 2005



- £ A A 2" Q) kst 4

FxLMS €129 +2
AAE THE Aol He,

© Fig. 5% Zeom, A+

W(k+1)=W(k )+uX(k)¢g(k), p>0 (6
W(k) =ldo(k) (k). dy (k)"
X(k) =[z(k) z(k—1)...2(k—N)]"
= G.(q7")E(k)
E(k)=[a,(k) a,(k—1)...a,(k—N)]*

A7) G,(¢7") & AGeS: G(¢7) e 2o,

pE FEAF o(k)E g BH G.(¢7)E B
3k o},
234 4 (6)9 $E2AL thed 2O
—90°< £ P(e™™7T) < 90° (7-1)
2E[X,(k) « X(K)]
0<p< il X, (k) T X, 08) 7] (7-2)
o7l 715 L& 49 e vehd,
P(e7h) & X(k) £ THE2 2 Fo¥th
P(g! =€"L:l) (8
G.(a™h)
X (k)=P(qg71)X (k) ©
=[z(k) z(k—1)...z(k—n)] |
meby FEAS psk BE G o WE
UEY AS ANE ASre ok Zo) A A
Z3tA Fr
in W(k) = W' (10)
k—>co

9,00

Fig.5 Disturbance
algorithm

by

compensator

J =

BRAk

ru[o

I3 A H3Af

o

L
L.

7 gEAsHEo

OF (¢, (k)’]

W =0

w

(11)
W=

3. &y % =9

o] ol AMAE AoE Fig 39 HFAX L
4t} Fig. 62 HHY AE H43 HIYz A
SEHOIth AAdE LA 913, AESHe] FAF
B $EOI8, HHALS 02622 HASHS BE
gt

o ® FxLMS €I ES o3l ojdnit
Aol71g AASGE. 4 A G, (¢ 1) Y
B G,(¢7")e F37] 98 U us} &Y ¢,7
9l 84 L9E sine-sweep HHEE o] &3l Ay
HOZ I} o] W FEAE YoM HAY I
d AAE HEsHo Fig 72 A¥E By A&
G,9 F9F $we A7) A4e BT 10H:
A Z7I7F A7) FelRE olfE o] Fug
ol ME TERE EHo A B AgA 9
3] 7zte] dFH 9 %‘—f‘fﬁh olE TP wEo)
o AN 73 Fos LGS o]Lsle G, (¢7h)
042;10111 o] G,(¢7) Y Fosee Fig 73
2o} T F eHol AR A ¥ 5 ok

o 7é A9 G, (¢7)E &9 53 IR-Ye o},

==,

T+

=3
=
7z

s

(o))

u

(—4.26+8. 46971 —4.20¢=Hx10~?
1—4.48¢71+7.96¢~2—6.98¢~3+3.00¢~*—0.51¢"°

(12)

20

o

(=

Gun position [Deg.]

0.25 0.50 0.75

Time [sec]

Fig.6 Step response of gun

1.00 1.25 1.50

ZEE/A 154 A 11 5, 20059/1307



204 QA2 AGEH

A (7-1)9) 92437 82T 9 Fig.729 F
B4 SRTFY A Aole o AL FE o
g},
delA 73 8 G,(¢7') & Fig. 59 FxLMS &
ZHE ALAn AP FPA 25 A
7] 98 2UelRE Afo)AE 7HETE 2~10 Hzl
HYZS = fARS0) 52 TEAT o 9
& sfolA FxLMS ¢Xg52 Adsinh AAA5
= 4 (7-2)3 BEE $¥40] RAHAT 9ty
o AL e FAL ANASTL F5E £7 &
BE wEAA T ASLE ojeke) Wale] neH,
2 AAAS7E A4S FPXEE =X 9
o) Wl E7e|AA k.
$4 2EZ 3-3} FIR-YEZ A48 Fig. 8
AAA %7 1=0,0001, 00005, 000191 ZHzte] A%
239 A% do(k), di(k), dy(k), dy(k)E B
Tt BE A% 2/XE 9o %tk 1 =00001
o Ase FYol wje mam, p=00005%

