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Design and Hardware Implementation of Autopilot Based on Discrete Time
Sliding Mode Extended State Observer for Roll Channel of Missile in the
Presence of External Disturbance

Mahsa Javaheripour, Saeed Nasrollahi

Abstract: In this paper, a two-loop autopilot in the presence of external disturbance is designed to control
the roll channel of missile. If an external disturbance applied to the system, according to its amplitude and
frequency, the output of the system is affected and in addition to reducing the accuracy of input tracking, it may
lead to instability. So in this paper, a discrete time sliding mode extended state observer is designed to improve
the response of the system in the presence of external disturbance. Despite the fact that continuous-time observers
are able to estimate states and disturbance at short time, their implementation in processors has challenges such
as reset the observer gains and choosing the sampling time. Therefore, it is better to design the observer in discrete
time type so that its implementation issues are considered analytically from the design process and are also
examined in computer simulations. After the design, the stability of the proposed observer is checked and
evaluated in the control loop by simulation. The simulation results show that the designed observer has estimated
the disturbance with high speed and accuracy. By using the estimation result in the control signal calculated by
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the autopilot, the roll angle of missile is controlled and tracked the command input of autopilot loop. At the end,
the processor in the loop test has been performed to better evaluate the performance of the autopilot in physical

conditions and its results have been presented.

Keywords: Roll channel autopilot- Discrete time sliding mode extended state observer- External

disturbance- Processor in the loop test.

OT e ¢ 3Lzl 31 055 w31 8l 503 gy el 0 b
o sla e g Azl S ol How il Sy, by
i Bl an 5 (S Sy gy b el 1S Bl a2
3 wbanng Sas; ool 4 SEUS wrle 53 58 03
Sl [F] o3 cigad Gl ol 0dd oylal ba fmali g o pite e
poaal Sl s 6l V] )3 5 SLaLizl 5 ba omels pads
G Al g o 53 el ok e3lizl 4Bl arn g Sy, 3l s
L (Gl 5| ST s b3 sl Bl s Sy,
& Sl ok ut;w}:ﬁ;uug;,wr»p@,;x.r—@w
6—\,:):.4.;}'.3Mbg}:&lﬂéc&r&jwéhdbrﬁﬁbﬁ'@
oslital Csta sl sle e sl abbanay Scus, 5 [V4]
g oz s, &SIV DTN e s ol oys S
s 3 g ook o3lital ey )y b LI a3 o) el
03 O ped el o o3lizl &S g skl gl (b Gl p (e
03Dkl (b s izl s sl S, SN e
S DO] o pp 53 el 0ys 8 eslind oS4 S U an
el okt b anal gla el b 5 ELEZEL et (61 4l dnm g
Sl Sy p e 56 PID kS U 28 58] e 5o
S uss e el 056 6 W] o s oy 8 b
S 6 4 oy S i b S0, O ol bt 5 o 8
E5 b gbls St bug Ol Gl Sl ol
Err 02 dsh 03] et 5 S e By b g s s i
Slly 53 a5l i Sl wlanny S5l Sy, [A]
23 el 8 5 15 03litel 350 s onal 55l 53 3 Lo 5 ses
A e o liS ISV ] e o 53 5 (B 0iS I 25T V] o
53 88Gge Jib JUS U8 sl o Sy, p e SIS
ki b paiie SalhspT ol s (ol Sl s
ks b elS RS WS das e Ol Gileand il ol
o 0liS 28T 4 ol (6 g Sl 5 2Ly 63558 SOk
S g 1y Jyenn A
Sl S kil s BS s, Giluesly At o
e 2 o L1 i g0l 5l Sy sy o T S0l

w80l sla Fusy b 53 oS ol ol oy o ol 3 S

doddo -

Seslgen & Sl (Blaw dler Sl Spn Fp JUST IS

§F5 s JUS ) s J 257 gk 5035 ) 5 2 (2 VL ol
S gns 0 Ll 53 st ¢ 85 3l ge 31 (G 33 8 on (SIS e
B T YN KPS J PR P O KPS PIRCIN By P YUK
Jia OT & o b 5 om0l glsal Lo 5 odd dslons S
Gl 3Y g Ll iy ks Jlsl nl oSl (810 055 oo
w3ly el 2 Sl el 15 5k SRS oS sl S
g b JUE S o0 0 ke Lsh o 5 0550 5
Ooula 4 ¢SCign 5 o |l ol JUIST 5o Culda el 3 05 525 J 287
Ll g o S g0 iz JUST 0 S8 i en 5 S dal i ol
S S50 2 G3md Ol sea 35k 3 S Sl SIS pB5 s
b asber e g JUE OB J 557 sl (60 500 5851 S
P rrer s el Gepsa See 53 paal Bilan Jes
e (S50 1 95555 J ST JUKT sl g (Sl 5l 5 sy &S 55 g0

b S 8 2 el s

b oS g 5z U J 8 487 4l jastin c0dd S350 0L L
pll (51 shlitne (slas) 55 4 08 LS ol o 53 il g 03101
5 enlizal b ¢SCa g Ear JUST ] e 53l ok 0531 T
S S [Y] o o 53 el okt J ST s (Sl 6558
e Sosen fa U IS Gl Hop 2 e pslie
Sl A e pslie 0SS [Y] e e s L s S
@ el 03 8 b (s LB Sals Sl S il
958 Sl j3B s b oS J 1S a5 das e Ol (Giluans
S 0T 5 ayls &S Jio 4 6515 F o 4l ods O Ll 3
il & b s o JUS J S 6l PID saiSJ 28T LUl g
SIIF] 6,‘);‘,\_;\{4;.:\;;)}&,;;,5,@-5;,w§fg;,ﬂT
oslizal (T &) 50t PID (slae g el 511 (5536 oS J 28
sl o
c;,&ib;ujﬁw‘wg@)uu:u;;mu;)\,g,yﬁ
i S S [O] o o 53 33 8 oo S Jls ¢ wsl3 JAS 5o

O Ll a3 F o JUST ol T ikl s, p e

! Trajectory Linearization
2 Active Disturbance Rejection
3 Discrete Time Observer

Journal of Control, Vol. 18, No. 4, Winter 2025

VE Y Ol oF o)led VA W ] 287 aloes


https://joc.kntu.ac.ir/article-1-989-fa.html

[ Downloaded from joc.kntu.ac.ir on 2025-12-07 ]

\A2

f)l&fl&lb‘)}.é})}g{gﬁ}ntﬁdmfé‘j wfob)'céliw}:g;dJAJS:UJJ.!@:TAQ}LLL;}S\5)\}%\(_,5“‘5)‘1”45:@1}@!}1:

2l a5 (6 A Lege

[PV]eSCa o Slais 1Y) IS

Sl XpY1lp el oKaws Kb X'y’ 27 oS8 ol 5
Vommes Al o oS S0L X5, 3,2 5 Sk oK
e G ass ple 5 Bos e wls) e O sl s
0k Oly (V) ol 53 - JUIS 5o &K o (Selys SVlna Ll oo

Y] 5 [YA] sl

[Cﬂ{? g][af}hﬂwwdx)
yz=[0 1][“’;}

EL o 5 Doy geeas (V) abasly 5o 4y IS4 slaslel oy sle

(V) dlasly s ady )84 slasled o sle 1) gt

olse sl

(For 6y 5 Ll pice) & 2 a0l 7
(L joie) & 20 5 oy

. 4 - . iy

T~ JU™ - (ol e Hls k
($2559) . JUS S sl 5

Er JUE w ool ol izl dy

Sige Salyss T sl 6 . ¢

[YA] Sl o Ol (¥) bl 53 51,3 JBIS 55 i g Sials s DY laa

I[Yﬂ]j
0 -(a ea, - a -8 — @
Op || " ra) gy -ty oy | -4 3106, +1,)
a L 1 —34 a —35
8 Iy -
—a)xﬂ+7wxwy
4| 573 57.3], )
1
-—o,p
57.3

el l]m

N\-‘;b@ﬁ) Q)}»ﬁ&{ (Y)Alz.b)b 425) )lfd.: Lglh.:(.o.; L‘x_}\;ﬁ

ssbp S 5 3 b ale e il 51 (61 p4 gas Olej sl
Bhe Silwesly 4 by Jlew 043 osle Comge LSl S
B s s g 3550 5 Sladle s S0l Sy b
Sy S b sy Sy &S N o el w5
gt o bl atlisl plizel b S0l s St
Sy s e Sl Sy, o (1Y 03 S o
[V 53 ool ots &)} a8 Ol s Slapans 5 WIS S
o 3a3m 3 Sy 33 53 st b Slapteen sl STusy Hb
Sygot S il o 5 dde ol 3 S5, K 3l w8 813
ol gzl Sys) £33 3,50 55 )3 5 o dkd plonil ASL oo S0l
S g 5lely ) itaty e 3 0kd (b Sl e 5 0L ke
bSOl B ie sy (b 55 [YF] o o 53 el 0
6-,»):&_;%-VA.@lamcl)\dlas.ﬁ‘;&uwéuolﬂggf
NN PP PG VR PIJUPTIN. 2 P S-S ARV SUIPRRS IS0 | 1.
G Sy 3 Shes dYF] gy 53 el o aslizal Lls, 5k
pdo b S 0l st b s & 512 ) eSOl Lt 5
S SCuss onls Sas o T 5ldas o )3 ol5l 5,90 e lpabed
s 513, Jebond 5 4 i oy ol ol O Bl om0 g sl
23 e Al e oDl ke Sulgn U i Sl e &S Sl sy
K otsosls olis Souy; ¢l 4 ol ald osls Ol oo
b ST ol 3l 5SS 0 e 5148 3,05 3505 et Sl

.5 dal g 5 gdmeal Co gy (gl

e i JUS 6l Sy p r Dbl e oyl s

cl}:a&og&féghpQ‘Y:buapsd':;;u.);.n;@fl}
gl L e s s Ols (S Gl L sy kS
5ok (b ladl 53 Golene b skl gl cp s i3 3 diph
33 3 e N3 S o aaloms S Al a s J S Glae g
Sop Ol Sl alisd o 55 e g 02557 Casy sl 08 20502
Wlhanes BH L Sugs eoler S o3 sbie eslid
b e (s ol izl 1 2l gl S Ol
Ky Sas Como o by 0 ST 4 55 0T ()L 5 048
(Dbl sl adl 3 rad e Jlasl b g odd () (Sunel e )3
Er QU S s eks b Ol 515 Shae &8 55 5 o odalie
BB 5 ey w03 b e GoSetr by Sy
@L:J Lodijls 9 2 9 odd sl fulad odijls 5 69y p» silwedly
Sl 5l G (5 a5 358 (o amlin (Sileand I Jol

':ﬂfu“ )‘J'; Ls‘\i))‘ SH8° J-;f J&& 9D el flj]p
g (Sawolyd S Y

Z):;@a.\.&uﬁ&i}n&\a.oii\)ﬁ)}

Journal of Control, Vol. 18, No. 4, Winter 2025

VEF e F o let A tlor (=5 alone


https://joc.kntu.ac.ir/article-1-989-fa.html

[ Downloaded from joc.kntu.ac.ir on 2025-12-07 ]

o Ll g 53 oSge o JUIST 61y S Ol aliana g (A e Soay 1 e Sshl ) 651 IS Slesly 5 (b

vE
S dr 5 s 2l L
})\jﬁ_J}b)}(}\h)}bﬁ&y&L.{‘})ﬂ-‘-%lﬂ&_\&;eu (Y)Ahf‘))}ﬁé)}l{@éh)u;ﬁ}t& ZTJ}A?
S go (Sl il 5 S o ks Calibes (S5l Ll b 4 a5 L ‘ "
Olye sk
4 ol pend 1555 00 Jus (6l HIS BVl Ly el Ole b i
odalin (F) J}-\a—;} e.w;';)lf‘]al.&): &Q:&,»Tu‘yﬁéuw
) o (o JUE (5 2) (Sl e 41315 Yij
k) . L.
S << O
(F) dgur 5 o e3ls e (Sl Tl 4 a5 L e by
NG o bs 25 Lot S 5513 o SWIUST L 5 (L ize) 5155 & 5 0
54 Gy(8) 5 Gy (s) «By(9)) 53,5 (oo aplons VST (i J15 313 JBIST - (gla ke s [“’F}
a
(il S5 5 Com iy VST o ol S0 (53359) 31 JUIS” &SIl o515 5,
515 JUS" 4 o 3y ol placs] d,
CJ’:’ el Oles J)(
[YV]M&)KL&)—‘)‘fJWLCﬂLS\AJLKJiMclj:(b>djv\> -
oo (g o Ol y
33 ol Ol ),
G, (s) Gy (5) G, (s) Sisn Sealys T ol o 8,8
-0.298s - 186.1 ~0.2545 — 160.4 -1787.048 1= Sl oz Ol (1) alasly 55 Cows JUIT 53 &g Salys SV slee
o oiamasioss | s r272s+ 412 | (21 oas 4.4s vl s [vAl
zby _ ~(by +ey) ephy —by oy . ~€ybg by 5, +d,)
B 1 by i ~bg y Yy
—0.243s — 183 -0.1915s - 170.8 -1832.067 t2 =
2 2 2 11.7s & ;-
s +2.972s — 268.3 S +2.349s - 23.65 s +16s ——oyat oy,
L[ 573 5731, ")
1
+*&)Xll
57.3
~0.217s -177.3 -0.188s - 182.3 2128877 t3 =
@y
2 2 2 19,55 n=[o 1]-[ }
s+ 25855 +198.2 s 1 2.096s — 3059 s +16365 p
WAL e ) Doy gt (1) il )5 4y 184 glasles o sle
-0.191s — 161.2 —-0.182s - 184.3 -2231.985
s s t4 = 235 (r’)@\));@)JLfgéLnb;ﬂ}\;& ¥ Jad>
2 2 2
s+ 23785 -138.7 s +1.939s — 40.64 s +1635s e KR
-0.1655 - 138.8 ~0.162s - 154.8 -3045.292 (S JUS s 5 5 Sl ie) (sl 5 e 5l
; . ; t5=28s —
s+ 20265 +1302 S +1839s- 6741 | S +1607s << fx
(Sl i) Coos &5 oy
JAES o
~0.105s — 78.47 -0.1025 - 89.91 -1329.481 -
= @
2 2 2 t6 =355 S JUIS” Sl (sl e Hls |: y:|
s +1.213s + 66.67 s +1014s-2123 s +0.936s ﬁ
(83553) Cams JUS” &SIL 415 3
Cow JUIS" w0kl 5405 oyl slize! d
-0.078s - 53.88 -0.072s — 59.62 -818.706 . ST '
” ; ; t7 = 40s Err il Ol Iy
s+ 0.862s +51.17 s +0.684s - 9.538 s+ 0644s
S gt sl Ol Jy
515 ol Oles )
S (Solizas Tl 5 bj. e

Journal of Control, Vol. 18, No. 4, Winter 2025

VEF e F ole A o (=5 aloe


https://joc.kntu.ac.ir/article-1-989-fa.html

[ Downloaded from joc.kntu.ac.ir on 2025-12-07 ]