ORI

N

1.0x10 - I
{ 1 Experimental
O eeseenes Fitted
8.0x10° 4—— e -

Magnitude
=2

2
Oon

|

|

; i

i

4.0x10° f—f— - s N - e
2.010°-H—— - e
T x
0.0 — ul
0 5 10 15 20

Frequency [Hz] _
Fig. 7.1 Magnitudes of G, and G,

0
-90 - .
—_— E)ﬁpenmental
-; \ ........ Fitted
& 180
[ .
2
< 2704
[
[%]
(1]
F=
o
-360
-450
0 5 10 15 20

Frequency [Hz] R
Fig. 7.2 Phase angles of G, and G,

2
fol
ol
&
ok
Ho

N

—

4L & 5 A #=00012
=0.00058F & zkol& HolA &
(o)

Ehy i
B FESEE p
o, p=00018 2 A% EFRYE &S
oh @] =ost o] AT ARFF A
2 ¥ ARE @ 2 Ak Al A AR B
F wES5Es v =dd, I o)%E FxLMS

g T —
[ 100 200 300 400 500 600

0 100 200 300 400 500 600
Time [sec]

Fig. 8 Estimated coefficients according to different
update gains

1308/ 2SS SEI=ET/A 15 A1l &, 20059



et 25 AP e A

SIS AT BRA H3A o]

Gun Angle Error [Deg.]

l I I IIH|'

=0.0001

n

|
|
100 200

300 400 500

Time [s]
Fig. 9.1 Gun response when x =0.0001

N
!

Gun Angle Error [Deg.]
N o -

'
N

'
w

u=0.0005

100 200

300 400 500

Time [s]
Fig. 9.2 Gun response when x«=0.0005

Gun Angle Error [Deg]
—_ —_ (=} (=] =]
o o v o w

'
34
o

!

Fig. 10

30 40

Time [sec)

Gun responses
FB+FF

in cases of FB and

H
b
ojo
[l
off
OH
{oh
LoT_-
Hu

FEAFERE WE (1, 1, 1, 119 8oz
S5 whEX| T o] W 4 HgoZE
E7b e ) gEolt " Fig gz 57174
FAN HFEFPASFE ddsl= HEsE 98 (1,
L, 114 A9 F3E 5% ¢ F Utk 17]71]—[—9}
T £ F FAH d3e T4 AN 3
s oq]x%o]q.

Fig. 83} Zro] A7t Fsle % ASA &
< Fig. 99 Zt} Fig. 913 92% 7z} 4=0.0001,
0000581 7% 2 =HHYA A9} v A7t 7
ol wel Ak AAFEE «=0.001¢ A$E Fig,
9.29} FAMHATY,

A A" T 7To) AlF o] 9 :l-
Me A3Y AoZ|ite 1A Aoyr|7}
Fig. 89 ¥ +¥+d ﬁ]-?i ’874]??} 77‘“‘3

.9

2
4

4
o

==

i)

9st FdstH, 78‘:'&—‘?’——‘: El“—”l?%loi, —7—‘?}‘1‘*‘5

b AS ZAgHeT Zhzhe] Ag

0.702, 0=0.2832 SJTRAI|E

FrrHL2A HYYAle] TH 0% TFELE %
A3l Qa7F 7Aasg )

BA71E FIR 99 722 738 72$ dge
(DolM —G/G,o ZALE FHaHA HEZ,
He) A4l £e4E 2A8 Lt gas
Zoled freElstth 1y A
o @ Al b kst AA]
7}8} A doh w23A ZAeEs s
gl HEE Y2E A5E Ags 5“:]' 7}
A A3 4A o] BAVNA A
& Fig. 85} fratatdon, tAs A4
TEYS YA 23k olsty 7
o] 2zfef Hls] & FFolch

olgel AAEH A @EAFA = J
o3} Wl w7} U AR weEn. o
o A3 43

>~ o]o }u:
o
N

Yo >

7
Z

-

mlo oS
1 N of¥
oL

off % ox o W

40““
)

ox 2= I

™
H >“
i
)
0%
>,
>
e

, o -
o =

g9 o
2
2
2
>~
g
o
fu
o
o
_IZ’L r—.“:‘« o, ﬂp' O_l..