Vo

@)l&jl&:ﬁ\)}.‘!}):eiﬁftﬁdl}lfé\j wfbu).ﬁéliw‘}:k;:j..&!-\AJS:.L))J{@:TAQkhﬁ‘&)\}é‘wdjud}g}f‘k

e a5 (5 g e

ke ezl ‘

S ge i JUE (51 kST U S (5 sloma 1Y) S5

25 a8 s 5 05 S 93 olens a5
WAL adl Sl gl sl izl &S se s sl 5,50
Ptﬁ:)‘i)la-%oudf'S}Plty)\&‘:d.ﬂa-augjjl\f
Al
w;ou;p,:;;ad,tm@)uy;u;a&;,y,;:puﬁw
MLPC})\@)B)&‘)%@JJ}{;ML

L slacel luie & s4d 0 o b dlie opl 5o & 0T 3
Sy s 3 Sy b el (A lEe 5 LS o i 0L cads
b ine SLaLazbl b anlge 53 1,5 350 e bl bl gt b
..A..i:l.zsa)\;))s-j‘gﬂﬁ;)Q.‘..r—)‘lju;blw):”::ﬁj)nouj

NI OV S S - S P [ PP P FYRT VL RGO A G B

skl gl b ys e dal 5 (F) g

< 0.3s s Ola
< 5% S35V

> 5db o g Achl>
- 30° e

syl 53 il b ml (el ol e 5y DL S b Sl
y;ﬂ)sg.:}igwo:uul:)}ntg)wq@}:\im;fdj:f

:CJ}SQ‘}S@ C2 = K2 9 Cl = Kl

KnrS 1 KRS
DC DC
s +as S S” +as
(f)
Knrs K
DC 1
Ko g 0D
s"+as S
ol
K s 1 K S
DC DC
CLoop (8) = (K Ky 5——=—x )+ Ky ——— ®

S +as S S +as
25 Q)ym.43.1:-&.L;Gliglfpéuuu-fw;@@bt;juubl{

b o b g

[PV] Calises 6,8 L& 53 Saluns nT ol s polie F Jsil

t7 = t6 = tb = t4 = 3 = t2 = tl =
40s 35s 28s 23s 19.5s

SO0 AAE VALY VFAD ) ,04F y

OV, FENTAYAY  AYVF VANV YEEF XS0

Ry A \ Ad v 0 s A2

OFA  VAFL YA ISC A IVER IAYL VALY

£ ¥ 4 a¥ " at m a3
FY
088 1,8 LY WY V0 g
\ 4
'V
T IR 7SR T L RN L 1A  ASR LYY
A L] L] L] Ll Ll k) a5
Ly

LTI (L 72 SR WYL TR NN bl

LA TVFE SANS FLFY  FLED  YESY  YRA

-0 -A - - Y -y A b2
00,0 ATAD  VOF.F MAF,. IAY, AVes 1044
AV v A ay ¥ Y % b3
YF
. R R 2T SN L A BOY WY by
'V
. VY B OAY A N8 oYY bg
5F
. KL R WL AR W VR W 0 VS YRF o

MA. 1YY4. yefo. YYM. YAYA. VAYY. VAV

Ve FAY Yay 4Ad AV N2 w C2
,F
V00 BT WA PV +,\4Y +,YAD el
v

. TR RS S L SRR | S 2SR TV R L1 e,

Sgblygit (> -

Hpd p Doson Sise i JUE 6l Sblslgolers

el o 45

Journal of Control, Vol. 18, No. 4, Winter 2025

VEF e F o let A tlor (=5 alone


https://joc.kntu.ac.ir/article-1-989-fa.html

[ Downloaded from joc.kntu.ac.ir on 2025-12-07 ]

Imaginary Axis (seconds™)

o Ll g 53 oSge o JUIST 61y S Ol aliana g (A e Soay 1 e Sshl ) 651 IS Slesly 5 (b

\%4
a5y (6 2 g L
11428 . Kpc
6, =180 —tan (- ") ~134.43 GLoop (8) = Kp (Ky +8)(—5—>—-) *)
14 s +as
L1 1428 . : " ; ;
6, =180~ tan (——— ) =131.72 @ S Al e il gl Sl o F) s 4 a5 L
14-1.264

— Phase = 0 - (134.43 +131.72) = -266.15

a3 AF/\D e;\.u\afauuas._mjawﬁmju | (‘ﬂ ol ol

RTERRA RN

—1.14.28
86.15 =tan (

) —x=0.96 O
X

G g booplply sl éb 0 =-1496 dboi ;5 L o caz)s

U P CORTA

G (5) = Ky (Ky +5) > Ky =1496 )

r:.,.:....mi.i)Q&l:w‘w&ycbqpozféulpdb
135 8 or g 5 b il

Root Locus
20
15 N
// “\\
10 / \
// \
5 { \
/ |
0 2
-5
10 . /
15
-20
60 50 40 30 20 10 0 10

Real Axis (seconds™' )

St sy 53 3 i s a5 OS5 1(F) S

u;fg&:}%/'\bﬁ‘ﬁ KZ aje‘ifgjyjéc(F>‘}§i‘4{4?}:Lf
5055 Wl 3 0dd drloes o sllae Bl s a4l gla s

Ao Ll g G (7) Jgdom 53 0l sl Lol L5

1358 o b 25 st oS U S (ol L
Ge(s) = Ky(Ky +5) = 001501496 +5) (V)

s ol f‘_,b aJ..SJ,;f J}..é;- BE] ‘_g)\..m:...:: 8\:} ‘Jl>-
dsl e Jods b ol Shes do 35 iloand 53 008

el okt ab 8 hiys 1
0.001s +1

S 7S 80s Solew iph Ghoe Ll b ol & 3 8 bl
e S 53 e iy il Gla a3 S 558 b (6 5b L
2355 508 G ail sl Gl s o 58 1S e

g h e

S1,So = —14 +£14.28 ] \%

A:JU))KMQ:JJU:MSJJ;XJ}.‘!}):W)'Q45.1:-‘);_4,5@\3
i b5 1 Gl (6 F

s (5) = Ko (K % —1787.048)
S) = +8)(———
Loop 241 52 +1.264s

—1787.048
=G(s)
s~ +1.264s

W)

ol eSS (b 5 D 10 Kpp 0o e 4 a5 L
35 kb dloue J 58 0,0 Culgyn s eks w3 L ys ke Sl

TS o b Al e 4y OIG S1s a5 eulins OLES (1) IS

Root Locus

0.8

0.€
<04
‘0
°
c
g 02}
[
2
@2
<
ey
G-0.2 |
=
o
o
E-04

0.8

-1.4 -1.2 -1 -0.8 -0.6 -04 -0.2 0 0.2

Real Axis (seconds'1)

3 il s iy O 13 505 1(F) S

oy O s ses 0338 o sdalin (1) IS 55 &8 4 S 0ka
038 Sl S (o0 ) e e il o sllan (Sla B 1L adl
17 ol 487 il il s 56 ol 23 (o gllan DI 5115 50
S ol sl Jlo ol plowl s 4 Jioo &5 038 BLSI L Ol
oo S s 4y OB b 1Rk (b s 56 il
wﬁéb%ﬁﬂ-ﬁb&ﬂ}ﬁ)ﬂ%%%ﬂbshyﬁ
:njfw\,...g,mbwﬁw;u@\fﬂ

Journal of Control, Vol. 18, No. 4, Winter 2025

VEF e F ole A o (=5 aloe


https://joc.kntu.ac.ir/article-1-989-fa.html

[ Downloaded from joc.kntu.ac.ir on 2025-12-07 ]

@)ujml)p,;&ftﬁdugé\j MU“)QQW‘}:k;:j..&!H\AJS:._!‘))J{@:TAQﬁgﬁ‘&)‘};‘wd)‘lﬁdég}f‘k

a4
st don 51 (5 Al g
14 : ‘ ; ; 14 . : . .
121 R 12 1L Output | |
1p----offo- " PR I gyt
) —
: 3
o8| .
2 Z08f 1
o 9@
Lot 1 E’
s |\ ¥ == Ref 0.6 | B
© T=4.45 3
04 T=11.4s |- ©
T=19.5s
T=23s 04r ]
0.2 T=28s |4
T=35s
T=40s 0.2 - 1
o | | i I
0 0.2 0.4 0.6 0.8 1
Time(s) 0 ; : ; ;
0 0.2 0.4 0.6 0.8 1
(i Time(s)
i s il (s ey (O K
T=4.4s
60 - T=11.7s | q
T=11.5s
~ T 1 @ oods b oS xS Jlesl b 58 s sdalin 8 480k
[
o T=15s | | . . . PR . P
S T=40s t JE ) 3005 e o g ek Gl B e Ll b atc
c
2
5 J
) . z R .
o | dasloes K2)Klﬁm)gﬁ;d,\sbw&lﬂwl,l{mgm
60 | | Wl 0l 0303 g)':'»"l'“ \2) J}-\> 9D 9ol
80 ‘ s . ,
0 0.2 0.4 0.6 0.8 1
Time(sec)
ol f‘j]’ C)}lﬂlﬂjl 6‘0\0_}« (V) J)-"'
(<)

I () 5518 Bl ol 3 0k J 58 gt g 5 () 19 JSC
S sl

Ly (B) S 55 oks sy J 28 LS o ol 3w p5Y

VU R (Sl gl adl 63555) oo o Jss 4315 oS Sl il 4

oo wsl3 il a5V bl sl opl &7 (G503 AL oo OLL,

il ) Dosen Jsl S bl gl S IS 5 oS

1.2 T T T T

Roll Angle(deg)
= I
o ©

I
IS
T
L

0.2 4

0 . . .
0 0.2 0.4 0.6 0.8 1

Time(sec)

()

K Ky
—/0\0 \F/a% t] =4.4s
— /vy V070 ty =11.7s
—v/\YA AIVA% t3 =19.5s
—+ /Y0 \A% ty =23s
VAN \A/BF tg = 28s
—/0Y VF/VY tg = 355
IR N \VF/2Y t7 = 40s

JPﬁ)KLw@w,:M%M@,ﬁ () U 5s
Loss 5 IS o dlSw o 5 od (1 b sloouis’d 28
stf@oMLb}aJi;;rﬂ)Jiwdlﬁ a5 Fe CL&‘ Jles!
SVl 5 3l 0 ¥ 51 S et 0o (gl Cites LU 53 s &
O Ll 0 Gillas 35 ey 4l 5 5B 4l 5 ens o3 0 1 S
w53 Y0 1 a8 Slae pLsl 5laie 4 ool S5 4 p5Y bl e o

Journal of Control, Vol. 18, No. 4, Winter 2025

VEOY Ole oF olad VA Al (J 287 aloee


https://joc.kntu.ac.ir/article-1-989-fa.html

[ Downloaded from joc.kntu.ac.ir on 2025-12-07 ]

o Ll g 53 oSge o JUIST 61y S Ol aliana g (A e Soay 1 e Sshl ) 651 IS Slesly 5 (b

e a5 (5 g e

YA

x(k +1) = Ax(k) + Bu(k) + Eh(k)
y'(k) = Cx(k) + 74 (k)

LT 0 09)
AN=|0 1 T| B=[T| E=|0],

001 0 T

c'=[1 0 0]

35 gn Slgitey 25 Sy pon lana g Sy, (0F) e S
{)‘((k +1) = AR(K) + BUK) + LK) - FRD + AK)
y'(k) = C'R(k)
ML 5 dlmly pl () OT o 8
"(k) — C"R(k
B(K) = Rsat( )~ ) OA)
V4
1) el Sl (s Sl o53le L5 or s3lgitn Sus)
Q(K) 5 ooiws sl Sy oL sy S g i e 35
g e 5 e
e(k) = x(k) (k) 0%
Q(k) = y'(k) —y'(k)

= C%(K) + 174 (K) — C'R(K) )
= Ce(k) + 774 (K)

gﬂ"?g"‘b) (|Q(k)|>}/) LSJJ#Q:Y cJ}w\mj‘ CJ"J“]"'&-:‘L-L-"JB
sy oo s o (QUK) 1) o3 ptome 6T S s
(ot]> 1) S350 4Y 5 o s eSuobigs —1-1-¢

1 pd on oS5 ot @Saly s (14) alasly 51 oslizal |
e(k +1) = x(k +1) — %(k +1) m

g Ol (YY) aslas 53 (W) 5 (19) (6,10 L

ek +1) = Ax(k) + EN(K) + Bu(k) -

[AR(k) + Bu(k) + L(y'(k) - CR(K)) + S'(K)]

= Ax(K) + Eh(k) + Bu(k) -

(YY)

[AR(k) + B'u(k) + L(C'x(k) + 4 (k) = CR(k)) + A'(k)]

= A(x(k) - X(k)) + Eh(k) - L(C'(x(k) - &(k)) + g (k)) - 5'(k)

= (A= LC")e(k) + En(k) - Lr;d (k) - p'(k)

35 GIP(K) 130 S ol 35k (QUK)| > 7) essdoms 521 of

2
2550 )13 (V) dayly cddly ansls 5 2y 0 < P(K) < — b

4

E'h(k) - Lizg (k) - £'(k) = =P(K)Q(k) am

Control Signal (deg)

0 0.2 0.4 0.6 0.8 1

Time(sec)
()

Ja) a3l3 b IS IS () 5 0 U287 e g 5 (L) (V) S

e e
G Olo ) Bl drwgi (o 3 Ao w9y ¢
Stk oty (b Jgof -)-£

X1:X2
%o = f(x)+u (%)
y=X +14

A 25Ty 5 s 2 7Y g L (sla e X1 X9
Slacdl I Sz ponal 5 ot b (a5 F(X) @b sl
5 b ol e 4 536 o S5, Sl s Al o
O3S Sl IRl e GeeS 1 pRees sl LS 5 sk
st 35 S @lbana g Sy 4 bl Al Flus) el
Olgea g odbasls )l 30 L oy F(X) cadlanny Siuy) b
DB e 2 or BLSI Il (6l D¥olee 4 e Sl e
sl i OT VL O1S 53 50 50 (M) amal gl G2ie 4S5 50 0
2shr e 3L OF) daly D) 5oty ot (Il 5

X = Xo

%o =f(X)+u=d+u=xg3+U OF)

%3 =h

y=X+14

s e (10) Al slae (VF) e 08 Ol p 8

X (k +1) = x (k) + Ty (k)

X (k +1) = X (k) + T(F(x(K)) + u(k)) = X, (k) + T (xa (k) + u(k)) )
Xg(k +1) = xg (k) + Th(k)

y(K) = xg(K) + g ()

Journal of Control, Vol. 18, No. 4, Winter 2025

VEF e F ole A o (=5 aloe


https://joc.kntu.ac.ir/article-1-989-fa.html

[ Downloaded from joc.kntu.ac.ir on 2025-12-07 ]

va

@)l&jl&:ﬁ\)}.‘!}):egﬁftﬁdl}lfé\j wfbu).ﬁéliw‘}:k;:j..&!-\AJS:.L))J{@:TAQkhﬁ‘&)\}é‘wdjud}g}f‘k

e a5 (5 g e

Ry (k)
EN(K) - Lng (K) - —9-— = F'(K) (Ye)
e
RC’
Ay =A-LC -— )
V4

o 03 8, K 1 ey o pls Jils Apg e Sl ey pslie S

b dinl s dols o pls g5 55 AL e Sleons polis &) se
b})..kk‘}s- b}.kx»;.:} F,(k) )‘.LZ.aLT]d(k) E) h(k) Qbﬁb).bu