i

2

B e
o,

et
>
Hore,
e
o
%
L
ne
219
3

R i

iz 2% e

o> ko o
S
X oxl

do o fo H”
Y
2
>
o
>

ox,
o
o
ox
tlo

ok
in'
(o
e
i
fo
o
TR L S - TR U =)

o
o
tifo ©f
L

1y

-,
au
i
&
Ky}
o 2
(o of
!
e
5L
i o
A

oy

E/A 154 A 11 3., 20053/1309



JNA QAT HGE R E A

549

do

foi

N

BAAE A2de s A e A8 3
& 7 3lE A8 G BgA o)) dATES
Gttt BdA el /lE FxLMS 218lEg o)&43
A$¥ FIR ei7b HE=dn s 494
TS B 54 2 A%e AFEAT B
ﬂl#—% T Agd wet e FEE4E RAoy,
T FEAFs fAREY FEE EANE F01
FoEA 71EY HEY Ay +PT wro %
o o Hgst exE PN 4 UULH, wat
A AR B3 AAME A BAAF A2E

oA AE & Ug Ao MU T FxLMS ¥
LHEY] FEEEI 2715wt g s @4
A B $4 977 Bes

(1) Kim, B. U. and Kang, E. S., 2004, “Control
of a Heavy Load Pointing System Using Neural
Networks,” J. of KSPE, Vol. 21, No.5, pp.55~63.

(2) Kang, M. S, Lyu, J, Seck, H. D, and Lim,
J. K, 2004, Analysis of Stabilization Error Sources
for Main Battle Tank, Proceedings of Seminar for
Ground Weapon Systems Development, pp. 12~15.

(3) White, M. T. and Tomizuka, M, 1997,
“Increased Disturbance Rejection in Magnetic Disk

Drives by Acceleration Feedforward Control and

Parameter Adaptation”, Control Engineering Practice,
Val. 5, No. 6, pp. 741~751.

(4) Suzuki, Y., 1998, “Acceleration Feedforward
Control for Active Magnetic Bearing Excited by
Ground Motion”, IEEE Proc. Control
Appl, Vol 145, No.2, pp. 113~118.

Theory

(5) Widrow, B. Glover, J. R, McCool, J. M,
Kaunitz, J., Williams, C. S., Hern, R. H., Zeidler, J.
R., Dong, E. and Goodlin, R. C, 1975, "Active
Noise Canceling: Principles and Applications,”
Proc. IEEE, Vol. 63, pp. 1692~17186.

(6) Kuo, S. M. and Morgan, D. R., 1996, Active
Noise Control Systems, A Wiley-Interscience
Publication, John Wiley & Sons, Inc,

(7) Widrow, B. and Stearns, S. D., 1985, Adaptive
Signal Processing, Prentice-Hall, Englewood Cliffs,
NJ.

(8) Reason, J. and Ren, W., 1993, “Estimating
the Optimal Adaptive Gain for the LMS Algorithm,”
Proceedings of CDC, San Antonio, pp. 1587~1588.

(9) Lee, K. S., 2003,
Filtered-x Least Mean Square Adaptive Algorithm

“Convergence of the

for Active Noise Control of a Multiple Sinusoids,”
Transactions of the KSNVE, Vol. 13, No. 4, pp.23
9~246.

(10) Kang, M. S., 2003,
forward Control
System Subject to Base Motion by Filtered-x
LMS Algorithm”, Transactions of the KSME(A),
Vol. Vol, 27, No. 10, pp. 1722~1719

(11) Kang, M. S. and Jung, J. S. 2004,
“Disturbance Compensation Control of An Active
Magnetic Bearing System by Multiple FxLMS
Algorithm-theory”, J. of KSPE, Vol. 21, No. 2, pp.
74~-82.

(12) Kang, M. S., 2005, “Geometric Analysis of
Convergence of FxLMS Algorithm,” Transactions
of the KIEE, Vol. 54D, No. 1, pp. 40~47.

(13) Ljung, L. 1977,
Stochastic  Algorithm,”
Automatic Control, Vol.

“Acceleration Feed-
in Active Magnetic Bearing

“Analysis of Recursive
IEEE Transactions on
AC-22, No. 4, pp. 551 ~575.

=28/4 154 A 11 3., 20059