35 dal g s gdoes 5 s Gl (60 Y IS b

I UL s Sy Feegs (Pl Y-t
Chgo & JU 5050

Bl g 1) Doy oy ESU g

#(t) = oy (1)

iy (t) = ~Cray (1) ~ Coaoy () —CoDy (1)
y(t) = 7(t)

Sy (1) = CoKyy (Ky (L= (1)) — @y (1))

)

Lzl Dy () 5 Ssbl 51 Lo 5 odks alos <SIL w515 Oy (1) o
) sl O i s sbe Sge F o JUST L s)ly ol
bbb e Cy =1787.048 , Cp =1.264 (1) = 4.4s
23 eA% Ol b () daly Xp(t) = oy (1) 5 Xq (1) = (1)
S o8k

xq(0) = X (1)
%, (t) = ~1.264X, (t) ~1787.048u(t) — 1787.048Dy (t)

y(t) =% ()
u(t) = CoKy (K (- (1)) ~ Xy (1))

(*Y)

Sl IS (Bl o s Il (slayiie 5 Dy (1) STl Jae
2385 (b Bl tan g Oony S sy bl p3Y 0T i

BLo| gt & Lk S e Olgieny Dy(t) sl 2l nl

:.}.};
X (1) = X (1)
Xp (1) = ~1.264x, (1) ~1787.048x5 () ~1787.0480)
%3 (t) = h(t)
y() = x ()

4 bl 5 e b S Oles Dppon Sus) bl
Q)}.;A{(\‘\‘)WMbb}r}.zﬁmjsmoujo)y

b s )

i el s B1(K) S QO[> 7 e sume o LS

+R Q> y
-R ;ifQ<—y

B(K) = { (¥e)

sl N(K) o311 i hyy o R> [E| + |l | st

E(K) - Lig (k) ~ #(K)

I3l ool Al 2l )3 (0,2R) o3k s
. . 2R

35 53 35 [FP(KIQ(K)| s1aie 0 < P(R) < 5 QK[> 7
e

By, 8 (0,2R)

1 g Ol 5 e (YY) oy 53 (Y9 sl (6500 L
e(k +1) = (A’ - LC"e(k) - P(k)Q(k)

=(A' = LCe(k) = P(k)(Cx(K) + ng (k) - C*R(k))

(Y0)
=(A' - LCYe(k) — P(k)(Ce(k) + g (k)
=(A' = LC" = P(K)C)e(k) = P(k)ng (k)
0T BE) ny
A = A —LC' = P(k)C’ (¥$)

Al eis polie S Wk Sl I8 S bl S0, polis
— . ’

o3gdme 35 Sjyge pl 53 AL HIE Ul e pls s ACl

el ks i sl (Q(K)] > 7)

QK| < 7) 50 Y s st oSy —¥-1-¥

ol i laa bl B(K) ‘(Q(k)| <7) o35dmee 53
B(K) = Rsat(iy,(k) _C@((k))
7

Cx(K) + 14 (K) - C’f((k))

= Rsat( (Yv)

V4
C'e(k k
CLCRIZION
/4

355 0 o 3L (V) ol (1Y) sty 3l eslizal L
e(k +1) = Ax(K) + Eh(k) + Bu(k) -
[AR(K) + B'u(k) + L(y'(k) - C'R(K)) + B'(K)]
= Ax(K) + EN(K) + Bu(k) -
[AR(K) + Bu(k) + L(Cx(k) + 174 (k) = CR(K)) + £'(K)]
= A(x(k) = 2(K)) + Eh(k) - LC(x(K) = k() + 77 (K)) ~ (YA)
R(C’e(k) +1y4 (k))

4

RC' Riyg (k)
= (A - LC"— —)e(k) + E'(k) - Lig (k) -
7 7

0T 354

Journal of Control, Vol. 18, No. 4, Winter 2025

VE Y Ol oF o)led A W ] 28 aloes


https://joc.kntu.ac.ir/article-1-989-fa.html

b AL g > e o JUS 61 S Ol Bl 5 53 e g e Dbl il o)l (¢ luesly 5 b

[ Downloaded from joc.kntu.ac.ir on 2025-12-07 ]

Ar
st don 52 (5 Al g
a&f\kf@_};dha)@{ﬂ:w:(/\)d}-\? Xl(k+l)—>(1(k) "
- =X
. 2
L1 R k+1)-x, (k
Rl R0 ~1.264x, (K) — 1787.048xq (k) ~ 1787.048u (k)
Ly Voo T
& R Kyl +D-xg(k) - )
La e ¥ = x, (0
R of u(k) = oKy (Ky (1=, () = X5 (K))
Ry Yoo
R3 Yo
R4 Yoo
T )
xq (k +1) 1 T 0 xq (k)
Y 570 Xo(k +1) | =| 0 1-1264T -1787.048T || x, (k)
xg(k +1) 0 0 1 x3 (k)
goujqﬁnk;\&,@u;a\,p,;W@.}fzgﬂuétﬁ 0 0
+| —1787.048T |u(k) +| 0 |h(k) (¥o)
mwleuulauu_u(/\)kjﬁ.:)“{;,ww;l{;,ic» aals 0 T
3323 U ol p3Y (3L I S (sl 33,8 on Jlosl i y(k) =x ()
JJM%‘,@MAAJ}M@Mf‘j]éjfc,;_jj‘]a.n}:k}iu;b\

Fr sl e o e (M=) ol IS 55 1558 Jleel J =87 ail
Gy LSl ot 8 oy BLEl a3 5 x4l 5 e
sdalice (ol 03 ) kﬂ»’fj JLi:.w) 62':2’ dLi_.w A.m.lu.a} Lth.i

(F0) e (512 42 O3 48l an i B33 e Supy cnl ol

1335 o (b 5 s

U ite VU Sl S 5 B3 Lot b Sy, 45 555

olend an |y L [+
wabjﬁ )J.‘GJJJ}A Xz(k+1)=
| 5041
. . . . [ ¥K) - 34 (K)
8o 2100+ TR 00 + Ly (0 - %K) + Rysat(———)
4
K-ty (k
(1-1264T)p (K) - 1767.048T3 —1787.048Tu(k)+L2(y(k)—21(k))+stal(Y( Ut )) %)
9 Y- %) '
s 3080 + Ly (y(K) - %, (K) + RgSat LN
E .
£ 900 = 3440
8
c
©
2
g.
@
a -

-60 -

-80

0 0.2 0.4 0.6 0.8 1
Time(s)

Sge F o JUS rodd s)ly (ool Jilazel M) S
R(k +1) = AR(k) + Bu(k) + L(y(k) - %; (k)

12 ‘ T - T y(0 = 3.0
_____ + RSat( )
R . L~ N iy e
oo 9(k) = CR(k) *v)
So0s8f 1 1 T 0 0
% A=|0 1-1264T -1787.048T |,B =|-1787.048T |,
Do6| ] 0 0 1 0
< 1.0333596
% 1.0333595 I-1 R1
204l e T L L 1 L=|L, [.R=|Ry [.c=[1 0 0]
L R
ozl 1.0333593 1 [C___. Ref | 3 3
- 1.0333592 Real
0.30592 0.30596 = = =Observed L. . . . . "
. | | | I b3 5 0 b ln 2o (k) i 4ol e bl K (K) S
0 0.2 0.4 0.6 08 1 ) o . . .
Time(s) A g e 5351y ol ALAE e b Sl R (K) 5
Eor w13 e SECVNte
Journal of Control, Vol. 18, No. 4, Winter 2025 V¥ Olie ) oF ol A o oJ 28 s


https://joc.kntu.ac.ir/article-1-989-fa.html

[ Downloaded from joc.kntu.ac.ir on 2025-12-07 ]

AN

b lazEl ) s 55 &S e A s Gl S Ol Bl 5 53 e g e Dbl gl o)l (g lesly 5 b

2l a5 (6 A Lege

Control Signal (deg)

-60 [ 4

80 I L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (sec)

()

,(5;1,,)@;043)“;1.&;51;1@M@b,':(mji.:

_
G LS ()
1.4 . T ; ;
1.2 4
P p—
=)
g L ]
5 0.8
o
c
Zost 1
° = = = ‘Ref
o T=4.4s
0.4 T=11.4s ||
T=19.5s
T=23s
0.2 T=28s
T=35s
T=40s
0 . . L I
0 0.2 0.4 0.6 0.8 1
Time(s)
()
8o ] I I T=4.4s
T=11.7s
60 - T=19.5s | |
T=23s
—_ T=28s
& T=35s
= T=40s | |
©
c
o J
7]
°
5 - J
c
o
o ]
-60 [ 4
.80 | . . .
0 0.2 0.4 0.6 0.8 1
Time(sec)
)

s ) UL 1 o s 25 5 (D (1Y) JSC
IS G () 5 (S,

oJ@fJﬁfguoﬁA%:;a»wJﬁshﬁ)sfd}f()w
Jlom s 8 alos JIST b5 42 )3 (s S fdS Wb a5 L

£ 5la Ol dsb 53 5,8 bla  Ob ) 53 Wo g aloes sl

- — Observed

Roll Rate Angle(rad/s)

0.2 0.3 0.4 0.5 0.6 0.7
Time(s)

Er sl s om0 S

80 T T T

T
Disturbance
—m———— Observed Disturbance

60 [

Disturbance Amplitude

0 0.05 0.1, 0.15

0 0.2 0.4 0.6 0.8 1
Time(s)

p*‘:“;{%‘};;?;\»‘;;u:ﬁaloﬁ.;a:(\\)b}ﬁa

02 G LB e 5o LB gl 3 0t s 5 Jl

EJ)rp):m:;@oML&»(\Y)JﬁLJJf&fOL«&.»f@
A o e s 058 3y Ll S mp JUS
S el a e 639,55 (23 4 36 5 @ 8 15 ek
ALl J101 5 o0 (J S a4y BLazEl e et sl b 2L
3 Sles Jsa ol o) & 3 o 3 @345 o B 1) g 2 5
35 & b0l il o plicel S meds 45 Sus) b
(Gl 53 e a3 8 b5 55 Less e adalie (V) 2

el 03 87 Gb3) 1) $2955 erlie SIS L (s 5 &

o
=)

Roll Angle (rad)
(=]
o

04
0.2+
0
0 0.2 0.4 0.6 0.8 1
Time(s)
()

Journal of Control, Vol. 18, No. 4, Winter 2025

VEF Gl F o jled VA tlor o =S s


https://joc.kntu.ac.ir/article-1-989-fa.html

[ Downloaded from joc.kntu.ac.ir on 2025-12-07 ]

f)ujmb\)}b):&ytﬁdmfé\j A:M.fob)"\:éliw};GCLJ':'J.L.«ng.u)j!@:_.aQ}Lllwi\gs)\}é\\;éwé)'buli}fljb
dmﬂ.\:’.ﬂmk;,al?w

AY

-0.005

-0.01 ¢

-0.015

-0.02 ¢

K2

-0.025 |

-0.03 1

-0.035 ; ; :
0 10 20 30 40

Time(s)
o da dsb s K2 a,eg\x;a:(w)‘)i.:

Sk Ol (Sl 2Tl 5 5 S5 Slae s lona b
2338 gy b ¥ Ol e sl 5 0T £ 5 5 g 7 4315
ol Ll el 53 edd S5 gla e (18) 5 OA) sl S
2odkd 3 )ly Lzl 35 8 e otalie S 6 8 Dlon ol ki3 S
s (rapsa 63509 JMEe 5 0313 HIF HU S |y (g S e
53 IS I 55 L] i a6 5 g0 53 Ll oS
Sl o 1 s Sl glo i LN J1 015 g0 0358 48 5
iy 3 g 1) e > Shas 531 28l 5L 5

1.2

/i

Roll Angle (rad)
o
o

0.4 1 4
0.2 1
0.2 0.4 0.6 0.8 1
0 . . . . . .
0 5 10 15 20 25 30 35 40
Time(s)
Al S o 6 e £ 430510 IS
10

©

o

Roll Rate Angle (rad/sec)
N »

=]

Time(s)

el o e £ 2 sl £ 5:109) S

i 30T &5 5 e o a3 (1Y) 5 (V) sl S8 s

DA I > JLl e (35 J5 05 s ol Al
@uyuwmg6ﬂu%¢ouagu%;@ugwu%%frw
d By s 5 Dbl g aals 015 oo S Cu ) by ilas e

2135 5 e 3 Shee 350 g ol ] 8515 28T (6505 5l

T AT Sy U PPV INYFEPL QUS> JIOR
50 Sty Tl (il o $SKisn &z JUIS Jta a8 (YY)
Al o Sk 11 (3l 5 i Hse s Slsn Jsb 55 C
53 Sl ods gl gb0ss Jes 5 Co 5 G ule ol 1S
moe 5 G0 5 O (Saliny i T uld Sluis (1F-19) b S0

el o3 8 oy Sl db s Ky 5 Ky J 28 sl

1.8 T T -

0.6 : . :
0 10 20 30 40
Time(s)
Sy e dsb o3 O e Sl :0F) s
3500 , , ,
3000
2500
& 2000
1500
1000
500 : : :
0 10 20 30 40
Time(s)
S Ik 5 Co s e 100) S
19 : . .

14 : : :
0 10 20 30 40

Time(s)

Slon ode Ik o K1 oy St 1(19) S

Journal of Control, Vol. 18, No. 4, Winter 2025

VEOY Ole oF olad VA Al (J 287 aloee


https://joc.kntu.ac.ir/article-1-989-fa.html

[ Downloaded from joc.kntu.ac.ir on 2025-12-07 ]

AY

@)uju;bl)}bj:&ftﬁdulfé\ﬁ A:M,“fob)'n\:él_lw}:k;ij'idJAJS:.U)J.!@:TAQ}LLQ}S\5)\;,%\@‘5)‘&5:1:%3@!}1:

2l a5 (6 A Lege

or b BLl el c0p05T plomil (1 e 3 S plnd
Sload 61 5 (o (g3luosly 0T (655 2 350 C U8 48) oijls
sl eijls sl 5l 3550 bacgag,s cblisl pl (b a5 515
e 6 gor 53 (s P 035 a5 Slwlous plnil b 5 o
Jiee 51l B3I 55180 12 05037 ol 53 33,8 on oalie
35037 (S b lsges (YY) JSKa jo.Cl o oslizl TTL 4 USB

el ol 0l OLaS adl> 5 0ijls

. >

[

4

MATLAB
SIMULINK"

Auto Code
Generation

il 53 0315, 05037 (S sk Sls g (YY) s

Gl Olejon jshitens caile 53 0ijls 5 0505 )3 45 sl S5 4 p3Y
LIS o (5l 015 5 5 (5l o JU SIS
Ol 51 58S 6 5 G ) (S5 0lej 53 1y el 5L 255
Gl &7 el OT ks ol ) bles el 03513 4 (4315
P P A PR PRIy

StM32FA07ZGTE O go 3T nl plowl (51 0k Sl I 2875 Seo
ol sl s Cortex-Mé wn (glyls 457 o3y ST &S ,5 ol
Y i sl b g ey 5 alKe VEA (6,8 LS5 slyls ) STy S
Ao (g jlwosly (gl oslizal BB glaay £ 51 S a b
Ol e 5 05037 cnl 03 (B3 5 Sl Glacy sl 4 4 5L
Wby S MY il Tesls 5 cedks 4B 8 s (6,15 04 e
el 04y 8 Sl

a3 e 35 2Ol LR e 5 (YF) JSCE s
ocalin (ol 03 5 g lin aim 55 031 05057 5 (63 5mslS (S5l
T 2 el S35 LadiSls L g ol 03] s ml osie
sl e Gekate Silwans Jol- e

50

40 - Observed Disturbance (Simulation) | |

----- Disturbance
— = Observed Disturbance (PIL)

30 [

Amplitude (deg)

Time (sec)
sk 53 005l3 p 05031 55 AL ads S aylie () S

Solwand

L}:Jbe\: ol J.«:\;- C'.‘L:‘ MLGA Q}lﬁ\a_j‘%t‘_;éj)) ohfjlg_v
B g e 0k 31y AL adnd 3 S0 55 clin s Shae

1.2

1

Bos \ 1
=
2
206 1.001
< 1
3 04 1
4 0.999
0.2 0.998 1
0.4 0.6 0.8 1
0 . . . . . I .
[} 5 10 15 20 25 30 35 40
Time(s)

(B sy iz 53) ezt Jl o &8s & wsl51(Y0) JS

10

©
=
°
]

o
o

Roll Rate Angle (rad/sec)
»

0 5 10 15 20 25 30 35 40
Time(s)

(5 sy iz 53) izl Jlcod Sipe & 2wl & 5:00) JS2

Al 53 o jld g g0l -0

b B s e Dkl ST lesly LB S 0T )
5, Ses Ol r ol lny 5 5 (glon s Cael Sl adi3ls (G5 0k
O‘y’@Q)yQ-l\)éjJ;@)j%)éox}bﬁﬁqé&)bbo]—
ol 02 1 2 Jeol Olabl o550 Bg5 02 s5lenly JiB )
Sl s Slis G (el Gileand I ey Al
sl cnl 53 350 b)) 4il 55 0dijls 5 03T 53 (3lgiin
o5 Sz Ll 03y Fusy WS w2, S s Slas Cons
Jie cail > 053l 05m3T szl lp 2,8 o S 2l b
3550 5258 5 0k (G3lwand L1 53 (Bl —0l3 ) pon alel
Wl &G 4 e I K sy 2 X B s
3 &Ll Gweals oli S (Lol Lt 4 5 550 0 (5luenly
3 g god o3limal (g B = (63505 Aoy g Sl 1 Bl S

S35 2 S 02 S S5leesly minslzel g 05057 2l 5
m};.&f oedls g bl 516 by 5 555 oo eslinul eddass wlaln
et 05031 ol s g ST Al ol 53 ¢ Sy i3 51 o vy
AL e dde G5 e ls 5 Dlawloes g S51s 5 Do yd8 pwy g )

e Sl 3 sm Sy s) 5 e0sa3T sl sl el s
IS IS 0T sy 5 ok o3lizad i 3,15 sl 3Lz
33 8 oo dalous 05315 5 55 plEE] e I Juol> ol 3l eslizal b
3 Shee Como ol o3Y il 3 0l 0sa3T sl SIS
e (GSlwacd b I3 slatan 55 LI ol & 350 Aol Dbl )

ad gl DU b (Sluard s Gls Oljn (o) 9 bl 51 g ptecw

2 Baud Rate

! Real-Time

Journal of Control, Vol. 18, No. 4, Winter 2025

VEOY Ole oF olad VA Al (J 287 aloee


https://joc.kntu.ac.ir/article-1-989-fa.html

[ Downloaded from joc.kntu.ac.ir on 2025-12-07 ]

o Ll g 53 oSge o JUIST 61y S Ol aliana g (A e Soay 1 e Sshl ) 651 IS Slesly 5 (b

e a5 (5 g e

AY

wwwﬁdlﬁgﬂdueﬁ‘ﬁ)KLpr&&
oz 0bey Se IS 53 bae g 03,557 Sz Sl p o, (2L 03> 5 0l
3wl b Bl (Dablgl s e (s Sl e S ol
03,15 ikl & w3 8 adalie 5 a5l & o U @ VU WS 5
U 4 B s s esls JlF S S 1y skl gl s Sas
oollal SRl gl kBl G35 ke 3505
b (b e Ol Bl an g 5 e S5 e s
Il il a e S (gl e g Sl S 00T
S s o (gl it & e o iie O g 5l b o
SRR s 03] Cped @l ammy Slus) AL L el
o o Izl 51 (6513 25 a3 Ola; 45 0T Loy S0l sla Sy
S5y o (iluesly alie 53 358 00 8 8 i > 1L
3 Gl s 55 s o, B (6 e S g ) 4 s Ol
IS sbs 53 sy (s B 55 5L s 8 ealin
FBosbar e (s > ALl 1 (A0 DUl g anls (I 2S5
S s @V o 5 235 Mo gl ol S 3l S g
Ol 03 G Al e R 2 35l FLEREL e 3 0l (o1
Sshlgls Sy Shes gy sl a3 03l p 0 g0 5T dlie
S\t 5 o d3la s 535 2 A ESL L 5 w3 8 |l eds b
yb@ml{‘,.\;)’uﬁ6,..5}4.1@4,51.:.“%4:”@@;%@9&\7:)\
ke Sy 055 S GbIS s 3 3,15 Cillae (¢ luacs )

3 8 b el s 5 oolgtin 4SOl 48l g

&y
[1] Sun, Huadong, Jiangiao Yu, and Siyu Zhang. "The
control of asymmetric rolling missiles based on
improved  trajectory linearization  control

method.” Journal of Aerospace Technology and
Management 8 (2016): 319-327.

[2] Kang, Seonhyeok, et al. "Roll-pitch-yaw integrated
robust autopilot design for a high angle-of-attack
missile.” Journal of guidance, control, and
dynamics 32.5 (2009): 1622-1628.

[3] Shah, M. Zamurad, Raza Samar, and A. |. Bhatti.
"Adaptive sliding mode roll control of a canard-
controlled missile.” 2010 Chinese Control and
Decision Conference. IEEE, 2010.

[4] Liu, Lin, et al. "Research on the rolling channel
control of micro tailless  air-to-ground
missile." Journal of Physics: Conference Series.
Vol. 2232. No. 1. IOP Publishing, 2022.

[5] Ding, Xiaomiao, et al. "A Novel Disturbance
Rejection Control of Roll Channel for Small Air-
to-Surface ~ Missiles." Applied  Sciences 13.1
(2023): 389.

[6] Shao, Xingling, et al. "High-order ESO based output
feedback dynamic surface control for quadrotors
under position constraints and

03051 55 Plazsl aad 53 odd sdalive LU a5 Cl S3a (,ﬂ
01 Oloe U o LLISI 1 (G50 556 2 52y Sl 4 4l 55 051
Al b 5ol & 00 Sluan L)
ofﬂ),h;;;sduiywtmgﬂju;aw@@uj\w
odalin (YF) Jg.& S du')foh..h .::)f@ oslazul adl> 53 o3l 4
S ol gl b Gilas 0ga3T 53 oks alons J 287 IS 0355 o0
3l 025 85 Shas s ol 8 ol (1 68 L3k o (Slat

.L;:b@ aJJ)":jg: SS9 p

80 T T T T

Simulation

60

40

20

0

-20

Control Signal(deg)

-40

-60 - q

80 . . L .
0 2 4 6 8 10

Time(sec)
3505315 Ogn3T 53 0dd a2 IS s e (YF) IS
Solwands 5 adl-
Sty 4 oijlsy Ly odd alone S 28 S dlesl L
ol 4t 5 bl o (Y0) IS8 & gty 3 JUIST (g 5 i 50
okt (5luosly J 2875 Sy s) 02,8 5 8 st Ol o SO
G 1y o JUST e il Jlas! Ll 3 5 0iSls 5 635

! ab;

Roll Angle (rad)
° °
o ©

N
IS
T
|

0.2 h

0 I I L I
0 2 4 6 8 10

Time(sec)
,ax,.)nx,'l;ﬁ;,yj,ycﬁ_\us@.)ﬁwm:(va)k}i;

Solwands

S 5 4o 9 (S o -

sy 53> Sge iz JUS 6l Skl g1 (b cdlie ol s

,.szt)f,)a;p‘_;)\w.%Affwiwﬁjt,f)uu:u.»;t
Slazsl &S ol a5 L oS e g ladl= 55 (g lane (sl 51 (6l
o 93 J RS Gl Al O b e g5 5 e 4 (2505
G5 a5 s 8 sl ols saiS RS 1 ol 5

Journal of Control, Vol. 18, No. 4, Winter 2025

VEF e F ole A o (=5 aloe


https://joc.kntu.ac.ir/article-1-989-fa.html

[ Downloaded from joc.kntu.ac.ir on 2025-12-07 ]

AO

@)l&jm\)}.&}):&f’ckdulfé\j wfblﬁ).ﬁéliw‘};g;.itj..&!-\AJS:.‘I'))J{@:TAQk\i}:‘&)\}é‘\;—"’hﬁd)‘lﬁd}l—j}}f‘k

e a5 (5 g e

[19] Lee, Haijun, Xianlin Huang, and Hang Yin.
"Enhanced sliding mode control for missile
autopilot based on nonlinear disturbance
observer." 2009 International Joint Conference on
Computational Sciences and Optimization. Vol. 2.
IEEE, 2009.

[20] Sun, Jingliang, and Chunsheng Liu. "Disturbance
observer-based robust missile autopilot design with
full-state constraints via adaptive dynamic
programming.” Journal of  the Franklin
Institute 355.5 (2018): 2344-2368.

[21] Wang, Zhenhua, Cheng-Chew Lim, and Yi Shen.
"Interval observer design for uncertain discrete-
time linear systems." Systems & Control Letters,
Vol. 116, pp: 41-46, 2018.

[22] Kim, Kyung-Soo, and Keun-Ho Rew. "Reduced
order disturbance observer for discrete-time linear
systems.”" Automatica, VVol. 49, No. 4, pp: 968-975,
2013.

[23] Arcak, Murat, and Dragan Nesi¢. "A framework for
nonlinear sampled-data observer design via
approximate discrete-time models and
emulation." Automatica, Vol. 40, No. 11, pp. 1931-
1938, 2004.

[24] Wetzlinger, Maximilian, Markus Reichhartinger,
and Martin Horn. "Higher order sliding mode
inspired nonlinear discrete-time
observer." Systems & Control Letters, Vol. 155,
2021.

[25] Harikumar, Kandath, et al. "Discrete-time sliding
mode observer for the state estimation of a
manoeuvring target." Proceedings of the Institution
of Mechanical Engineers, Part I: Journal of
Systems and Control Engineering, Vol. 233, No.7,
pp: 847-854, 2019.

[26] Huang, Yuan, et al. "Performance assessment of
discrete-time extended state observers: Theoretical
and experimental results.” IEEE Transactions on
Circuits and Systems I: Regular Papers, pp: 2256-
2268, 2017.

[27] Yang, Jun, Chao Wu, and Shihua Li. "Distributed
composite autopilot design for bank-to-turn
missiles with optimized tracking based on
disturbance  observers." Transactions of the
Institute of Measurement and Control 39.8 (2017):
1123-1138.

[28] Feng, Tan, and Duan Guangren. "Global stabilizing
controller design for linear time-varying systems
and its application on BTT missiles.” Journal of
systems Engineering and Electronics 19.6 (2008):
1178-1184.

[29] Li, Shihua, and Jun Yang. "Robust autopilot design
for bank-to-turn missiles using disturbance
observers." IEEE transactions on Aerospace and
Electronic systems 49.1 (2013): 558-579.

uncertainties." Aerospace Science and Technology,
pp: 288-298, 2019.

056 3}‘.‘@‘." (g doen (S A g (L yda Ty MJ‘,»‘ .J\}?JS [V]
s o gl Dlinie LS5 L1 4 e S 50 S5 sl

AYAZ O, Ol ol G swbige 5l &S pmes 5

[8] Zhao, Zzhi-Liang, and Bao-Zhu Guo. "A novel
extended state observer for output tracking of
MIMO systems with mismatched
uncertainty." IEEE Transactions on Automatic
Control, pp: 211-218, 2017.

[9] Hui, Zhao, et al. "Design of stochastic sliding mode
variable structure guidance law based on adaptive
EKF." Procedia Engineering 23, pp: 276-283,
2011.

[10] Zhu, Zheng, et al. "An observer-based missile
guidance law." 2011 Chinese Control and Decision
Conference (CCDC). IEEE, 2011.

[11] Talole, S. E., et al. "Robust roll autopilot design
for tactical missiles.” Journal of guidance, control,
and dynamics 34.1 (2011): 107-117.

[12] Yang, Jun, Wen-Hua Chen, and Shihua Li.
"Autopilot design of bank-to-turn missiles using
state-space disturbance observers.” (2010): 1218-
1223.

[13] Xieyu, Xu, et al. "Design of Missile Roll Autopilot
based on Linear Extended State Observer." 2022
34th Chinese Control and Decision Conference
(CCDQ). IEEE, 2022.

[14] Li, Shihua, and Jun Yang. "Robust autopilot design
for bank-to-turn missiles using disturbance
observers." IEEE transactions on Aerospace and
Electronic systems 49.1 (2013): 558-579.

[15] Sirisha, ChV, Ranajit Das, and S. E. Talole.
"Performance investigation of extended-state-
observer-based roll autopilot design.” Proceedings
of the Institution of Mechanical Engineers, Part G:
Journal of Aerospace Engineering 229.12 (2015):
2205-2220.

[16] Basha, S. Mahaboob, and Akhilesh Swarup.
"Disturbance observer based fuzzy PID and robust
PID  autopilot design for  bank-to-turn
missile."” 2017 8th International Conference on
Computing, Communication and Networking
Technologies (ICCCNT). IEEE, 2017.

[17] Lee, Seokwon, and Youdan Kim. "Design of
nonlinear observer for strap-down missile guidance
law via sliding mode differentiator and extended
state observer.” 2016 International Conference on
Advanced Mechatronic Systems (ICAMechS),
IEEE, 2016.

BY- Ve L PP VES ISR Ve B PITR USSP L ol ['A]

3lesly ) shte abbana i (233 e Koy 3l eslizl L Cola

bl go SIS ha gy ok b fuad Moy Bl el (5 250
TS Oliss V=V + amio oF o)led VY A

Journal of Control, Vol. 18, No. 4, Winter 2025

VE Y Ol oF o)led A W ] 28 aloes


https://joc.kntu.ac.ir/article-1-989-fa.html
http://www.tcpdf.org

